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ABSTRACT

Metallic interconnects and circuitry has been experiencingessive
deformation beyond their elastic limits in many applicationggirgpfrom micro-electro-
mechanical systems (MEMS) to flexible electronics. These dbrapplications are
creating needs to understand the extent of strength and ductifigeestanding metallic

films at scales approaching the micron and sub micron range.

This work aims to elucidate the effects of microstructural ttaimt as well
as geometric dimensional constraint on the strength and ductifityestanding Cu films
under uniaxial tension. Two types of films are tested (i) hightyprolled films of 12.5-
100um thickness and average grain sizes of 1dndand (ii) electroplated films of 2-
50um thickness and average grain sizes of 1u8:5 Several experimental tools
including residual electrical resistivity measurements, serimin measurements and
surface roughness measurements are employed to highlight théynngddeformation

mechanisms leading to the observed size effects.

With respect to the strength of the specimens, we findhihatature and
magnitude of thickness effects is very sensitive to the aveyagye size. In all cases,
coupled thickness and grain size effects were observed. This dtodss ghat this
observed coupling, unique to the case of freestanding specimen, artsesed¢he

observed size effects are an outcome of the size dependence olirtdamental



XixX

microstructural parameters i.e. volume fraction of surface gesidggrain boundary area

per unit specimen volume.

For films having thickness and grain sizes greater tham, Sthickness
dependent weakening is observed for a constant grain size. Reduckmgsbicesults in
an increase in the volume fraction of grains exposed to the freecesuas well as a
reduction in the grain boundary area per unit specimen volume. The feffieerleads
to a reduction in the effective microstructural constraint onrttragranular dislocation
activity in individual grains. This free surface related efiedhe origin of a weakening
contribution to the overall specimen strength with reducing thickness. For gpsaivith
grain sizes ~ O (10-50um), this effect was found to be dominaéngeducing thickness
resulted in reducing strength. A phenomenological model employafidw strength of

surface and bulk grains is proposed to model the observed trends.

For films having thickness and grain sizes smaller tham,5size dependent
strengthening is observed for a constant grain size. At thi®,sgehin boundary
dislocations dominate. As a consequence, thickness effects armesédarain boundary
dislocation source density per unit specimen volume reduces withingdsgecimen
thickness. This statistical reduction in dislocation source dens#igls| to increasing
specimen strength via source starvation strengthening. Our reshdtg that such
increasing specimen strength with reducing thickness, which hasbesly observed

previously for nanocrystalline thin films, first appears at agergrain size of ~5um or



XX

smaller. The measurements showed a characteristic lengéh cfcabout fm, which

defines the size dependent strengthening or weakening of the film.

With respect to the thickness effects on ductility, it was found that both thickness
and average grain size affect ductility. While prominent thickedéi®cts persist at larger
grain sizes, for specimens with grain size approaching 1unipgkef strain hardening
ability at such fine microstructures dominates and a limitingildycof ~2% is seen
irrespective of the thickness. The observed thickness effects otlityluaere
investigated via surface roughness measurements that allowh#racterization of
initiation and evolution of deformation heterogeneities. It was fobatthickness has a
strong influence on the characteristic heterogeneity of defmmait small specimen
thicknesses, the deformation was found to be highly localized i.e. védabed regions
showing substantial thickness reduction, hence increasing the \niliteta the onset of
plastic instabilities. At larger thicknesses, however, the isgorgamicrostructural
constraint delocalizes the strain and thereby precludes the @@ét of instability,

leading to enhanced ductility.



CHAPTER 1: INTRODUCTION

This thesis is primarily focused on the study of mechanical prepgsuch as
strength and ductility, of metallic films at small length lesa The study not only
provides an experimental measurement of such properties for acpeaiérial system,
but also addresses the underlying physical mechanisms to expkrirobserved
mechanical behavior. In this chapter, the motivation behind this workis@issed.
Electronics miniaturization, which enables a whole host of other temiies| is
identified as the driving force behind the study of material progediesmall length

scales.

1.1BACKGROUND: ELECTRONICS MINIATURIZATION AND MATERIALS
RELIABILITY

The idea of electronics miniaturization can besillbstrated by a discussion of
Integrated Circuits, or ICs. ICs are at the very heathefongoing digital revolution
that enables various other technologies such as modern compusa@ntaunications
(including the internet), financial services and banking, transportatiamufacturing
systems, aerospace applications (avionics in aircrafts, guidadgeasaigation systems in
satellites etc.). Modern day ICs are essentially a largebaumf tiny transistors on a
Silicon substrate. The most sophisticated applications for ICs todaypprocessors,
employ almost 1 Billion transistors, each reaching the 45nm omesse. As compared

to the first ICs in 1971, these devices have roughly a million tim&® transistors per



cn? of chip area, each of which is about a millionth of its original size.

However, one may contemplate about the reason to put such a large number of
tiny transistors on one integrated circuit. There are two pyimeasons for this: firstly,
increasing the number of transistors not only increases the dgpabthe ICs, but also
makes their operation faster i.e. faster switching speeds.s€bhond reason is sheer
economics of scale: current microfabrication techniques empBB0mm Silicon
wafers, thus, increasing the density of transistors allows hipe sizes, for the same
capability, to shrink. As a result, more ICs can now be fabricatedsangle Si wafer at
the same time. Consequently, the fabrication cost, per unitetflices. Besides these
developments related to microelectronics, the last decade hasealsoapid growth in
the development and application of Micro/Nano-electromechanical ersgst
(MEMS/NEMS) as well as opto-electronic systems. The bas&nise behind the
concept of MEMS/NEMS is that the efficiencies of low unit castd high volume
production achieved by the microelectronics industry can be tradstat devices in
which mechanical and electrical devices are integrated istogée chip. In addition to
the potential economic benefits, unique capabilities can be achgvedch integration
to realize very small and efficient devices such as sensgtgtars, power producing
devices, chemical reactors and biomedical devices, to name (&pencer at al, 2000).
Such trends illustrate the economic driving force behind the ongoinigtomzation in
electronics devices. Figure 1.1 shows the transistor density (gechipiarea) in the

microelectronics industry along with the currents trends in MEMS devicexr$Betet



Figure 1.1 The evolution of transistor density in microelectronics and MEMi$e T
established trend for microelectronics is commonly referred tM@we’'s Law (blue
line). The emerging trends for MEMS devices (red line) suggeskar scaling. (Peterson
et al, 2005).



al, 2005). It becomes apparent that the trends for MEMS devicesrgrenuch along the

lines of the Moore’s law for microelectronics miniaturization.

The success of microelectronics and MEMS/NEMS, as well fuather
development of key technologies involving miniaturized structures, depandsipr on
the solution of key materials issues associated with the design¢dtion as well as
reliability of the various components in these devices. In the @asdcroelectronics,
large mechanical stresses, either ‘intrinsic’ i.e. due teviprocessing conditions, or
‘extrinsic’ due to external loading, are often present. Even in cases wherersgshsstlo
not degrade the functionality of the constituent material, they mesult in premature
failure due to the formation of voids or cracks. The effects o sage mechanical
stresses are further exacerbated by the fact that tims fdre often employed in a
complex environment featuring interfaces with mechanically (omthky) dissimilar
materials. In applications involving either large mechanical lcadtarge deflection
levels, the choice of a specific material is primarily dexdiaby its mechanical properties.
Structural and moving parts in MEMS devices such as hinges for -micrors and
optical switches, as well as coatings on cutting tools, are @gamf such applications.
In many other applications, material selection for thin film®fien dictated by their
unique electrical, magnetic, optical or thermal properties. Howeseen in such
applications, mechanical behavior of the constituent materials iimportant because
of the high power densities often employed in end-user applicatiothgeoto the large

mechanical stresses that arise from fabrication processdslad8ge mechanical stresses



in thin films often affect their ability to perform their exped functions
(electrical/thermal/optical/magnetic) due to the coupling betwenechanical and
functional properties. For example, abnormally high stresses thagrsely affect the
phase transformation in a shape memory alloy thin film and, thusdt res loss of their

functionality.

Therefore, our ability to model and increase device relighditd lifetime is
contingent upon our ability to understand, and control, the mechanical behata of
constituent materials at such small length scales. Thesedasrve as the technological
driving force for the study of mechanical behavior of mal®irmaminiaturized specimen,
as the microelectronics and MEMS/NEMS industry moves towardswederial systems

and dimensions continue to shrink.

1.2MOTIVATION: STUDY OF SIZE EFFECTS

A distinguishing characteristic of many such miniaturized compisnemployed
commonly in microelectronics, MEMS and NEMS is the use of nasewith limiting
dimensions far smaller than most bulk (or conventional) materials, as showniia Eig
(Prorok et al, 2006). While MEMS features foils/membranes witltiigndimensions in
the range of a feunmto just a fesum microelectronics, MEMS and NEMS can feature
device sizes from just a couple o down to few nanometer range. In addition to the

aforementioned technological benefits, the study of small-scaddanical behavior also



serves an important scientific function. It has long been rezedrnhat material response
at such small length scales, common to most miniaturized seactsr quite different
from bulk response. Such deviations from bulk mechanical properties te, of
collectively, termed assize effects While, in some instances, size effects can be
explained through scaling of bulk properties to small lengtles¢&pearing et al, 2000),
in most cases small-scale mechanical behavior has been shown send&igve to
mechanisms that remain elusive (Arzt et al, 1998). For exaifinpte,the point of view

of mechanical strength, most experimental studies have showhithéitnhs can sustain
much higher stresses (sometime an order of magnitude higher) than sinkilardbetials
(Nix et al, 1989; Vinci et al, 1996; Espinosa et al, 2003; Xiang €08)5; Haque et al,

2003).

From a scientific point of view, our understanding of mechanical pieparée.
material response to deformation and the associated fundamentatagosisqes, taken
together, is essentially couched in terms of different physecajth scales and their
interactions. In this context, the underlying physical mechanismsdehe observed
size effects in miniaturized specimen have generally beetutéid to the overlap
between the microstructural and structural length scal#seafonstituent materials. The
microstructural length scale is understood to encompass themetera parameters of
the microstructure of the material, e.g. grain sidg, twin spacing etc., while the
structural length scale is usually the limiting specimen dimen®f miniaturized

components, commonly thickness,



Figure 1.z An illustration of length scale effects on the mechanical priggerf
materials. The characteristic length scales associatédspécific deformation regimes
i.e. plasticity, elasticity etc. are also shown alongside thmcal structural and
microstructural length scales (described in Sec. 1.2) in obioval components, MEMS,
NEMS etc. (Prorok et al, 2006)



In addition to these length scales, the physical mechanisms rddpoftsi a
materials’ response to deformation, whether elastic or plasticolve certain
characteristic length scales. For example, dislocation-medatestic deformation in
metals, would feature the Burger's vector, dislocation mean frée pguilibrium
dislocation loop diameter etc., as the characteristic lengtl &et et al, 1998). When
the characteristic length scale of deformation process zoedaps the geometric
microstructure length scalg @, twin spacing etc.) very different macroscopic response
arises due to the added microstructural constraints. As shown in Figiremost
miniaturized structures feature dimensions, both structural anbstrigctural, of the
same order as many of the characteristic length scaf@dastic deformation. As a result,
in addition to the microstructural constraint (also experienced inechiowval structures),
the physical mechanisms related to plastic deformation in tairead specimen start to
‘feel a dimensional constraint i.e. the presence of a free swfaae interface. To this
effect, as a general experimental observation for miniaturipedirmen, mechanical
properties related to plastic deformation i.e. yield/flow strdsstility etc., are often
found to be related to, both, microstructural characteristic lesggtles (commonlg) as
well as the specimen thickness (Arzt et al, 1998; Fleck et al, B3@&1s et al, 1998; Nix
et al, 1989; Espinosa et al, 2003; Espinosa et al, 2004; Xiang et al, 28fée et al,

2003).

In essence, understanding and exploring the size effects landssppeiaky
with regards to plastic deformation, is important not just fotélcenological benefits of

attaining better device reliability in microelectronics and WENEMS, but also to



expand our knowledge of the structure-property relationships in alatexibasic aim of
materials science as well as engineering mechanics.dgdasserves as the motivation for

this study.

1.3MATERIAL SYSTEM: COPPER

In the current study, Copper (Cu) was chosen as the model mateiam due to its
increasing technological significance. Cu is slated to rep®lcminum as the new
interconnect material in microelectronics industry due to its supelectrical as well as
thermal properties. In the past, most interconnects in the michaeglgs industry were
made out of Al thin films. With continued miniaturization, and the needhifgir device

current densities in interconnect lines, electro-migration ngasgnized to be a major
failure mechanism. In this context, various studies predicted thieatreliability and

performance of Al, and its alloys, would soon reach practicaldi(@lement et al, 1995;

Havemann et al, 2001; Thompson et al, 1986).

In addition to these reliability/performance issues with AguFe 1.3 (NTRS,
1997) shows that with shrinking device sizes, resistance-capzeif@@C) delay in
interconnects becomes the dominant factor, as compared to gateFiglag. 1.3 also
suggests that the total delay (gate + RC) — a measure atttinable switching speed -

can be minimized by reducing interconnect resistivity (from AICu) and dielectric
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permittivity (SiG; to low«). The combination of higher electrical/thermal conductivity of

Cu and higher melting temperature (as compared to Al) — all of which increase the

Figure 1.2 The effect of interconnect material on the RC delay. Reductidhickness
dominates gate delay. Transition from aluminum to copper based intectonauld

significantly reduce the gate delay in ICs. (NTRS, 1997)
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resistance to electromigration - make Cu a more attraatieeconnect material, and
therefore technologically more attractive, than Al (Thompson,et%d6; NTRS, 1997,

Clement et al, 1995; Havemann et al, 2001).

With regards to mechanical behavior, Cu also poses some significdieinges
regarding device integration and reliability. For example, Youribdulus of Cu is
about 50% higher than that in Al. This implies that Cu interconned, Il well as the
surrounding dielectric, would develop much higher stresses as d oéstihermal
mismatch and thermal cycling, compared to Al. Furthermore, Cu aisbiglaer strength
than Al. While on the one hand, high mechanical strength is benefioia the
performance/reliability point of view, on the other hand it cad keafar higher intrinsic
residual stresses or promote cracking of the surrounding diete€lisui et al, 2005).
Therefore, in order to utilize the full potential of Cu as anraatenect material, and to
further improve the reliability of devices based on Cu-metéitina it is necessary to
characterize and understand its mechanical behavior i.e. plastimdaon, fracture and

fatigue.

1.40UTLINE OF THESIS

The goal of the current work is to extend our current understandirsizef

dependent plastic deformation, as related to strength and ductilifygestanding Cu

films over a wide range of thicknesses and grain sizes. The &he produced with a
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controlled microstructure such that the observed size effects, mirémgth as well as
ductility, can be attributed to the variation of the thickness and grainlsize &articular
emphasis is placed on the quantitative characterization of thickndsgrain size effects
on such properties independently of each other. Phenomenologicalnsigi®are also
formulated, wherever possible, to address the thickness and gradepaedence of the
observed strength. The underlying deformation mechanisms, and thgivey to the
structural as well as microstructural length scalesaks@ explored through microscopic
post-mortem structural investigations at the microstructure¢l.leSpecifically, the
observed size effects on the strength are related to theiraeesnts of total defect (e.g.
dislocation) accumulation and storage, as a result of deformation, thresglual
electrical resistivity measurements (RERMlso, the size effects on the observed
ductility are understood through the quantitative characterizatiagheohucleation and

evolution of deformation heterogeneities at the microstructural level.

This thesis is organized in six chapters as follows. Chapters2pis a review of
literature on the mechanical properties of miniaturized specimewie® of relevant
experimental techniques and processes, as well as the currenstandieg of size
effects on the mechanical properties are highlighted. The sigragcaf studying size

effects in freestanding films, as in this study, is discussed.

Chapter 3 presents the experimental measurements of the feizts @n the

observed strength (yield stress and flow stress) of freestaduirfoil specimen withul,
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=10-4um andt/dq ratio of 0.5-5 across the thickness. The role of the free suciathe
effective microstructural constraint is highlighted in this ceapthis chapter is based in

part on a manuscript to be submittedhtia Materialia.

Chapter 4 presents the measurement of thickness effects dretigls of free-
standing electrodeposited films with grain sizes approachingltitaine grained regime
i.e. ~O(um). Residual electrical resistivity measurements are @medlto highlight the
effect of grain size dependent deformation mechanisms on the rzatd magnitude of
the observed thickness effects. This chapter reveals the rol®uofes starvation
strengthening with reducing thickness at these length scales.cAapter is based on an
Applied Physics Letter&Chauhan et al, 2008) manuscript as wellasrnal of Applied

Physicspaper currently under preparation.

Chapter 5 is devoted to the observed thickness effects on the duftilite
freestanding specimen tested in this study. Surface roughnesgrereants are used as a
novel tool to study the evolution and distribution of deformation heterageEnéstrain
distribution) at the microstructural level. In addition to the eff@ttthickness, the role of
average grain sizes is also discussed. This chapter is basetlon pamanuscript to be

submitted toActa Materialia.

Chapter 6 summarizes the findings in this study and provides stgas for

future work.
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CHAPTER 2. REVIEW OF LITERATURE

This chapter presents a brief literature review of theardlesxperimental
methods for mechanical characterization of miniaturized specirmened as current

understanding of the size effects on the mechanical properties of metakic fi

2.1 EXPERIMENTAL METHODS AND PROCESSES

2.1.1 Material preparation and processing

Miniaturized specimens typically have geometric dimensions ofdnge order
as the microstructure material length scale. As a reduthis overlap, the overall
mechanical properties are influenced by both the microstructwiairés as well as the
macroscopic geometric constraint. Given this inherent coupling betwéen
microstructural and geometrical size parameters in minzgtispecimen, it is important
to address the effect of each of these length scales indedgndsntwell their

interdependence.

The most convenient way to achieve this goal is to use fabricatbnigues that
allow precise control of both dimensions; the microstructuralgazameters (as defined
by dg, in the absence of other sub-structural features), and the spetiitikness. Since
the mechanical properties of most metals are known to be verytiwens their
processing history, careful consideration to the choice of the &lonicprocess in such
studies is important. In order to be able to extend the resultsaingrexperimental study

on a given material system to similar components used in the industry, it isquete
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utilize similar fabrication processes as those used for commercial psirpose

The choice of fabrication methods for producing miniaturized specimen is
essentially dictated by the desired structural as wetliastructural size parameters. In
case of thin foil specimen, with thickness ~ID100um and grain size ~C6(100pn),
bulk manufacturing processes, such as rolling, are commonly empldgegtver, for
thin films, with thickness typically less than ~10pum or so, gheed deposition
processes, such as vapor deposition, spin coating (for non metallis) fémmd
electrodeposition need to be employed. While a detailed review obfathese
fabrication/deposition processes is beyond the scope of this revielrjeflg introduce
several most commonly used techniques, relevant to this work, ussaritate both foil

type as well as thin film type specimen.

2.1.1.1 Foil and plate type specimen: Rolling

Rolling (Hosford et al, 2004) is a fabrication process in which Inptastic,
paper, glass, etc. is successively passed through a pair (9rgpaohs. With each such
pass, the thickness of the deformed material is reduced. Thete@types of rolling
process, flat and profile rolling. Ifiat rolling the final shape of the product is either
classed a#oil (typically thickness less than 3 mm, also called "sheet")abe [ftypically
thickness more than 3 mm). profile rolling, the final product may be a round rod or
other shaped bar such as a structural section (beam, channedtgpigRolling is also

classified according to the temperature of the metal rolletdelfemperature of the metal
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is above its recrystallization temperature then the procdssn®d as hot rolling, If the
temperature of metal is below its recrystallization terajpee the process is termed as
cold rolling. Cold rolling typically leads to a highly textured cnoistructure with
elongated grains. Furthermore, the large deformation that typ@metiompanies such a
process leads to the creation of sub-structural features (likecatiosn cells) of
dimensions much smaller than the grain size itself. In ordeedoce the influence of
prior deformation history on the observed response and relieve the redrdsaes, cold
rolled specimens are often annealed prior to testing. Annealingallypieads to much
weaker texture distribution (Janssen et al, 2006) and a stored defgent closer to

virgin material (Hosford et al, 2004).

2.1.1.2 Thin film specimen: Sputtering and Electrodeposition

Sputtering (Madou et al, 2002) is a process in which the vapor dfoilree
materials is formed through ionic impingement of a target. Intespukeposition, an
evacuated chamber is filled with a sputtering gas, typicailyTAe gas is ionized by
imposing a direct-current (DC) or radio-frequency (RF) voltagech forms a plasma in
the chamber. An imposed electrical field accelerates thems toward the target at high
speed. The target atoms are dislodged when the energetic ionarbothb target
surface. These atoms then travel through the gas phase and conderike sabstrate,
leading to film growth. Sputtering is a versatile technique thatbsaapplied to many
crystalline and amorphous materials. Alloy thin films witlghty precise compositions

can be fabricated through co-sputtering. There are also soawvaligages. For example,
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because the target atoms usually have a high kinetic energy thley arrive at the
growth surface, the probability of defect nucleation and damaggputtered films is
generally higher than in evaporated films. The condensation ofdmglhgy atoms also
causes the substrate temperature to increase; as a resuérespfitms can feature
substantial residual stresses. The sputtering gas may also cawntsgnination by
introducing impurity atoms in the films. Metal films sputtered@m temperature are
typically polycrystalline, consisting of very fine grains. Timécrostructure is of course
affected by many parameters such as substrate temped®position rate, power, and
working gas pressure, as a result precise control of the mictst can be difficult.

Sputtering is commonly employed in cases where uniform film thickness psidingy.

Electrodeposition (Dini et al, 1993), also called electroplating, Bocess in
which a metal is coated on a conductive surface through electrimethesactions that
are facilitated by an applied electrical potential. In this @sscthe surface to be coated is
immersed into a solution of one or more metal salts. This suntexs to be conductive
and forms theathodeof the electrical circuit. With an electrical current gag through
the solution, the positive ions of the source metal are attragtdtetcathode surface,
where they are reduced, resulting in a coating of the source onetlaht surface. Precise
control over the microstructure of the deposited metal coatinpea@mxercised either via
controlling the current (galvanostatic electrodeposition), controllthg voltage
(potentiostatic electrodeposition) (Dini et al, 1993). In addition to thedeetrical
parameters, bath composition plays a major role in controlling tipesded film

topology. Electroplating is a simple and economical process to deisirm coatings.
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It has been used in many applications across a wide range ofriesldist more than a
century. For example, copper conductor lines in printed circuit boards, icimom
coatings on steel parts in automobiles, zinc coatings on galvanestdand decorative
gold and silver coatings on jewelry and various consumer productsllaealized by
means of electroplating. Electrodeposition is also the method ofecfmigrowing Cu
coatings in advanced integrated circuits by the microelectomdustry, given its
advantages of simplicity, safety, low cost, low deposition temperatlow resistivity,
and high gap filling capacity in a dual-damascene process apacetnto other

metallization techniques.

Recently, pulsed electrodeposition (PED), in addition to conventional
galvanostatic or potentiostatic electrodeposition has been erdpdsya fabrication route
to prepare laboratory specimen to study size dependent mechaniaaiipsofl_u et al,
2004; Natter et al, 1996). PED has proved to be a versatile and poteetfalque for
producing nano-structured materials with precisely controlledrosticictural size
parameters such as avg. grain size or twin spacing (Natsr Ebrahimi et al, ). PED
also yields specimen with very high purity, low porosity aslvasl high electrical
conductivity at a wide range of thicknesses i.e. thin films sasnpith thickness ~ few
pm to 3mm. As compared to potentiostatic or galvanostatic depositiomdaes, PED
features the application of either constant voltagg.Vor constant current .y square

wave pulses with a certain duty cycl and time period (T). The use of these four
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electrical parameters, in addition to the bath chemistry/connposiallows precise

control of the microstructural size parameters.

2.1.2 Microstructural Characterization

For most metals, microstructure is usually understood to encontpass
arrangement of individual crystallites (of equal or different phamnstitution) and the
associated crystalline defects such as dislocations, vasangipurities as well as
surface and interfacial features (Arzt et al, 1998). Therefweenature of the phases
present, their topology (geometric distribution and interconnectionyedls as their
dispersion (described by relevant size parameters) constihgesitrostructure. Such
microstructural characteristics can be affected by macipfs, including materials class,
deposition technique and deposition conditions, heat treatment, and dedarivistory.
All other parameters of the microstructure being equal, its Ezameters exert a strong
influence on the observed mechanical properties at the macroscopiqAezt et al,
1998). Therefore, accurate mechanical characterization of mestilictures must
include precise characterization of microstructural size paesmesuch as avg. grain

size, avg. twin spacing etc.

2.1.3 Experimental Techniques

Mechanical testing of miniaturized specimen has long been reeodgtuzbe a

challenging task (Sharpe et al, 2003). While a small, and oftagildy specimen is
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difficult to handle and mount on testing frame, the amplitude of fosmAtiement to be
measured is also quite small. Therefore, mechanical tedtisgch small length scales
often requires the development of specialized experimental techni§sies result of
such difficulties, many specialized experimental techniques have beenpmkxVeler the

years for reliable mechanical characterization of miniaturizedrseeci

Current experimental techniques can be classified accordinghdo fikm
configuration as layered configuration or freestanding configura Layered
configuration essentially allows mechanical testing of spatimea configuration, or
mechanical environment, similar to that they are often emplaoyed.ifilm-on-substrate
systems. Since thin films are often employed on substrates, theertainly merit in
performing experiments on such systems. However, layered configuratiers Stdm an
important drawback i.e. the mechanical properties of the testiataee often coupled
with many other extrinsic effects that arise due to the Bp@sechanical environment of
the test specimen. For example, film on substrate systems eétemd strain gradients in
the thin films, and as a result, the clear interpretation of otims effects (e.g.
microstructural of thickness effects) is not possible until tin@ins gradient effect is
accounted for (Keller et al, 1997; Xiang et al, 2004, 2006). Indentatiore{Mh 1995)
and thermal cycling experiments (Keller et al, 1997; Venkataraet al, 1994) are two
examples of such techniques. Free standing configuration on the otheaalloarsdclear
identification of material properties without having to account foy ather extrinsic

effects (Espinosa et al, 2003; Haque et al, 2003). However, sudhragiee is quite
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difficult to realize given the fragility of the specimen and,réfiere, the obvious
challenges in handling/testing them. Uniaxial tensile testiigdt al, 2000; Saif et al,
2003), micro-bend tests (Evans et al, 1998), bulge test (Xiang et al, 2, torsion

experiments (Fleck et al, 1994), membrane deflection experintespspsa et al, 2003),
pillar micro-compression (Greer et al, 2005, Uchic et al, 2004)aet¢call example of

techniques where freestanding, or unconstrained specimen configurationseare tes

Experimental techniques can be also classified according to thee @t the
imposed deformation field as those featuring homogenous deformation arel thos
featuring non-homogeneous deformati¢or strain gradients). In the homogenous
deformation category, only those techniques that allow deformatidrereiinder
homogenous tension or compression are included. These include uniaxial testsig
(Yu et al, 2000; Haque et al, 2003), pillar micro-compression tesBnege( et al, 2005;
Uchic et al, 2004) as well as the membrane deflection exparifaemodified form of
tension test) (Espinosa et al, 2003, 2004). Besides these three testirgglologies, all

the other loading techniques impose strain gradients.

2.2 SIZE EFFECTS ON PLASTIC DEFORMATION

One of the defining characteristics of miniaturized specimethirefilm, foil or
plate type specimen, is the length scale similarity othiekness and grain size to many
of the characteristic length scales of plasticity. Asesult of this overlap between

microstructural and structural length scales, prominent siteztefare seen in such
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specimen. Based on previous literature on the topic, this sectionntsresebrief
description of the different types of size effects. A moreil@etaliscussion can be found

in Arzt et al (1998).

2.2.1 Microstructural Size Effects

The dependence of yield/flow strength of a materiadgmas been the subject of
various studies in literature. Generally, the observed grain seegthening has been
reported in terms of a Hall-Petch type relationship (Halllefil951; Petch et al, 1953).
The classical Hall-Petch relationship predicts the yield/#tn@ss as a linear function of
the inverse of the square root of a specific microstructural gaameter. For pure
polycrystalline metals, in case of yield stress i.e. staéghe initiation of macroscopic
plasticity, d; has been used in such a relationship. Similarly, for a highigned
material,dy is often replaced with avg. twin spacing. On the other hand, inofdkav
stress, the microstructural size parameter is usuallyntakée the avg. dislocation cell

size (Hansen et al, 1983; Tabata et al, 1975).

The physical mechanisms responsible for such microstructure depende
strengthening were explained on the basis of dislocation pile-upe gtain boundaries
(Hall et al, 1951; Petch et al, 1953). Macroscopic initiation of glagdéformation
(characterized by yield stress) or continued plastic flow é&dtarized by flow stress)
requires initiation and transmission of slip across grain boundaieseXternal stress

causing plastic deformation must therefore not only account foretipared resolved
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shear stress on specific slip systems within each grain, louaetsunt for the additional
requirement for such transmission of slip across the grain bousddiieese grain
boundaries require internal stress concentrations proportional to thedgmeters - a
consequence of piled up dislocations near the grain boundary - from withigrain

volume (Petch et al, 1953; Hall et al, 1951). Alternatively, Lil€L863) showed that a
relation similar to the Hall-Petch relation can be derivededhamn the assumption of

forest hardening by the activation of grain boundary ledge dislocations.

While the Hall-Petch relation has been confirmed for a widgerarf metals,
there is clear experimental evidence that grain size shemigg breaks down for smaller
grain sizes. To this effect, grain size softening according to an inverlsBddeth law was
reported (Chokshi et al, 1989; Masumara et al, 1998; Arzt et al, 1998)x&mple, such
deviation from Hall-Petch strengthening in Cu appears at a gizg@rnn the range of 20-
50 nm (Masumara et al, 1998; Cheng et al, 2003). However, for graqmsiaeh larger
than this limiting value, the validity, and the exact form, forl{Patch relation is not
clear for miniaturized specimens. To this effect, Jansseh(20@6) showed that for Al
foil specimen, with grain sizes around ~ 100um and just one grassaitre thickness,
the observed yield as well as flow stress was virtuallyngs&#e independent. On the
other hand, for thin film specimen, in both film-on-substrate (Kelteal, 1997) as well
as free-standing film systems (Xiang et al, 2005, 2006), thegstref the observed Hall-
Petch strengthening (characterized by the slope on a Hah-p&it) was found to be

larger than that observed in bulk specimen with similar grain sizes.
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2.2.2 Grain Statistics Effects

Plastic flow of crystalline metals follows the maximuesolved shear stress and
becomes highly dependent on the loading direction. The plastic response of
polycrystalline aggregate is thus affected by the numberaiigmvolved as well as the
size and texture distribution. As the number of grains within thergpecvolume reduce
with shrinking dimensions, such size and texture distributions can calstantial
experimental scatter (Armstrong et al, 1961; Kals et al, 200@séa et al, 2006). The
stronger and sharper the crystallographic texture, the I¢lsese variations will be
(Janssen et al, 2006). On the other hand, for a bulk specimen, givesiathesly large
number of grains within the specimen volume, each material crossrsgields a good
measure of the average properties that only scale with thagavsize as well as texture

of the constituent crystallites.

2.2.3 Strain Gradient Effects

Structural elements subjected to non-uniform macroscopic deformative
shown the so-calledtrain gradient effectsespecially at smaller length scales (Fleck et
al, 1994; Evans et al, 1998, among many others). Considering the obsenesl ma
response with macroscopic strain gradients in loading configuratiohsasubending
(Evans et al, 1998), torsion (Fleck et al, 1994), indentation (Ma et al, b®@8ack tip
field (Bastawros, 2006), it has been proven that at such small leoglbs,snon-

homogenous deformation implies “smaller is stronger”. Thesensgaidient effects



27

essentially arise due to the imposed lattice curvature, whhohlae accommodated by
geometrically necessary dislocations (GND), in addition to ttaisscally stored
dislocations (SSD). This dependence of the total dislocation dé@sif) + SSD) on the
macroscopic strain gradients, which, in turn, are a function of thendion of the
specimen, yields size dependent mechanical response. Such higheeftedes are,
however, excluded in this study by applying homogeneous deformation $pehienen

by means of uniaxial tension.

2.2.4 Thickness effects under macroscopically homogenous deformation

Under macroscopically homogeneous deformation, thickness dependent strength
has been reported. For foil or plate-like specimen, with grasand thickness an order
of magnitude larger than those in thin film materials, varioge®emental studies (Pell-
Walpole et al, 1953; Feltham et al, 1957; Miyazaki et al, 1979; Kak 2000; Janssen
et al, 2006) have clearly shown that with reducing thickness for aacrggain size i.e.
with reducing number of grains across the thickness, yield/ftos and the observed
strain hardening reduce. Armstrong et al (1961) attributed thig&néss dependent
weakening to an orientation effect i.e. with reducing the numberadhg across the
thickness, the Taylor-type (Taylor et al, 1934, 1938, 1956; Kocks £9%38) orientation
constraint is greatly diminished as a result of the reducedostiactural constraint.
Furthermore, with reducing number of grains across the thicknessuthieer of grain
boundaries within an average specimen cross-section also reduces.ressilt, the

external loading has to satisfy less stringent Taylor tymtaiion conditions (compared
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to bulk grains) and lesser number of grain boundary related stresntations. It was
hypothesized in this work that a multicrystalline specimen, a specimen witmgigrain
across the thickness, would yield grain size independent behavior.Xpeengental
results of Janssen et al (2006), however, show that Hall-Petch grgpe size
strengthening, albeit much weaker than the bulk case, may xigt éor the
multicrystalline case. However, due to lack of data in Janssen et al (2006), ntaguant

conclusions were drawn as to the exact form of this grain size dependence.

In case of thin films, with thickness and grain size in the rarigew microns,
thickness effects in the absence of strain gradients have only bbserved
unambiguously by Espinosa et al (2003, 2004) in Au, Cu as well asmlilths. These
experiments utilized uniaxial tensile tests on freestanding films withngatlyickness for
a constant grain size of ~ 200nm. For all three materials, st shawn that smaller
thickness yielded a higher yield stress as well as stradehi@g. These origin of these
thickness effects was interpreted based on the hypothesis shathasmall length scales
plasticity is source controlled i.e. with reducing thickness, dtailable dislocation

sources reduce and as a result thickness dependent strengthening commences.

Various other studies on freestanding thin films featured filmthensubmicron
to micron range. For example, Xiang et al (2005, 2006) tested Cuwviiltimshickness of
0.3-4.5um and grain size of 0.3-1.5 pm. Bravman et al (2004) testeimAl with

thickness of 2-12um and grain size of 1-4um. These studidsusgttithe observed size



29

effects on yield stress to the microstructural length salalee. A common feature of all
these studies, in contrast with the thin films tested by Espiebah (2003, 2004), was
that the grain size was changed along with the film thickness.résult, in these cases,
similar to film-on-substrate systems after accounting foritmgosed gradient by the
substrate, the strength of the observed grain size strengthensdigleer than that
observed for bulk material with the same grain sizes. This anaroalg possibly imply

that there are thickness effects, in addition to the microstalaffiects, even at these

larger length scales.

Therefore, while previous literature suggests fairly coastidrends for thickness
effects in constrained film systems i.e. reducing thickness leads tasimgestrength, the
ambiguous trends for thickness effects in freestanding filmgsverther study. It is this
specific scenario i.e. freestanding polycrystalline films wndeacroscopically

homogenous deformation, which is the focus of this study.
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CHAPTER 3: THE EFECT OF MICROSTRUCTURAL CONSTRAINT ON THE
FLOW STRESS OF FREE STANDING Cu FOIL SPECIMEN

3.1 ABSTRACT

This chapter presents an experimental assessment of treffsizs on the yield
stress as well as flow stress in thin Cu sheet metal fenthgrains across the thickness
under uniaxial tensile deformation. The experiments reveal dfeete in scenarios
where the film thicknesg, representing the geometric length scale, is of the satiee or
as the average grain sizdy, representing the microstructural length. The resulting
overlap is characterized bj~t/dy. The experiments reveal two distinct regimes of
behavior based ont. For4 < 1, a polycrystalline film with about one grain across the
thickness, a weakening effect is observed. The grain exposueetsurfaces reduces its
post hardening characteristics. As a result, the flow strassthis regime show much
weaker thickness and grain size dependence. A unique Hall-Petclraypsige effect is
identified in this regime. Fok > 1, a polycrystalline film with many grains across the
thickness, a strengthening effect is observed. The grainesimetion would reduce the
volume of the film exposed to the free-surface. As a resudtiively stronger grain size
effects reappear. There was a strong coupling between thickméggain size effects. A
modified Hall-Petch relation is proposed to account for the observed#ndss

dependence strengthening.
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3.2 INTRODUCTION

Most size effects observed in bulk materials on mechanical piegpeelated to
plastic deformation e.g. yield strength or flow stress givan plastic strain, are an
outcome of the interaction between some intrinsic charactdastyth scale of plasticity
and a microstructural size parameter, commonly grain sizeé éAia, 1998). In the case
of miniaturized metallic structures, the physical mechanistased to plasticity are also
influenced by a dimensional or structural constraint (usuallyimating specimen
dimension), in addition to the effects of the microstructure. A deficimaracteristic of
many such components is the fact that the constituent matetetscointain just a few
grains across the limiting specimen dimension. As a resuhi®foverlap between the
structural and microstructural length scales, our understandingaaofy known bulk
phenomenon often fails to explain the resulting mechanical behavioriniaturized

specimen.

One such example of a well characterized bulk phenomenon is theaéfigain
refinement on the strengthening of bulk metals i.e. classicdiRg&th (HP) relation
(Hall et al, 1951; Petch et al, 1953; Armstrong et al, 1961; Chokshi et al, 1989; Sanders et
al, 1997; Masumara et al, 1998). The HP relation predicts a linesionship between
the yield/flow stress (defined at a given macroscopic strain) witinteese of the square
root of the grain size. This effect of grain size on the yi¢ldss or flow stress has

generally been explained by a dislocation pile-up model whereidislocations, emitted
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as a consequence of plastic deformation, are obstructed by thebgumdaries. The
resulting stress concentration -a function of the grain size-dMeald to the observed
size effect (Hall et al, 1951; Petch et al, 1953; Armstrorad, di961). Alternatively, Li et
al (1963) showed that HP-type dependence can also be derived basedssuthption
of forest hardening by the activation of grain boundary ledge dislosat
Notwithstanding these alternative interpretations of the origin ofrostructural
strengthening, strong empirical evidence in literature amsfithe existence of a HP-type
relation for a wide range of polycrystalline materials (Mastaret al, 1998). There is
clear experimental evidence that the bulk HP relation cannot baded to very small
grain sizes (~ 50 nm or less) (Chokshi et al, 1989; Arzt €t988; Sanders et al, 1997;
Masumara et al, 1998). This apparent physical limitation on thdityatif conventional
HP behavior was attributed to the relative scale of dislocatiovature and grain size.
The ‘conventional’ grain size strengthening can be only expeotddrje enough grain
size to encompass at least one dislocation loop (Arzt et al, 199&gudr, the validity
limit of the HP-relation is obscured when the geometric leng#tesof the structure
approaches the grain size dimensions. The additional effectperienced in many
applications such as thin films on a substrate (Yu et al, 2004;rketlbd, 1998), or free-
standing thin films (Lee et al, 2004; Nicola et al, 2006; Miyazalil e1979; Janssen et
al, 2006; Fleischer et al, 1961; Armstrong et al, 1961; Michel 20413; Kals et al,

2000; Raulea et al, 2001; Weiss et al, 2002).
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This work focuses on the role of free-standing film thicknessemtacroscopic
film strength for a range afy = 11-45 pm, t= 12.5-100 pm and rangewefl-5. For foil
like specimens, it is found that HP relation would hody for A>5-15 (Miyazaki et al,
1979; Armstrong et al, 1961). Fbk15, the observed yield/flow stress has been shown to
be lower than that predicted for bulk material for simig(Miyazaki et al, 1961; Kals et
al, 2000; Michel et al, 2003; Raulea et al, 2001; Janssen et al, 2006¢rfmote,
substantial weakening (reducing vyield/flow stress) has been edpavrith reducing
thickness (or no. of grains across the thickness) for a giy@vliyazaki et al, 1979; Kals

et al, 2000).

While a number of experimental studies have confirmed this getreral i.e.
reducing yield/flow stress with reducing thickness (Armstrora),et961; Miyazaki et al,
1979; Kals et al, 2000; Janssen et al, 2006) some ambiguities still remain. Witis tega
the underlying mechanism itself, it was hypothesized that this weakerseg due to the
reduction in microstructural constraint on individual grains within thecisnen cross-
section (Armstrong et al, 1961; Miyazaki et al, 1979). Thissconsidered to dictate the
observed size effects (Miyazaki et al, 1979; Janssen et al, 20@6uriterstood that a
specimen with just a few grains across the thickness, s&15 (Miyazaki et al, 1979),
can be considered to be somewhere between a single crystal amel polycrystal
(Armstrong et al, 1961), in the Taylor sense (Taylor et al, 1934|of et al, 1938;
Taylor et al, 1958). In the limiting scenario of a multicrilsta specimen (Armstrong et

al, 1961), a specimen with just one grain across the thickness, th# bebevior was
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thus suggested to be representative of a single crystal undergoigte slip,
notwithstanding the grain size (Armstrong et al, 1961). To thistettee observed flow
stress for a multicrystalline specimen would be related tgitigge crystal shear strength
by an orientation factom, of 2 i.e. analogous to a ‘bamboo’ structure with at least one
grain of appropriate orientation. It was also assumed that dpaimdaries would
contribute little of their own strength in this regime and assalt the yield/flow stress is

expected to be independent of the grain size (Armstrong et al, 1961).

With increasing number of grains across the thickness, the requiseroent
internal stress concentrations at the grain boundaries for dlastimust be satisfied, in
addition to the orientation conditions as described by Taylor(@9384, 1938, 1956) and
modified by Kocks et al (1958). Therefore, the grains within theisgecinterior take
on a typical polycrystalline character and the flow propertidhefintragranular regions
in the polycrystal must now be compared with the flow properties sihgle crystal
under multi-slip conditions, as opposed to single slip for the multidiipstacase. A
schematic representation of this hypothesis, from Armstrond @961), is shown in
Figure 3.1 (a). For small specimen cross-section, the fl@gssts grain size independent
and related to single crystal shear strengtikdd by a factor of 2. With increasing
number of grains across the thickness, the flow stress incraase®re grains get
involved and the orientation factor increases from 2 towards thermaglue of 3.1.
Also, additional contribution from grain boundariésit?) appears.|* here represents

the microstructural length scale (or average grain sizejqiscthe critical stress
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Figure 3.1 (a) Specimen size effects on the observed microstructural stramgghia
polycrystalline FCC materials. (Armstrong et al, 196kh). Schematic representation of
the variation of yield stress (or flow stress) with varymgmber of grains across the
thickness X) (Janssen et al, 2006).
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required for dislocation slip in the grain interior. The following eémueshows these

bounds

2 Torss < 0 < Mg +KI7H2) (3.1)

While the existence of the upper bound i.e. Bulk HP-type grain sesggsrening
has been confirmed and well characterized, there is stiiguity with regards to the
lower bound. Unfortunately, the measurement of yield/flow stressesrifirm the lower
bound i.e. in a multicrystalline specimen with just one grain athasthickness, usually
suffers from quite substantial experimental scatter due to undedtmgiain orientation
variation. Despite these difficulties, various experimental etuldave been performed on
specimen with < 1 (Stolken et al, 1998; Janssen et al, 2006; Weiss et al, 2002). While
all of these studies showed deviation from bulk behavior, quantitativéusamr s were
not drawn due to limited data. Janssen et al (2006) however suggestedapatate HP-
type grain size strengthening, albeit much weaker than the dasé, might exist as
opposed to the grain size independent behavior predicted by Eq. (3.1Armsirong et
al (1961). The tensile test data presented in Stolken et al (1998) fimfs with dy = 31-

71 pm, t= 12.5-50 uym and ~ 0.4-0.7 also indicates clear size effects for the
multicrystalline case. However, tension test results forfdla with thickness between
50-250um in Weiss et al (2002) imply nearly grain size independent befavior 1-5.
Therefore, the existence of a distinct lower bound behavior forarysitalline specimen,

and its exact form, merits further study and quantification.
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At the other end of the spectrum, for lafgapproaching true polycrystalline or
bulk behavior, Miyazaki et al (1979) studied Cu, Cu-13% Al, Al and Fe mged in
uniaxial tension witih=2-50 to explore the transition to full polycrystalline behavior.
Their results showed that for a givdg bulk strength is attained foria, ~5-15. Larger
grains approached bulk behavior with just about 5 grains across the tbiclkriele
smaller grain sizes were found to be far more sensitive tonihgs effects with., closer
to 15. While Miyazaki et al (1979) showed the deviation from bulk respuouitse
reducingh and formulated a phenomenological relationship - based on thicknests eff
on the effective microstructural constraint - to describe the wédeateviation from the
upper bound, due to lack of data for the lower bound regimg () they simply
extrapolated the stresses 10= 0. Their conclusions therefore, and the proposed
phenomenological model, are only applicableXfor 1 and do not encompass the limiting

multicrystalline behavior.

Janssen et al (2006) presented a schematic relationship (Figurp Bd<ged on
their data fofl < 1 and the observed trends in Miyazaki et al (1979), descriengritire
range of size effects incorporating multicrystalline beta¥or A < 1, a transitional
regime (1< A <) featuring prominent, and coupled, thickness and grain size effects and
finally the attainment of thickness independent polycrystalline ok behavior for
specimen withk > A In contrast to Figure 3.(a), Figure 3.1(b) describes multadtyse
behavior as featuring a certain size dependence, albeit much wleakeine intermediate

and bulk case. The aim of the current study is to address, quaeljtathe lower bound
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or multicrystalline behavior as well as the apparent couplimfgdsn the thickness and
grain size effects in the transitional regime. Specificallge possibility of a
phenomenological relationship, encompassing the two limiting regohéghavior as

well as the transitional regime, will be explored.

Thin Cu foils with thicknesst=12.5-100um, of the same order as the grain size
dy=11-45pm, giving rise td= 0.6-5, are tested under uniaxial tension. A carefully
chosen range of annealing parameters (temperature and timeegmployed in order to
obtain the same average grain size for different thicknesssségs the thickness effects
and, at the same time, also obtain the same thickness for mgttghesizes to ascertain
the effect of grain refinement independently of the thicknessteff@r all thickness-
grain size combinations in the current study, the predominant tewtasealmost the
same (verified by orientation imaging method, OIM). Thereforg, \ariation in the
observed mechanical properties can be attributed to the appropnigte &xales i.e.

thickness and avg. grain size.

The details of the work are given in the following order. Section 3$=pte the
relevant details of the experimental methods and processes yeaglo this study.
Section 3.4 presents the obtained experimental results from theostrictural
characterization as well mechanical testing. Both thicknedsgaain size effects are
studied separately and the inherent coupling between the two is eddcittatSection

3.5, following a discussion of the underlying physical mechanismsratienal for a
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phenomenological relationship describing the entire range oéfeds is presented and

the results of the model are compared with the experimental results obtainedindiis

3.3 EXPERIMENTAL PROTOCOL

3.3.1 Material

A commercial high purity (4N5 — 99.995%) rolled copper foils from ESPI-
materials are utilized in this work. The films showed prominertute in the as-
received state. Dog-bone tensile specimens were cut usiagpisg technique from the
as-received sheets. The gauge length was carefully aligned parallel to the rolling
direction. The shaped specimens are heat treated to varyipgregare to control the
film grain size, as described in Sec. 3.4.1. The tensile specimerdesgned with a

gauge length of 5 mm and width of 1 mm.

3.3.2 Experimental Methodology

In order to exclude strain-gradient size effects from theenti@nalysis, uniaxial
tensile testing was employed as the experimental method.niétisodology has the
advantage of yielding a uniform stress and strain field ingstespecimen and, therefore,
simpler data analysis without recourse to any assumptions. Tkdéeteeasts were

performed at room temperature using an Instron 8862 machine wittvaceatroller
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under displacement control. In order to facilitate tensilengsif sub-sized specimen, an

auxiliary test fixture was employed. The text fixture, glavth the tensile specimen is

shown schematically in Figure 3.2. The design of the testréxivas motivated by the

ease of specimen handling while loading for testing as well as aligmmesiterations.
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Figure 3.2 Auxiliary test fixture used in the tension testing set-upis the machine

crosshead displacement
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Testing sub-sized specimen, given the fragility of the spacas well as the
vertical loading axis of most mid-sized tension testing frawes,be a challenging task
with regards to specimen gripping, specimen handling during loadingrdadding as
well as specimen alignment within the testing frame. Thel¢éesigsecimen, in this study,
was first placed in its marked position in the grip section ondsiefixture and held in
place using frictional force. The specimen was aligned withdadirhg axis of the test
fixture under a low magnification microscope. A special holding frarae designed to
facilitate the mounting and dismounting of the fixture-specimemdsdgein the tensile
frame without causing any deformation in the specimen. The tegiref-tensile
specimen assembly, held within the holding frame, using secure hiyt detachable
clips, was then moved to the Instron machine and held in place usimgrpieetions.
The test fixture and its grip section were so designed thaemisde specimen would be
accurately aligned with the loading axis of the machine. Twdceérpins were also
incorporated in the test fixture to aid in alignment, as shownign3R2. The holding

frame was removed prior to actual loading.

All experiments were performed at a nominal displacementofade?2 pm/s and
at ambient temperature. The load was measured using a 300 N logeMté€lells Inc.)
and a non-contact capacitive displacement gauge (Lion Precisignvint sub-micron
resolution (~70nm) and full-scale range of 2mm, was used for dispate
measurement. In order to preclude metrology errors, specimen thsclas measured

using SEM and all other pertinent specimen dimensions i.e. gaigjle and gauge
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length, were measured using an optical microscope to within +5Thetrue stresses
were found from the measured force assuming volume conservationtrdims svere

calculated based on the initial gauge length and the imposetheadsdisplacement. A
finite element based calibration, based on the chosen specimen igeomast used to
determine the uniform average strain over the gauge length ap#wmen from the
crosshead displacement value and the initial gauge length (AppBhdThis average
strain value was further confirmed with the strain distributiorhéngauge section of the
specimen obtained using digital image correlation. A detailescrgtion of the

methodology is presented in Appendix B.

3.4 EXPERIMENTAL RESULTS

3.4.1 Microstructural analysis

Table 3.1 summarizes the results of the microstructural asial@ur thicknesses
of the Cu foils were tested i.e. 1grh, 25um, 5Qum and 10Qm. Each thickness was
annealed at three temperatures (400 °C, 500 °C and 600 °C) for 2 hre ehtdri three
different average grain sizes. The post-annealing microstructamprised of
approximately equiaxed grains. The average grain size waslataelt as per ASTM
E112. The heat-treatment temperature and time was chosen so tlssintbeset of
material can be organized into two distinct groups. Group A, whereafdr thickness 3

different grain sizes are obtained, is referred to as the “grain sipgesdnThis group is



GROUP A — Grain Size Samples

t d A a (0]
(Hm) (Hm)

22 (3.4) 455 0.46 0.22

100 27 (3.14) 3.70 0.56 0.27

40 (5.6) 2.50 0.82 0.4

19 (2.2) 263 076912  0.38

50 28 (4.26) 1.79 111328 056

45 (7.7) 1.11 1.728 0.9

14 (1.3) 1.79  1.11664 056

25 20 (2) 1.25 1.576 0.8

26 (2.8) 096  2.02384  1.04

11 (1.4) 1.14  1.74328  0.88

12.5 14 (2.1) 089 220528  1.12

20 (2) 0.63 3.112 1.6

GROUP B —Thickness Samples

d t
(M) (M)
14 25
12.5
100
20 50
25
12.5
100
27 50
25
40 100
50

Table 3.1Results of microstructural analysis of the rolled Cu foils.

LY
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Figure 3.2 Optical images of the specimen surface as well as spedrass-section (normal to tensile axis) showing the

microstructure. The grains are approximately equiaxediafféble 3.1) is a good measure of the avg. no. of grains across

the thickness. I
[e0]
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used to evaluate the effect of average grain size on the etdsaechanical response for
each thickness. Group B, the thickness samples, involves five digtowgs of grain
sizes i.e. 1iim, 14m, 2Qum, 27um, and 4@m. Only one thickness i.e. 12u% was
available for the 1dm grain size. Two thicknesses are available for thenldnd 4@m
grain size while for the 20n and 2am grain sizes there are 4 and 3 thicknesses
respectively. This group is used to study the effect of thickiwesshe mechanical
properties for a given grain size. Therefore, the choice ofthestthent allows for the
separate analysis of both, grain size and thickness, effestsllass any interdependence
or coupling that may exist between them. For equiaxed grains, the thickness gzgra
ratio () represents the average no. of grains across the thickness.3Taldlso shows
the volume fraction of the grains at the free surfagg(Kals et al, 2000), along with a
phenomenological parameteb, calculated as the inverse afThe significance o is
discussed in Sec. 3.5.2. Figure 3.3 shows the optical images ofidrestnucture for
each thickness-grain size combination. In addition to the surface giz@ window for
each case35 um x 100 umthe optical image of the cross-sectional area normal to the
tensile direction is also shown. Given the equiaxed grains, the edsemmber of grains
across the thickness in the images validates the interpretatitime @f value as the
average no. of grains across the thickness, as long-ds However, for cases with<

1, A denotes the aspect ratio of the grains i.e. thickness of thes gedative to their in-

plane expanse.
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3.4.2 Mechanical response

Five samples for each case i.e. thickness-grain size conaninatere tested in
this work. For the purpose of quantitative comparison, the yield stress (Oa2&wostset)
as well as the flow stress (10% strain) is averaged oxerrdins for each thickness-grain
size combination. For the purpose of showing qualitative differencpsgsentative

stress-strain curves are compared for different thickness-grain si\s.val

3.4.2.1 Effect of Grain Size

Figure 3.4 shows the typical true stress-log strain curves obtémnehe each
film thickness and three different grain sizes each (Group Adli@tively, three salient
observations can be made on the basis of these curves. Firstlyetiseadta particular
strain level reduces with increasing grain size for a gikiekness (or with reducing no.
of grains across the thickness). Also, the observed strain hardesuluiges with
increasing grain size for a given thickness. Therefore, inogagain size for a fixed
thickness results in weakening. Finally, this weakening effe¢theryield/flow stress as
well as the strain hardening tends to saturate for the two larger graifosides 12.5 pm
thick specimen, both featuring just one grain across the thickndsawgt grain aspect

ratios between 0.6 — 0.9.
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These trends are further elucidated by a HP type analysigofield and flow
stress (at 10% strain) as shown in Figure 3.5. Qualitativelyagitmends are seen for
both yield as well as flow stress. The corresponding fitdjptien) for bulk specimen is
also shown (Hansen et al, 1983). For all the tested thicknesses, blfkekthl relation
overestimates the yield/flow stress i.e. the obtained strésseach thickness are lesser
the thickness)), either with reducing thickness for a constant grain size oeastg
grain size for a constant thickness, results in a strong weakeaffagt. These
experimental trends further show that grain size effect ankniiss effects are coupled
i.e. unlike the bulk case, a unique relationship accounting for theostnectural
contribution to the overall yield or flow stress for the entie¢ of data cannot be
identified. These observations are largely in agreement with efaredsal (2006). A
unique HP type fit can be identified for the three cases withome grain across the
thickness i.eA < 1. This group features the two larger grain sizes for 12.5uknéss
i.e.dg =14pm and 20pm and 25um grain size for 25um thickness. This spegiougn
features multicrystalline specimen with varying avg. grapeesratios X) between 0.6-
1. The observed weakening with reducing number of grains across tkreesdends to
saturate as there is just one grain across the thickness. Béyopadint § < 1), there is
negligible effect of further increase in grain size, althoughuzh weaker Hall-Petch

type trend can still be identified.

Based on these observations, three distinct regimes of behavior mantiged

bounded by two Hall-Petch type relations. The bulk regime, withdy andi > 5-15
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Figure 3.5 (a)Observed grain size effects on yield stress - @0.2% stresatoefon a
Hall-Petch plot. The parameters for the Bulk Hall-Petchtioelafor yield stress were
obtained from Hansen et al, 1983. The surface Hall-Petch relatitimefonulticrystalline

specimen (i.e. specimens with< 1) is also shown.
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plot. The parameters for the Bulk Hall-Petch relation for the ftn@ss were obtained
from Hansen et al, 1983. The surface Hall-Petch relation for theicrgstalline

specimen (i.e. specimens with< 1) is also shown.
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(approximately), although not tested in this study, is otherwisk eitmaracterized
[Armstrong et al, 1962; Hansen et al, 1983; Armstrong et al, 1983; Bkyaral, 1979).
The flow stress in this regime is insensitive to any chandkickness and therefore, no
thickness effects are seen in bulk specimen (Armstrong et al, 96l pbserved grain
size strengthening in this regime conforms to the upper bound, bulPetah relation.
At the other end of the spectrum, for dy andi < 1, the specimen can be approximated
as a 2-D aggregate of crystallites, with each grain exiptms&ee surface on at least two
sides. This regime is hereby referred to as the surkgieme and the associated Hall-
Petch type trend as the surfatmrall-Petch relation. The surface grains regime is
characterized by a very weak Hall-Petch type grain sitexteds can be seen for the
25um and 12.5um thicknesses in Figure3.5. The representative aveesgessain

curve for these cases in Figure 3.7 also reflects this trend.

An intermediate regime, bridging the bulk regime and the surégme can also
be identified. With increasing grain size, we observe a trandibom the bulk regime to
the surface regime. In the intermediate regime, a singl#-Rétch type fit cannot
describe the trend in its entirety as the observed grairde@endence i.e. the flow stress
at a given grain size, is different for different thicknesgaglying coupled thickness-
grain size effects. Also, the yield/flow stress, for a givkickness, is not a linear

function ofd, 2

anymore, a consequence of the grain size effects being couptethevi
thickness effect. These observations suggest that the bulk Hdil#fe&tton is expected

to breakdown at the onset of the intermediate regime, wherditdkmdss effects first
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appear. As per Miyazaki et al (1979), the onset of thicknessteféad, therefore, the
intermediate regime, occurs at a criti¢galalue . ~ 5-15) that in turn depends on the

avg. grain size.

3.4.2.2 Effect of Thickness

From the thickness-dependence perspective, Figure 3.6 shows thdrgietcas a
function of the thickness for each grain size i.e. Group B. Here, schematicrérdraan
to represent the thickness effects on yield stress for eash sjzai. The corresponding
data points obtained in this study are also shown. For a given gjr@nand with
relatively larger thickness, the vyield stress is expectduketdictated by the bulk Hall-
Petch relation alone through the grain size. As a result, no thgkiffests are expected
in the bulk regime. With reducing thickness however, at a centgicat thickness for a
given grain size, thickness effects appear. The yield strdasa® rapidly with reducing
thickness for each grain size, eventually converging onto much wehibdness
dependence whdrr dq is reached. This regime is again identified as the suréagme.
Further reduction in thickness has a marginal effect on the yrelsss The experimental
data reported here suggests ‘smaller is weaker’ trend fdestkd grain sizes. Thus,
similar conclusions as those drawn for observed the grain sizeddepme may be drawn
for the thickness effects: there is a transition from bulk-Reatch stress to a unique,
almost thickness independent, multicrystalline behavior. In the intkstee regime

featuring this transition, thickness effects are clearly grain sjzendient i.e. small grain
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Figure 3.6 The effect of thickness on vyield stress for specimens withreliffeaverage
grain sizes. The three different regimes of behavior i.e. Bulkneggntermediate regime

and Surface regime are highlighted.



58

200 T T T T [ T T [ [ T T T T [ T T [ [ T T [ [ [
| Surface Regime < 1 :
= 150j ]
o i i
=
N - _
%) i i
n
D 100 t (um) - d, (um) -2 —
U) —
O — — 12.5um-14pm-0.89 A
- i
— — . — 12.5um-20um-0.625 |
50 — 25um-26um-0.96 h
% | | | | l | | | | l | | | | l | | | | l | | | | l | | ]
0.05 0.1 0.1 0.2 0.25
Log Strain

Figure 3.7 Typical true stress-log strain curves for the multicrystalspecimenX( < 1)
highlighting the negligible size effects observed in the sunfageane as compared to the

relatively wider statistical variations.
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size results in higher yield stress for the same thickness. Thus, both perspeveat the
inherent coupling between the thickness and grain size effects. Thereddi@ntilation of
any phenomenological relationship to describe the observed size effectsnge&uingpon the

inclusion of both the thickness and avg. grain size in the analysis.

3.4.2.3 Statistical variations

The three distinct regimes identified previously i.e. bulk regime wutt,tsurface
grains regime with £ d as well as the intermediate regime, can be characdriz¢he
avg. no of grains across the thickness i.e. thickness to grain size.ratitk regime with
approximatelyh > A, intermediate regime with 4 X <. and the surface grains regime
with A < 1. As the no. grains across the thickness reduce, it is expleatdte individual
orientations of the grains would play an increasingly important irol¢he overall
mechanical response of the specimen. Therefore the resultasticetatiariations in the
observed mechanical response would increase with increasing graifios a given
thickness i.e. reducing avg. no of grains across the thickness. FloteeiM analysis
for the material in this study revealed very similar sttieramd sharpness of the texture
distribution for the as-received material, however, the post-angealicrostructure was
such that while the dominant texture (<110> for the present case}he same for all
thickness-grain size combinations, the strength and sharpness of #matan
distribution were reduced with decreasing no. of grains acroshith@ess, possibly an

outcome of recrystallization. Thus, the scatter in orientationillision was found to
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increase with decreasing. This increased scatter in orientation and the resulting
statistical variations with reducirgis reflected in the observed increase in variance of
the macroscopic mechanical response obtained experimentaligvas s Figure 3.6 for
the multicrystalline specimen. Thus any meaningful quantitative lesinas in this

regime can only be based on the average response of many specimens.

3.5 DISCUSSION

The experimental results presented in the previous section iddrttifiee distinct
regimes of behavior. Two limiting cases i.e. bulk (true polychysta case and surface
(multicrystalline) case, constitute an upper and lower bound remsypeectively. The
yield/flow stress in both these regimes was shown to be doeettaa Hall-Petch type
relation. On the other hand, the intermediate regime, bridging tiveskmiting cases,
features coupled thickness and grain size effects and it was ghatva unique Hall-
Petch type relation cannot encompass these combined effects. bed¢hmn we first
address the underlying physical basis for these differemhesgof behavior and, finally,
present a rationale for a phenomenological relationship for thee eratige of the

observed size effects i.e. including the three identified regimes.
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3.5.1 Physical Mechanisms

Macroscopic yielding or plastic flow requires initiation, andnsraission, of
plastic slip across all the grains within the specimen. Therefoaterial response under
plastic deformation can be understood as the outcome of the differeptacesses that
constitute the initiation and transmission of plastic slip at tleascopic (dislocation)

level as well as macroscopic i.e. granular and aggregate level.

At the microscopic level, plasticity results from activatioh intra-granular
dislocation sources under applied loading. Therefore, for pldsie fo commence
within the grains of the specimen, firstly the requirement ofitical resolved shear
stress along specific slip systems within each grain musnéte In this context the
interior regions of the grains, away from the grain boundaries, would/&aeha way
similar to a single crystal. However, unlike in a single alystolycrystalline plasticity is
also subject to deformation compatibility requirements between bwigly grains.
Primary slip in each of these neighboring crystallites wouliegdly be incompatible
and as a result there would be considerable internal streassggans adjoining the grain
boundaries. While at small strains such incompatibility can be avodated by an
additional elastic strain field at the grain boundaries, at Istrgens compatibility would
require the activation of additional slip systems (secondary isliphe vicinity of the
grain boundaries (Rey et al, 1988). As plasticity commences witkigrain interiors,

dislocations gradually get piled up at the grain boundaries. Actgalastic slip in the
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adjoining grain ahead of the pile-up relieves the resulting intetreslses resulting from
the strain field of these piled up dislocations. The grain sizendepee of the required
stress for initial yielding as well as continued plastic fltems from the fact that these
internal concentrations at the grain boundaries, required for slifsrission to the

adjoining grains, depends on the grain size (Armstrong et al, 1962).

At the aggregate level, the external stress required fiation or continuation of
plastic deformation must therefore meet the following requirem@msstrong et al,
1961):

1. The critical resolved shear stress required for activatioslipfon a specific slip
system within each of the grains making up the aggregate must be achieved.

2. In addition to achieving intragranular slip, the requirement of additistralss
concentration at the grain boundary to initiate slip in the adjoiningigmaiust be
met.

3. Finally, slip in the adjoining grains must occur on suitable sjigtesns so as to

maintain compatible deformation.

The first requirement is dictated by the crystallographiertation of each grain
with respect to the external load. The external load must drerefccount for the
appropriate orientation factors of the individual grains. Similahnky,third requirement is
also orientation dependent however in this case, the relative ooestati neighboring

grains would be important. The second requirement, achieving the recuire=s
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concentration at the grain boundaries, is grain size dependent. Theséatmm
constraints and the internal stress concentrations at thebgrandaries, taken together,

constitute the overall microstructural constraint that dictates specirhamibe

3.5.1.1 Bulk Regime

The bulk regime essentially encompasses specimen with anargef grains
within its volume. Assuming the thickness to be the limiting speni dimension, bulk
behavior is expected to hold until there are about 5-15 grains acroghidkeess
(Miyazaki et al, 1979). For bulk grains i.e. grains embedded witmenbulk of the
specimen and surrounded by other grains, compatibility requirementdbenuoget at all
surrounding grain boundaries. Such an interpretation, at its extremmp@sing the
entire strain tensor on each grain, yields a minimum of 5 requirpdsgstems to
maintain compatible plastic deformation. Under such so-called ‘pplystinditions,
orientation conditions as described by Taylor (Taylor et al, 1934, 1938, 1868s let
al, 1958) can be used to relate the tensile yield/flow stre® q@olycrystal to the critical
resolved shear stress for a single crystal under multishpgeh et al, 1983). In addition
to these orientation requirements, the additional stress concentrabait be required

at all the surrounding intergranular interfaces.

Therefore, the experimentally measured overall yield stned flow stress of the

aggregate in the bulk regime is simply the cumulative effactinternal stress
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concentrations at all the grain boundaries, shear stress requinedrdgranular slip as
well as the effect of Taylor type orientation conditions fbspecimen grains within an
average cross-section of the specimen. When there are suffidaagt no. grains across
the thickness of the specimen, every material cross-sectilas yiegood measure of the
combined effect of statistical orientation constraints on pléstic (through an average
measure of orientation factor) and the avg. grain boundary btorfeaw transmission
between grains (related to avg. grain size). Therefang, reduction in specimen
thickness, as long as sufficiently large no. of grains stifter an average specimen
cross-section, would not have any effect on the overall yield/flmgs{Armstrong et al,
1961). Thus, bulk Hall-Petch relation adequately describes the effeaicodstructural
constraint, through the avg. grain size and avg. orientation factor, onehal behavior

and no thickness effects are expected in this regime.

3.5.1.2 Surface Regime

A remarkable feature of our data is the identification of a unicpleRétch type
grain size effect for multicrystalline specimen. For suctcispen witht < dy i.e. a
specimen with just one grain across the thickness, only the vegtigasl boundaries
(those normal to the film surface and extending across the thickmes&) present an
effective obstruction to the dislocation motion. The two free surfdu®sever, act as a
dislocation sink wherein dislocations upon reaching the free suafacannihilated and

leave behind a residual surface step and therefore do not contalhaelening. In order
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to relieve the image stresses imposed by the free surfaggaihanterior in such grains
is expected to feature enhanced dislocation mobility along slipnsydteat end at the
free surface and permit dislocation annihilation. In this scenarigalatated by many
TEM observations, the interior regions of the grain, away from th&icak grain
boundaries, constitutesaft central region prone tininning with deformation, while the
outer region of the grain adjacent to the vertical grain boundadsestitutes éard

region with dislocation pile-up impeding plastic deformation (Lee et al, 2003).

In addition to this free-surface effect, surface grains alg®réence a greatly
diminished microstructural constraint as compared to bulk grainshigncase, stress
concentrations are only required to be met at the through-thicknaiss lgrundaries.
Since a multicrystalline specimen is essentially a 2-Dexgde of crystallites, only in-
plane orientation constraints are to be met i.e. there are no taenta compatibility
requirements in the thickness direction. Generally, it can alexjpected that enhanced
lattice rotation, given the greatly reduced rotational comgfraiould be admitted in such
conditions and this would allow compatible deformation with lessernejslip systems
as compared to the bulk case. Such an interpretation is in agreewibnthe
experimental observations by Miyazaki et al (1979) i.e. substdatiee rotation was
noted for a specimen with~ 1. In fact, assuming plane stress deformation in each grain,
a maximum of three independent slip systems would yield deformetiopatibility,
unlike five systems required for the bulk case. To this effect;rmposiem investigations

of the microstructural features in the multi-crystalline specimen redeamaximum of
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three distinct families of slip lines within each grain.

Therefore, these effects taken together imply that a muckeweasponse, as
compared to bulk grains, is to be expected from the surface grainssbema average
cross-section of the specimen would feature far lesser grain basmdarwell as less
stringent orientation requirements as compared to the bulk casee ¥Arhilstrong et al
(1961) hypothesized grain size independent behavior in this regime,solts relearly
indicate the existence of a distinct, albeit much weaker, HadHPtype grain size effect.
Therefore, our results do not agree with the lower bound afrgs as described by
Armstrong et al (1961). On the other hand, scaling the bulk Hall-Reichmeters

assuming a Sachs type orientation factor (Scahs et al, 1928).2.2, instead of
m, =3.1 (for a Taylor polycrystal), taking an order of magnitude : m andk: nft,
after Armstrong et al (1962), we obtain a new HP relatioras= 18 + 5&}/\/d79 :

Figure 3.10 compares this HP relation with the experimental iv&atface HP relation.

While we find that given the experimental scatter, theeagesnt between the two is quite
reasonable, it is quite likely that such close agreement islynaccidental because a
Sachs polycrystal would only feature single slip i.e. only tigessistem with the highest
Schmid factor within each grain would be active. While at snvains single slip can be
admitted, for large deformation single slip would yield incompatilgrmation. Thus,

while the average orientation factor in surface regime camaicky be expected to be
lower than the Taylor value (5 slip systems), it will, howeverghkeater than the Sachs’

assumed single slip system. Therefore, the observed grain sizeddepe of yield or
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flow stress for multicrystalline specimen cannot be explaioadthe basis of an

orientation effect alone as hypothesized by Armstrong et al (1961).

The much weaker Hall-Petch relation for the surface regiouwtd, on the other
hand, be an outcome of the fact that the intragranular ‘hegibns in the vicinity of the
grain boundaries would occupy a larger volume fraction of the to#wh golume in
smaller grains as compared to much larger grains (Janssén2€06). In this context,
while larger grains may exhibit grain size independent behavior, meakewgrain size
dependence can still be expected for smaller grains. This wopld that it is likely that
the surface Hall-Petch parameters obtained in this studgrame size dependent i.e.
specimen with even smaller grain sizes than those studied here regeghl a stronger
grain size effect in the surface regime. Therefore, theuiation of a Hall-Petch type
relation describing yield/flow stress as a function of graie s this regime would likely
be amenable to two-phase models (Ashby et al, 1970) where thengesior and grain
boundary regions are modeled independently, in addition to accounting fodtloede
in-plane orientation constraints (somewhere between Taylor &k Sachs type
formulations) as well as incorporating the free-surface &ffacting on the intragranular

volume.
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3.5.1.3 Intermediate Regime

For a bulk specimen, the grains at the free surface would hagpanse similar
to the grains in a multicrystalline material. However, sisoeface grains occupy a
negligible volume fraction of the total specimen volume, bulk grainsatdicthe
specimen’s overall response to external loading. On the other harnd imtérmediate
regime, with just a few grains across the thickness, the volurtie o€égion affected by
the aforementioned weakening due to proximity to the free sudaus negligible to the
total specimen volume anymore. The limiting specimen dimensiothicgness, in this
context, characterizes the proximity of the individual cryséadlwithin the specimen to
the free surface. Therefore, the overall behavior in thisnegiould be a combination of
the two scenarios i.e. the grains within the bulk of the specimémathanot exposed to
the free surface experience both enhanced resistance to titislonation due to pile ups
at the grain boundaries and dislocation interactions within the gsawell as a greater
microstructural/rotational constraint at all the grain boundari@gewhe grains exposed
to the free surface have a softer overall response owing to diisfoeanihilation at the
free surface as well as reduced constraint. With reducing nuofilbgrains across the
thickness, the volume fraction of the bulk grains within the specimemeduces at the
cost of the volume fraction of the outer surface regigripbviously,as + ap = 1). The
resultant overall response, in the intermediate regime may ltbusnderstood as a

volume average of the two constituent contributions. Therefore, the obsmEwpling
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between the thickness and grain size effects in the currentrisceaa be addressed

through an appropriate definition of the bulk region/swfagion volume fraction.

One candidate for such a definition is the volume fraction of sugesias,asg,
as derived from a geometric relationship between the thicknesgandsge by Kals et
al (2000) as

g (w-2d, )(t—2d, ) | 32)
wt

Assuming the width of the specimen, w, to be much larger than thegeaig

size,dy, i.e. w >>dy, the expression reduces to /2d, or 2/.

The ‘surface’ grains in this definition are modeled as graind waity one surface
exposed to the free surface ie= 2 yieldsasg= 1. This definition cannot be extended to
thed = 1 case (each grain exposed to free-surface on both sided);yields a volume
fraction of 2, which is physically meaningless. However, asudssd previously, if we
define the limiting scenario df < 1 as the surface regime i.e. surface grains are defined
as those grains which are exposed to the free surface on botheidesulticrystalline
specimen, then the definition of the volume fraction of the surfagierranust have an
alternative formulation such that = 1 yields as = 1. To this end, we define a

dimensionless parametef,as

(w—d)(t—d)
wt '

$=1-

such that, in the limiting case of w >> t,
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p=—=

T (3.3)

1
'k
The parametep here, shown graphically as a functioriah Figure 3.8, characterizes
the multicrystalline character of a specimen with a giverkti@ss and grain size. The
overall ‘effective microstructural constraint’ in a specimen \ddug inversely related to

¢. Forh =1, ¢ = 1 implies a multicrystalline specimen with a greatlynidished

microstructural constraint. On the other hand, for sufficientlgdar(t >> dg) i.e. bulk

regime, ¢ =~ 0 implies true polycrystalline behavior under relatively substant

microstructural constraint. The intermediate regime would thutirfleaa specimen

somewhere between a true polycrystalline and a multicrystalline tyjaeibe.

The effect of this direct relationship betwgeandi on the overall yield stress of

the specimen is shown in Figure 3.9. In this studwas varied in a range of ~0.6 — 5.
For a multicrystalline specimen i< 1, surface grains yield a very weak dependence of
yield strength witih with a small positive slope. As suggested by Janssen et al (2006)
this weak dependence may arise from the fact that for acnyskalline specimen, the
volume fraction of the hard grain boundary regions, with respect toothé dgrain
volume, will scale approximately linearly with With increasing., a monotonic increase
in yield stress is seen for all grain sizes. This incrdaseever, is expected because the
effective be a function of grain size i.e. small grains are far mordiseress compared to
larger grains. These observations agree with those presenteyarak et al (1979) and

Janssen et al (2006).
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3.5.2 Phenomenological Description

With this as background, a simple phenomenological relationship fantérenediate
regime, addressing the observed coupling between the thickness ansizgasffects on
yield/flow stress, can be formulated. The vyield/flow stresgr. @rain size relationship
i.e. classical Hall-Petch relation, for the bulk regime il defined and the parameters
and k can be found in the literature for both the yield stress and dlne dtress at a
constant strain (Hansen et al, 1983; Armstrong et al, 1962). For tlaeeuegime, we
obtain a Hall-Petch type relationship based on a linear fit on the yieds sfsel ™’ curve
for all cases withh < 1. For our experimental data, there are three data points in the
surface regime i.e. 12.5 pm thickness with 14 pum and 20 pm greimsizthe 25 pm
thickness with 25 pm grain size. The bulk Hall-Petch parametiees from the available
literature along with the surface Hall-Petch parameters filas work are shown in
Figure 3.5 for the flow stress (Figure 3.5(b)) as well akl\s&ess (Figure 3.5(a)). The
combined overall response i.e. yield/flow stress in the interneedégime can now be
written as

o=0"¢+0°(1-¢), (3.4)
whereos and oy, are the respective contributions from the outer surface regionhand t

inner bulk region respectively, as defined previously, is the volume fraction of the

surfaceregion within the specimen cross-section. The grain size effects on thetiraspe
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Figure 3.8 Variation of ¢ with L. ¢ here represents the multicrystalline nature of a
specimen with giveri,, assuming equiaxed grains. It is directly proportional to the

volume fraction of surface grains.
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v

Figure 3.9 Experimentally obtained Yield stress as a functioi.ofhe expected trends

for the bulk regime are shown schematically. There is no affecton the yield stress

until A = A (critical no. of grains across the thickness where thickndsst®ffirst

appear). With reducing further, the yield stress reduces uti 1 (i.e. surface regime),

beyond which the yield stress shows a near-linear variatiorwiiith a small slope.
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contributions of the bulk and the surface regions can be substituteans ¢& a Hall-

Petch type relationship to yield,

. K FLPE
G—{Go+\/a}¢+{ao+\/a}(l ) (3.5)

Introducing two new dimensionless parametgrs, oS /o andg, = K°/K”,

Eq. (3.5) can be recast as
o=0. {1-¢(1- )}+K—b{1—¢(1—/3 ). (3.6)
o LA k

Eq. (3.6) predicts the stress as a function of abibkness and grain size, in thin
Cu foils with just a few grains across the thicls)dsased on the two experimentally
calibrated parametey, and fx. Comparing the surface Hall-Petch relation obwime
this study with the bulk parameters for the yidlg@ss, we obtaifi, ~ 0.68 andpx ~ 0.22.
The yield stress as a function of grain size fer tisted thicknesses, obtained using Eq.
(3.6), is compared with the experimentally obtainadues in Figure 3.10. As can be

seen, the agreement between the predicted valugsthen experimental results is

reasonably good. Given the peculiar definitionhef parametef, the resultant grain size

dependence in the intermediate regime is asymptotite bulk Hall-Petch relation. Thus
while this model adequately predicts the trendha multicrystalline as well as the
transitional regime, it does not capture the expenitally observed phenomenon of there

being a grain size dependégtat which polycrystalline or bulk behavior is atizdl.
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3.6 CONCLUSIONS

The flow stress of thin Cu foils with just a fewagrs across the thickness was
obtained under homogeneous tensile deformationredBas the experimental results in
thus study, in conjunction with previous studiéseé distinct regimes of behavior were
identified; bulk regimet(>>d andA > A.;) where bulk Hall-Petch relation holds and no
thickness effects are observed, intermediate re@imd and 1 <A <A) where thickness
and grain size effects are coupled and ‘smallevaaker’ trend is observed and surface
regime, where a much weaker grain size and thickimekependence is seen. A separate
Hall-Petch type behavior was associated with tiitase regime for cases where there is
just one grain across the thickness. The inhe@mntling between the thickness and grain
size effects in the intermediate regime was shawhet an outcome of the competition
between the regional contributions of the inneklgrains and the outer surface grains
that constitute a softeregion. A phenomenological relationship, in thenfoof a
modified Hall-Petch type relation, was suggestedciwiexpresses the behavior in the
intermediate regime as a volume average of the HalkPetch response and the surface

Hall-Petch response.
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Figure 3.10 Comparison between the yield stress predicted kyptnenomenological

model and the obtained experimental values forrtteemediate regime. H-P relation for a

Sachs polycrystal (Armstrong et al, 1983) is alemnpared with the experimentally

obtained Surface H-P relation. The bulk HP relatiems obtained from Hansen et al,

10R7°
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CHAPTER 4: SIZE DEPENDENT STRENGTH AND DISLOCATION STORAGE
IN FREESTANDING ELECTRODEPOSITED Cu FILMS

4.1 ABSTRACT

This chapter presents an experimental assessmehe aiombined effects of average
grain sizedy, size as well as thicknegson the strength (yield as well as flow stress) of
freestanding electrodeposited Cu films. The film®rev produced using pulsed
electrodeposition and annealing to contipfor differentt. The film is tested in a micro-
tensile fixture to the failure strain. Residual ofieal resistivity measurements are
employed to study the role af andt on dislocation storage with deformation. The
experimental measurements showed that for filmé dj&5um, grain boundary (GB)
dislocations dominate, while intragranular dislamas are greatly diminished as the
average grain size approachesuml Intergranular dislocations are susceptible to
dislocation annihilation at the free surface. Thti®gy are responsible for strength
deterioration with reduction of thickness. We spatauthat the observed strengthening
with reducing film thickness for a givedy is attributed to the statistical reduction of GB
dislocation density with reduction of film thickreesSuch effect leads to increasing
strength via GB dislocation source starvation. @keerimental measurements identified
a critical grain size ofl;; ~5um, below which GB dislocation starvation dominaites

freestanding thin films.
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4.2 INTRODUCTION

The study of size effects on the strength of fieesding thin films has attracted
considerable attention in recent years. This ism@nly due to the fact that thin film
reliability in common applications such as MEMS atEMS is often a direct outcome
of the underlying material behavior. The charaztdion of material behavior and
deformation at small length scales (microstructuaald structural) is particularly
important because most concepts related to bulknabproperties often fail to describe
the observed mechanical properties at these lesagites. Such deviations from bulk
material properties are commonly termed as sizeceff The two most common length
scales in this context are the microstructural flersgale i.e. average grain size (in the
absence of any sub-grain structure) and the stalclength scale, some limiting

specimen dimension (commonly thickness).

4.2.1 Thickness effects on the strength of freestanding filmsnder homogeneous

deformation

While the role of average grain size has been tigaged extensively in literature
over the last 50 years or so (Hall et al, 1951clret al, 1953; Armstrong et al, 1961;
Chokshi et al, 1989; Sanders et al, 1997; Masuratia, 1998), studies of thickness
effects, or the influence of sample dimensionsttan strength as well as ductility are
quiet recent. Such studies can typically be cleskifas either those that feature

macroscopic strain gradients or studies that featwacroscopically homogeneous
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deformation. The former group includes studies Iving nano-indentation

(Stelmashenko et al, 1993; Guzman et al, 1993; M, 4995), bending (Stolken et al,
1998) as well as torsion (Fleck et al, 1994). Re@eralysis of the role of through-
thickness strain gradients in multi-layered thitmfisystems under uniaxial tension
(Xiang et al, 2006) suggest that multi-layered fisystems i.e. bi-layers etc, under

macroscopically homogeneous deformation, could laésmcluded in this category.

A common feature of all such studies was the oleskrstrengthening with
reducing specimen dimensions i.e. reducing beaoknbss in bending (Stolken et al,
1998), reducing rod diameter in torsion (Fleckleif94) and reducing indentation depth
in nano-indentation (Stelmashenko et al, 1993; Guest al, 1993; Ma et al, 1995) leads
to increasing strength. As a result, the propasitiat ‘smaller is stronger’, with respect
to plasticity and the associated flow stress iniatumized specimen was put forth. The
observed trends in film-on-substrate configuratioesher under bending in thermal
cycling experiments (Keller et al, 1996; Venkataaanet al, 1992) or under uniaxial
tension with either a polymeric substrate (Yu et28l04; Kraft et al, 2000) or in the
presence of a passivation layer (Xiang et al, 2006¢la et al, 2005), also confirm the
smaller is stronger hypothesis. However, in theeabs of strain-gradients — under
uniaxial tension and a freestanding configuratiorthe trends relating the observed
strength to specimen thickness are not well undedsand ambiguity still remains. It is
this specific scenario that is the focus of thiglgti.e. freestanding polycrystalline films

under macroscopically homogeneous deformation.
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While the reported trends in this specific scen&oiolarger grain sizes are quite
consistent i.e. reducing strength with reducingkhess for a given avg. grain size
(Armstrong et al, 1961; Miyazki et al, 1979; Jamsee al, 2006), the trends for smaller
grain sizes, typically in free-standing thin filnpeximen, are quite ambiguous. For
example, most studies involving thin films withdkiness and avg. grain sizes ~O(1um) —
O(100nm) (Lee et al, 2004; Nicola et al, 2005; ngaet al, 2006) i.e. i.e. ultrafine
grained regime, typically discount thickness effeaitogether and associate the observed
strength to the microstructural size parametermeglahrough a Hall-Petch type
correlation. It is important to note, however, ttia validity of bulk HP parameters fdy
< 1um is not clear (Gertsman et al, 1994), esdgdialspecimen featuring thickness of
the same order as the avg. grain size (Keller, ét9%8l6; Venkataraman et al, 1992; Lee et
al, 2004; Yu et al, 2004; Nicola et al, 2005; Xiaag al, 2006). For example, for
freestanding Cu thin films witdy = 1.5um-0.3um (Xiang et al, 2006), it was found tha
ky~ 0.19 MPa mf?i.e. 70% higher than the bulk slope (from Hansesl,€1983). Similar
results were found for Al thin films where the stopf HP relation was found to be
approximately twice that of bulk Al (Lee et al, 200Similar estimates of microstructural
contribution to the overall strength were also ol#d from studies featuring thin film-
on-substrate configurations after accounting far dffect of the constraint due to the
substrate-film interface (Keller et al, 1998; Yuatt 2004; Venkataraman et al, 1992) —
the residual strength after such accounting waisdilp attributed to the microstructure
alone. For Cu films on Kapton under uniaxial tensith dy = 1.3pum and avg. twin size

between 0.4um - 1umyk 0.233 MPa rH? was obtained (Yu et al, 2004) with twin
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spacing as the HP parameter. In case of Cu filmsSiosubstrate in thermal cycling
experiments, Keller et al (1996) found the slopeaoHP plot, after accounting for the
additional thickness effect through Nix-type haidgmechanism, was approximately 3

times higher than the bulk HP slope for Cu iyexK.344 MPa rH? (Keller et al, 1996).

On one hand it is reasonable to expect that bulkpdiameters, typically found
for much larger grain sizes than these studie$ netlbe strictly applicable at these grain
sizes given the possibility of different deformatiomechanisms (Cheng et al, 2003).
However, these results also raise the possibilitthere being an additional thickness
effect i.e. higher observed strength in miniatutizpecimens, as compared to the bulk
value for similar average grain sizes, is an outofmot only the dissimilar deformation
mechanisms (Cheng et al, 2003), but also an additias yet uncharacterized, thickness
effect. This possibility clearly merits further diuwith a systematic variation of film

thickness for a constant microstructure in thismeg

4.2.2 Probing internal defect content and evolution via Residual |&ctrical

Resistivity Measurements

In order to address the issue of the influence dafrostructural as well as
structural length scales on the underlying defolmnainechanisms responsible for plastic
deformation and to establish the relationship chseffects with the observed size effects
on the mechanical response, we employ residualkrielgc resistivity measurements

(RERM) as a means to characterize the evolutiothefinternal defect density in the
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tested films. While there are ways of qualitativabsessing the underlying defect density
via x-ray diffraction or TEM analysis, such techmeg are fairly cumbersome and
inferring the total defect density (dislocationsjds or impurities) is not straightforward.
Residual electrical resistivity measurements, @natiner hand, present an effective and a
relatively convenient way of addressing this chjie The measurements are performed
using a four-point probe method. Originally develdy Wenner (Wenner et al, 1915)
and adopted for semiconductor wafer resistivity sneaments (Valdes et al, 1954) and
measurement of sheet resistivities of conductintenads (Smits et al, 1958), the four-
point probe method presents an effective and deliaty of characterizing the resistivity

of a conducting material.

Being an important electronic property, the relagiop of resistivity and its
relation to the underlying defects that contribigtet have been a focus of a number of
studies. For Cu, the specific contribution fromlatstions (Kaveh et al, 1986), grain
boundaries (Qian et al, 2004) as well as vacan@hdllenberger et al, 1983) is well
characterized. With regards to the applicationsesfstivity measurements, RERM are
usually employed to characterize the effect of essing (especially in electronic
materials) on the electrical properties and theedetontent (Gangulee et al, 1972;
Chopra et al, 1977, Lu et al, 2003). Relatively fstudies have employed RERM to
study the evolution of defects (dislocations asl welvacancies) with deformation. For
example, Ungar et al (2007) employed RERM to stwaancy production during severe

plastic deformation (ECAP and cold rolling). Thejw@oyed RERM to estimate the
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correlation between vacancy content evolution vatiolution of dislocation density.
Schaefler et al (2005) assessed dislocation deasdjution with shear strain in ECAP
Cu. They compared the results from RERM with X-Rag profile analysis as well as
calorimetery to show that the observed trends vger@itatively similar. Keller et al
(2005) have also used RERM measurements to studbiliey issues in metallic
interconnects under thermal fatigue loading. Tiueesfthe use of RERM to study

internal defect content, while certainly not vergyalent, is not a novel idea either.

RERM are essentially based on Mattiessen’s rulegrapirical rule that implies
that the measured resistivity of a material is Bbective response of thermal vibrations,
impurities and lattice defects. Lattice defectsaamgass the bulk resistance due to line
(dislocations) and point defects (vacancies), dreddrain boundary resistance. In our
study, all measurements are made at room temperatt as a result the contributions
from thermal vibrations to the resistivity measuesits is constant across all specimen
sets. All the measured variations, in undeformeecispens at room temperature, can
therefore be attributed to differences betweenititernal defect content (impurities,
vacancies, dislocations, grain boundaries etc.g Mieasurement of this property in an
undeformed specimen can, therefore, provide arctefée estimation of the volume
average density of all such defects taken togetRerthermore, the change in the
measured resistivity with deformation is indicatethe evolution of such defects with
deformation i.e. vacancies and dislocations (simgaurity content does not change with

deformation).
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This work addresses the thickness-dependent shemgyg effect for free
standing films with small grainsl;=1-5um, and thickness between 2-50pum to provide
thickness to grain size ratid.)(in the range 0.5-30. Following a description oé th
experimental protocol in Sec. 4.2, the experimemgsililts are presented in Sec. 4.3. Sec.
4.4 discusses the observed trends in the lighhefunderlying physical mechanisms.
Residual electrical resistivity measurements (RERMj)e conducted on the films before
and after deformation to characterize their de$¢éatage capability. The results of these
measurements are used here to draw qualitativdusioes regarding the microstructural
basis, as well as the underlying deformation meshas) behind the observed size

effects on specimen strength.

4.3 EXPERIMENTAL PROTOCOL

The primary objective of this study was to quantifyickness effects on
freestanding films. The material processing as \asllexperimental methodology was
chosen so as to allow the clear identification lickness and grain size effects

independently of each other over a wide rangeragtlescales.

4.3.1. Uniaxial tension testing

In order to exclude additional size effects dusttain gradients, a uniaxial tensile

testing methodology was employed in this study. Témesile tests were performed at

room temperature using an Instron 8862 machine \aittservo-controller under
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displacement control. In order to facilitate teasiesting of sub-sized specimen, an
auxiliary test fixture was employed. The text fedpalong with the tensile specimen is
shown schematically in Figure 4.1. The design eftést fixture was motivated by the

ease of specimen handling while loading for testéisgvell as alignment considerations.

Testing sub-sized specimen, given the fragilitytte specimen as well as the vertical
loading axis of most mid-sized tension testing famcan be a challenging task with
regards to specimen gripping, specimen handlinjpguoading and unloading as well as
specimen alignment within the testing frame. Thesite specimen, in this study, was
first placed in its marked position in the grip ts&c on the test fixture and held in place
using frictional force. The specimen was alignethwie loading axis of the test fixture
under a low magnification microscope. A speciadimgd frame was designed to facilitate
the mounting and dismounting of the fixture-specinassembly in the tensile frame
without causing any deformation in the specimene Tést fixture—tensile specimen
assembly, held within the holding frame, using sedwut easily detachable clips, was
then moved to the Instron machine and held in plaiag pin-connections. The test
fixture and its grip section were so designed ttheg tensile specimen would be
accurately aligned with the loading axis of the hwae. Two vertical pins were also
incorporated in the test fixture to aid in alignmeas shown in Fig 4.1. The holding

frame was removed prior to actual loading.
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All experiments were performed at a nominal loaditg of 2x1d per sec and at
ambient temperature. The load was measured usB@ k&g (~294 N) load cell and a
non-contact capacitive displacement gauge, withmsigoon resolution (~ 70nm), was
used for displacement measurement. In order tolystecmetrology errors, specimen
thickness was measured using SEM and all otheinpatt specimen dimensions i.e.
gauge width and gauge length, were measured usingp#aical microscope to within
5um. The true stresses were found from the measftoeze assuming volume
conservation. The strains were calculated basedheninitial gauge length and the
imposed crosshead displacement. A finite elemesgdbaalibration based on the chosen
specimen geometry was used to determine the unitorenage strain over the gauge
length of the specimen from the crosshead displanemalue and the initial gauge
length. This average strain value was further cordd with the strain distribution in the

gauge section of the specimen obtained using tigitge correlation.

4.3.2 Material

The electrodeposited films, were prepared via gaistatic pulsed
electrodeposition (Natter et al, 1996) in a Cy%@d (NH,).SO, solution. Peak current
density of 250 mA/crwith a 400ms pulse and 1% duty cycle were empldgeyield
Cu films with dy ~200nm and average relative density of 99.83%urkig.2 shows the
fabrication methodology. The fabrication was calfr@mut on microscopic glass slides.

The glass slides had been pre-baked af@d0r 20 minutes and a ~ugh AZ 5214



90

photoresist (PR) layer was deposited to facililift®ff of the deposited layer (Figure 4.2
(a)). The electrodeposited films were depositednanroscopic glass slide with the
photoresist and a 50nm Cu seed layer, depositeg-besam evaporation (Figure 4.2 (b) -
(c)). The deposited film was then patterned usipi@tolithographic lift-off technique —
additional ~ 2m PR layer was used as a mask for wet etching avibo nitric acid and
water solution (Figure 4.2 (d) - (f)). The depogifém, along with the 5 nm seed layer,
was patterned into tensile dog-bone specimen witimen wide and 5mm long gauge
section (to retain an aspect ratio of 5). The padig films were subsequently released to

obtain freestanding specimens (Figure 4.2 (Q)).

4.3.3. Residual electrical resistivity measurements

RERM are employed, using a standard 4-point prolystesn, shown
schematically in Figure 4.3. The 4-point probe mdthis a standard way of
characterizing the electrical resistivity of contiwe (as well as semi-conducting)
materials (Smits et al, 1958). This method essintiavolves using 4 equi-spaced
probes, as shown in Figure 4.3. A known currenis(fprced through the outer probes, 1
and 4, and the resulting voltage drop (V) is meadw@across probes 2 and 3. Generally,
the voltage across probes 2 and 3 is measuredgthr@wery high Ohmic measurement
device so as to minimize the current flowing thrioygobes 2 and 3. In addition to this,

the decoupling of the current source and the piatiediriop measurement ensures that the
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Figure 4.1 Auxiliary test fixture used in the tension tesstgyn. The tensile specimen had

a gauge lengthld) of 5 mm and a width of 1 mm. A is the machine sstead
displacement.
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contact resistances between the probes and thexiahdieing measured do not play a
role. Because the contact resistance can be mugerldhan the resistances being
measured and can also depend on the condition aterial of the electrode, 4-point
probe technique yield more reliable results as @ewhto a 2-point probe measurement.
Typically, a V v/s | curve is generated. This measwent of theV v/s | response is
further used to calculate the sheet resistangeasfollows:

P_n _cExY
T—RS—C-F {l} (4.1)

p here is the resistivity of the specimen being mess and is its thicknessC.F is
the correction factor that accounts for the proize,sthe spacing as well as probe
position in relation to the boundary of the speginm@o account. For the set-up used

in this study, the probe spacing (s) was 10 mds 2.5mm. For a semi-infinite thin

sheet with thicknesg,<<'s, C.F. of %(Z)i.e. 4.53, is obtained. Equation (4.1) can

therefore be simplified as:

Pop " IV
T_Rs_m(z) {|} 4.2)

Thus, knowing the thickness of the specimen, tBestigity can be found from the
v/s| measurement.

4.4 RESULTS

The relevant mechanical properties related to ipla&formation i.e. yield as well
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as flow stress are based on the true stress ileulai@d from the measured force
assuming volume conservation during plastic deftionaFor the purpose of qualitative
comparison, average true stress — log strain cueses used while quantitative
comparisons are made on average measurementsgectnens for each

thickness — grain size combination.

4.4.1 Microstructural analysis

The as-deposited films were annealed at 400°C,G@did 600°C for 1 hr, in a
Nitrogen environment, to yield three different aggain sizesdy, = 1.8, 3.2 and 5Sum
respectively. The average grain size was calcukasgaer ASTM E112 from SEM images
of the microstructure. Figure 4.4 shows typical SEMges of the grains and Table 4.1
summarizes the results of the microstructural amslfor this set. The thickness of the
electrodeposited films was measured using a notacbRrofilometer (Zygo Corp.) and

also confirmed via SEM investigations.

For a given thickness, increasing grain size resaltreducing number of grains
across the thickness. For approximately equiaxathgyras in this study, th&l, ratio Q.)
can be used to categorize the average number iosgraross the thickness in the films.
For specimens with < dy, A represents the average aspect ratio of graintheegrains
would be pan-cake shaped with a greater in-plaparese as compared to their thickness.

Table 4.1 also shows thevalue for each case alongside the thickness agdga&in size.
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Figure 4.5 Schematic representation of a 4-point probe sdbumeasure electrical

resistivity of a conductive film.



96

The RERM of the undeformed films at 293kown in Figure 4.5, showed no
thickness dependence of the film resistivity fog #intire range of the grain sizes tested.
By employing a typical grain boundary resistivitf 26 x 10* uQ mn¥ for copper
(Brandes et al, 1975) to account for the volumeayed grain boundary areas for each

set of grain-size measurements, all the measursnyagitl consistent line/point defect

resistivity of 0-92+ 0.05:Qmm_ gych a trend is consistent with various studies o
thickness effects due to surface scattering ontredat resistivity of Cu films, which
showed that thickness effects appear only for tiesk smaller than about 100nm (Ungar
et al, 2007). The measurement of almost constdetnal defect density for films with
different average grain sizes and thickness isifsignt because any variation in the
observed mechanical response (strength as well@gity) can thus be attributed to the

thickness and grain size variation.

4.4.2 Mechanical Response

Representative stress-strain curves for the tegpedimens with three different
average grain sizes i@y = 1.8um, 3.2um and 5um, are shown in Figure 4ehie@lly,
with reducing thickness for a given grain size réasing yield/flow stress is observed.
This trend is very apparent in the smaller grane sipecimen i.e.qé= 1.8um and 3.2pum.
For dy = 5um, however, largely no thickness effects amnswith reducing thickness until
a much weaker response appears at a thicknessnofafyd 2um i.e. folh < 1. Such

weakening is also observed for the 3.5um averagan gsize specimens for



Figure 4.4 SEM micrographs showing the typical microstructofréhe annealed specimen.

Avg. Grain Size

dg (um) Thickness,t (1m)
18 2.34(0.23) 4.23(0.19) 6.13(0.21) 851(0.31) 12.12(0.18) 49.86 (0.46)
t/dy = 1.3 2.35 3.41 4.73 6.73 27.7
35 256 (0.19) 4.32(0.21) 6.59 (0.15) 8.45(0.26) 12.36(0.14) 50.21 (0.33)
tid, = 0.73 1.23 1.88 2.41 3.53 14.35
5 255(0.31) 4.44(0.12) 65(0.11) 836(0.22) 12.19(0.24) 50.36 (0.44)
tid, = 0.51 0.89 1.3 1.67 2.44 10.07

Table 4.1 Results of microstructural analysis. The averagengsize (), thickness tj and
average number of grains across the thickngysfar all the tested films are shown. The

standard deviation in the thickness measurementiifferent specimen is shown in brackets.

L6
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Figure 4.5 The resistivity of undeformed films measured vipoint method. The
reference resistivity value for coarse-grained keghductivity Cu from Brandes et al

is also shown for reference.
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the smallest thickness of 2um. With regards tatiblyc both thickness and grain size
effects are apparent. Fog & 3.5um and 5um, reducing thickness yields redycin
ductility. For example strain to failure varies fi0l0% to 4% as thickness is ductility
reduces from 15% to 4%. Howeveg d 1.8um specimen show largely thickness

independent strain to failure of ~ 2%.

Such remarkably different behavior at these smalingsizes is also seen clearly
in Figure 4.7, where the yield stress og.(Figure 4.7 (a)), as well as flow stress akat
0.5% strain (Figure 4.7 (b)), for varying film tkizess is plotted on a HP plot as a
function of the avg. grain size. Qualitatively gan trends are seen for both, yield and
flow stress. Therefore, in the discussion thatofeli, only the yield stress is discussed.

However, the discussion can generally be applietthédlow stress of the films as well.

Several near linear correlations betwegand % can be identified in Figure 4.7 for
9

each film thickness. For the yield stress, the kiwe these, for t = 50um, features a
slope of 128 MPa pif°i.e. just about 10% higher than the bulk slopéXf MPa pri>
(Hansen et al, 1983). This observation indicatas dhlarge thicknesses i.e. in specimens
with about 10 or more grains across the thicknimse are no thickness effects and the
observed specimen strength agrees with the bulkelstifhate for the given average grain
size. However, with reducing thickness, the obsttslepe for specimens with different
average grain sizes is larger than the bulk H-Pesltn fact, as the data in Figure 4.7 (a)
as well as (b) shows, higher slope is observedrfaller thicknesses. For the yield stress,

the highest slope, obtained for t= 2um, is 308 MR&" (~3X bulk H-P slope).
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Figure 4.7 (a The yield stresssy, for all the tested films, for varying film thickss on a
Hall-Petch plot. The slope for linear-fits for 2um andt = 5Qum specimens is shown. The

bulk HP slope (from Hansen et al, 1983) is alsonshfor comparison.
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These results clearly imply that the eslied strengthening with reducing grain
size on a HP plotreported previously in a number of studies for thim specimen
(Venkataraman et al, 1992; Lee et al, 2004; Xiang,e2006; Keller et al, 1996) also fe
Furthermore, it is also apparent that smaller gs&@ns are far more sensitive to thickness
effects as compared to the larger grain sizesthiekness and grain size effects are
coupled. For example,qd= 1.8um specimens are seen to be far more sengiiv

reducing thickness as compared §e=cbpum specimens.

These trends are further revealed in Figure 4.8¢ctwkhows the yield stress,
Figure 4.8 (a), as well as the flow stress, Figu& (b), as a function of the inverse of
the thickness for different avg. grain sizes. Whdducing thickness, from 50um to 2um,
has marginal effect on the yield stress of 5umngsae specimen, prominent thickness
related strengthening (w.r.t the bulk estimatesaen for the 3.5um and 1.8um grain size
specimens. For example, fog d 1.8um, the yield stress for 2um thicknesahisut
70% higher than the yield stress for 50pm speciwigmthe same avg. grain size (~ bulk
estimate). However, foryd= 3.5um, the highest yield strength (for t = 6pisnjust about
30% higher than the bulk estimate (for t = 50unherefore, the yield/flow stress on a

Hall-Petch plot features an additional thickne$satf

Cumulatively, these trends suggest that thicknegemndent strengthening in
free-standing films, heretofore only observed unigoriusly for much smaller grain

sizes (Espinosa et al, 2004; Espinosa et al, 26ig&)appears at grain size just smaller
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Figure 4.8 (a) The yield stresso() of films, for varying average grain sizes, asiaction of

the inverse of the film thickness. While negligilheckness effects are seen for the= 5um

specimensgy = 1.8um specimens show increasing yield strength witlhuecetd film thickness.

The trend also shows the apparent saturationnmditength as—dy i.eA—1.
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Figure 4.8 (b) The flow stress at 0.5% straisy, (=0.5%), for varying average grain
sizes as a function of the inverse of the film khiess. While negligible thickness
effects are seen for thdy = Sum specimensgy = 1.8um specimens show increasing
flow stress with reducing film thickness. The sation in film strength a& — 1, seen

for the yield stress, is not so apparent in they fitress
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than ~um. With reducing grain size, this strengtheningdmees more apparent. On the
other hand, for grain sizes larger thamf as shown in Chap. 3 and previous studies
(Armstrong et al, 1961; Miyazaki et al, 1979; Katsal, 2000; Janssen et al, 2006;
Chauhan et al, 2008), thickness dependent weake&ainde expected. It is sensible to
assume thaty = 5um represents a critical grain sizéy, wherein the deformation
mechanism responsible for thickness dependentgilrening in freestanding films, is
almost balanced by the weakening attributed toiticeeasing proximity to the free-
surface with reducing thickness (Miyazaki et al799Lee et al, 2004; Janssen et al,
2006). In essence, for grain sizesurf two distinct deformation mechanisms, with
competing contributions associated with strengtigais well as weakening, may operate

concurrently.

4.4.3 Probing dislocation storage via RERM

The RERM of the deformed films, at 0.5% strain, ywasformed. Figure 4.9 shows the
measured resistivity of the specimens as a funafdhe film thickness. Each data point
here is a result of 4 different measurements. dukh be noted that the measured
resistivity, after deformation, is indicative otab defect density (per unit volume) in the

films including the initially present defects asIwas ‘stored’ defects, generated as a

result of deformation. The relative change in realdelectrical resistivity,ﬁ (w.r.t. the

undeformed state) — defined here (Posw =P Po —, is shown in Figure 4.10. Here, we

choosel/t as the X-axis, as opposedttas in Figure 4.8, so as to clearly show the effect
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of thickness over a wide range of thickness valieeg = 2um — 50um. Since, bulk HP
estimates for yield stress were attainedtfersOum, this case is referred to as the 'bulk’
case in the discussion below. It can be seen ior€&ig.10 that at bulk thicknesses, the
relative change in residual resistivity with defatron is grain size dependent. Such a
trend is expected since smaller grains, given #latively larger GB area per unit
volume, would accumulate more defects. For a cohstag. grain size, as the number of
grains across thickness are reduced, the general tn Figure 4.9 and Figure 4.10
suggests that ability to store defects generalijuces. Such a trend however is logical
because with reducing thickness, the amount of a@f within the specimen volume
also reduces. However, the trends in Figure 4.3estg that besides the expected

reduction in residual resistivity due to reducind@ Grea, there is an additional

mechanism that is related to the particularly shéngp in the larger grain sizes as
approaches 1. For example, with reducing thicknﬁshanges significantly fody =
Sum to about 14% of its bulk value. Similarlyy = 3.5um specimens show a 35% drop
as compared to the bulk value. At the same tirae,1f8um, the sharp drop is not
apparent an £ reduces gradually by about 20% with a reductiothickness from 50m

to 2um. These observations suggest that the effectickribss on defect storage, largely
dislocations in the current context, is very diffiet for the three tested avg. grain sizes.
While the larger grains (Bn and 3.;im) drastically lose their ability to store dislacais
and show a sharp drop P with reducing thickness, smaller grains (ir§ are more or

less unaffected by reducing
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Figure 4.10 The relative change in resistivity with deformati(0.5% strain) as a
function of the inverse of the film thickness. Titedative change in the film resistivity
w.r.t. undeformed films i.epos% - po, IS Nnormalized here with the resistivity of the
undeformed filmsdp). The sharp drop in the residual resistivity wigdlucing thickness,
seen here fody = 5um anddy = 3.50m specimens, is attributed to the annihilation of

intragranular dislocations at the free surface.
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thickness and the observed gradual, and modesigtien in for this case can largely

be attributed to reducing GB area per unit specivodtime alone.

In the discussion that follows, these RERM resutts/ealing the effect of
thickness as well as average grain size on thergigoe and storage of dislocations with
deformation, are analyzed to draw inferences raggrdhe underlying physical
mechanisms. More importantly, these observatioageronciled with the observed size

effects on the yield as well as flow strength, preéed in Sec. 4.3.2.

4.5 DISCUSSION

4.5.1 Diminishing intra-granular dislocation activity

The observation of diminishing dislocation storagéh reducing thickness,
reported in Sec. 4.3.3, can be understood in théegbof the discussion in Chap. 3 and
previous studies (Chauhan et al, 2008; Kals e2Q00; Janssen et al, 2006) i.e. reducing
L essentially implies increasing volume fraction safrface grains. As a result, with
reducing, an increasingly larger fraction of the intragramy(IG) volume is in close
proximity to the free surface. The effect of fregface on the overall mechanical
strength as well as dislocation storage can berstat in the context of diminishing
compatibility constraints as well as increasedodigtion mobility along slip systems that

end at the free-surface owing to the net attractweaefigurational force acting on
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dislocations due to the free surface. In ordereteve such free-surface induced image
forces, intragranular (IG) dislocations essentiajlyjde out to the free surface and
annihilate, leaving behind surface steps. Theegftire observed sharp drop in residual
resistivity, P, with reducing thickness is to be expected singth weducing) the
fraction of total specimen volume exposed to thee fsurface, which is susceptible to
dislocation annihilation, increases in additiorthie reducing GB area per unit specimen
cross-section. Thus the onset of the sharp dréipeimccumulated defect density is likely
to be due to annihilation of IG Frank-Read typdadiations fordy = Sum & 3.2um.
Previous investigations of the texture of deforrapdcimen with similar grain sizes in Al
thin films revealing prominent grain thinning aslwaes relatively dislocation free grain
interiors (Lee et al, 2004) support such an intgiron. Therefore, such drastic loss of
stored dislocation content within grains, seen wetucing thickness fody = 5um &
3.2um, is indicative of prominent IG dislocation activin close proximity to the free

surface.

With regards to the overall mechanical strengtls ihterpretation also suggests
that the free surface related weakening on the amecal strength with reducing
thickness, presented in Chap. 3 here as well psririous studies (Armstrong et al, 1961,
Miyazaki et al, 1979; Kals et al, 2000; Jansseal e2006), is quite likely also prevalent
in specimens witltly = 5Sum & 3.2um. However, with reducing grain size furtherdp=
1.8um, the free-surface effect that contributes to #iferementioned weakening

contribution, gets diminished. Our residual resigti measurements validate this
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interpretation since the observed annihilation@fdislocations and the resulting loss in
dislocation storage, is almost non-existentdin= 1.§um specimens (only a gradual
reduction in residual resistivity with reducingdkiness), but quite prevalentdg = Sum
and 3..um (sharp drop, in addition to the gradual reductiomesidual resistivity, with
reducing thickness). Thus, taken together, thedvaesiresistivity measurements in Sec.
4.3.3 suggest that with reducing average grain @@ 5um to 1.8&im, IG dislocation
activity is progressively diminished. These oba@ibns may also suggest thdy =
1.8um or so is the minimum dislocation mean free-pathuired for activation of 1G

Frank-Read type dislocations.

4.5.2 Role of GB dislocation sources

An important feature of the reported trends in Fegd.9 and Figure 4.10 is that
the smaller grains i.edy = 1.8um, featuring only a gradual and modest reduction in
residual resistivity with reducing thickness, dot rehow prominent IG dislocation
activity. This observation is in agreement with tdugrent understanding on the influence
of grain size on the nucleation of IG dislocatiowarious TEM observations (Keller et
al, 1996; Espinosa et al, 2004) as well as studmploying molecular dynamics and
discreet dislocation dynamics (Yamakov et al, 200&#nakov et al, 2003; Espinosa et al,
2006) based simulations to study the mechanismsipgrg to plasticity suggest that
with reducing grain size, a gradual break-down ofwentional IG Frank-Read type

dislocation activity is seen. In fact, below a eertcritical grain size in FCC metals <
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200nm - 1um, likely a function of the stacking fault energyheng et al, 2003), lattice
dislocations are nucleated only at the grain botegaThis can be understood in the
context of the influence of the microstructural swaint on dislocation nucleation.
Espinosa et al (2006) argue that in geometricalbnfioed systems, dislocation
nucleation, characterized by an activation stresssery sensitive to quantities such as
dislocation source length, distance from grain lauires, distance from the free-surface
etc. In traditional materials i.&y > 1um or so, dislocations are nucleated at both the
grain boundaries as well as grain interior. Whikedislocations are activated within the
grain interior in regions away from the grain boanes, regions adjoining the grain
boundaries generally feature GB dislocations sitice activation stress for IG
dislocations near the grain boundary would be mhigher (Espinosa et al, 2006).
However, as the grain size reduces, the fractiofawbrably located IG dislocations
reduces and consequently GB dislocations domifat¢his effect, TEM observations by
Keller et al (1996) as well as Espinosa et al (3004Cu thin filmsdy ~ 200nm reveal

that following deformation, no dislocations are @b®d in the grain interiors.

Therefore, in the current study, whitg = Sum features considerable FR type
dislocation activity as well as GB type dislocaspmowever, with reducing grain size
from dy = 5um to dy = 1.8um, the amount of IG type dislocations reduces and
dislocations are primarily generated at the GBschSGB dislocations are highly
entrapped (or piled up) by the grain boundariesardess susceptible to annihilation at

the free surfaces (Yamakov et al, 2002; Espinosal,e2006). As a result, while free
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surface strongly influences the dislocation storagehe larger grain sizes, faly =
1.8um case, the free-surface effect is less prominBmis the fact that prominent IG
dislocation activity is absent oy = 1.8um specimen indicates that plastic deformation in

these specimens proceeds primarily via GB dislonati

From the point of view of thickness effects on gkength as well as dislocation
storage, such a transition in the underlying defdgiom mechanism from mixed
dislocations (both IG and GB dislocations) to mp&B dislocations with reducing grain
size has two primary consequences. Firstly, the $taface related weakening seen for
traditional materials with reducing thickness (disged in Chap. 3) while still expected to
be prevalent, would get diminished. Secondly, iasiegly prominent GB dislocation
activity would introduce an additional strengthenieffect with reducing thickness as
follows: with reducing thickness for a constant .agguin size, the volume fraction of GB
area per unit specimen volume reduces. As a rébalgmount of GB dislocation sources
available also reduces. Such a statistical effectreducing available GB dislocation
sources with reducing thickness, would lead to rangthening effect with reducing
thickness. Thus, the thickness effects on the dvarangth can be considered to be an
outcome of two distinct mechanisms: weakening widlducing thickness due to
increasing exposure to the free-surface and stiengtg due to a reduction in the
available GB dislocation sources with reducingkhgss. The relative contribution of the
two effects to the overall thickness effects isyiobsly, a strong function of the average

grain size.
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The data for thickness effects on yield stress alé ag flow stress, presented in
Fig 4.8, in fact reveals that fdy = 5um, the two effects are balanced by each other. With
reducing thickness from hfh to ~ Zum, the overall yield strength shows only a
negligible thickness effect indicating that whileth weakening and strength type effects
are present, their magnitudes are comparable to @her and consequently cancel each
other out. However, fody = 3.5um, with reducing thickness a slight increase iergjth
is noted indicating that while the weakening effiegbresent, the increase in strength due
to GB dislocation source starvation is slightlyages.dy = 1.8um specimens here show
very prominent increase in strength with reducidgckness, indicating that GB
dislocation source starvation dominates the fretase effect. Therefore, the range of
average grain sizes tested in this study i.ewrh.8& dy < 5Sum, represents a regime of
transition where, while both free-surface relatezhkening as well as source starvation
strengthening, with reducing thickness for a camsévg. grain size, are present. With
reducing average grain size, the role of the forgets diminished while the latter
becomes increasingly dominant. The significancelyof 5um as a critical length scale
where these two effects are equal, is not quitar @de this stage. It is quite likely related
to the peculiar initial defect density in the film®. it could be an artifact of the
processing. Therefore, while the trends observed heght be qualitatively universal,

the exact length scales where this transition acisuquiet likely processing dependent.

A simple geometric argument can be formulated {mate this interpretation. It

is expected that the GB dislocation source contentld scale with the GB area within
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an average specimen cross-section. Thereforedtheamal increase in strength (derived
from experimental measurements in this study) lbatted to source starvation
strengthening, would yield a unique correlationhvitie GB area within an avg. specimen
cross-section. The grains in a polycrystalline spen can be approximated with a
simple space filling geometry i.e. either a cubeadnexahedral prism (more realistic).
Assuming individual grains to be cubic with eaattesbeing g or hexahedral prisms with
each edge #2 and height being4d the total GB area per unit volumg, can be
calculated for specimen with grains across the thickness i.e. thicknessjtdz Only
surface area of the grains that is shared by sodinog grains is counted towargsi.e.

the surface area exposed to the free surface magounted. These assumptions yield:

o= 33077271 (hexahedra)
Ad, (4.3)
= o1 (cubic)
Ad

g

Figure 4.11 (a) showQ as a function ok for both hexahedral as well as cubic grains, for
dg = 1.8um, 3.5um and 5pum. Cleary,is very sensitive to the no. of grains across the
thickness (or, for a constant avg. grain size thiekness). In general, with reducihgQ
reduces until it becomes 0 for a certair a peculiarity of the choice of the geometry.
For very largé. however (around 10 or so), a limiting GB areayp@t specimen volume

is attained,Quuk, such that smaller grains yield larger GB area pat volume as
compared to larger grains. Figure 4.11 (b) presémsQ value from Eq. (4.3) for

different grain sizes normalized Ky, k (obtained for t = 50um - largest thickness
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tested in this study) for each grain size, represbas)y. Qn here represents the relative
reduction in the GB area per unit volume with radgchickness, with respect to the
‘bulk’ thickness for a given avg. grain size. Indae seen in Figure 5.6 (b) that while the
overall magnitude of2 may scale with avg. grain size, the trend of raaycelative GB

area per unit specimen volume with reducing grain size independent. It is however
sensitive to geometry i.e. cubic assumption yielddifferent trend as compared to the

hexahedral assumption.

The additional contribution to the overall yieldestgth due to dislocation source
starvationg, , is identified with the difference between the meyield strengthgy,,,

and the prediction from the previously introduceadel that accounts for the free surface
effect observed in the foil specimen in Chap. 3 kgq. (3.4) and shown in Figure 3.9.

Therefore,

0t =0 fim — {UYS (d)x%"'UYB (d)x (1—%)} (4.4)

Figure 4.12 shows the overall yield stress obtaioedhe electrodeposited filmssi, Iin
Eq. (4.4), as function of. Phenomenological prediction along the lines & tfends

obtained for the rolled foil specimen from ChagSét A) is also shown forygds 1.8um,

3,2um and 5um i.e. second term on the RHS of E4).(#he surface HP estimate; ,
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Figure 4.1z Comparison between model predictions, accountorgthickness effect on
microstructural constraint based on the trendsSketr A specimens, and experimental values
for yield strength for Set B specimens. It can eensthat while the model predicts reducing

yield stress with reducing., the experimental data shows increasing strengthreducing\

for dy = 1.8um, 3.5um and um specimens.
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for dy = 1.8um, 3,2um and 5pum, was calculated using ulface HP parameters found
for Set A specimen withgd= 11 - 50um (Figure 3.9). The implications of taegsumption
i.e. that the surface HP parameters obtained &fdih specimens with much larger grain
sizes also apply to these electrodeposited filnes B is discussed later in this section. It
is quite clear that the expected weakening withuced) grains across the thickness on
the overall yield stress, as observed for the SedpAcimens with larger grain sizes
(Figure 3.8), is absent for these specimens. Ity faet B specimens show increasing
overall yield stress with reducing no. of grainsoas the thickness for botly d 1.8um
and 3.2um. For g= 5um, almost no strengthening is observed urgakening appears
with A approaching 1 i.e. multicrystalline specimen. Hg. (4.4), we associate the
difference between the experimental vyield stressl d@ne predictions from the
phenomenological model with the additional conttitbu from the source starvation

strengthening.

The total GB dislocation source content, relatedht total GB area within the
specimen of a given thickness and avg. grain see pe found from the GB area per unit
volume in Eq. (4.5) after multiplication with thetal specimen volume (of the gauge
section). We normalize this quantity with the GRain a bulk specimen, of the same
avg. grain size but with a thickness of 50um (ideat with bulk in this study). A new

dimensionless parametd, is introduced as follows:

Qxtwl
(QXt wi )bulk

o, L

tbulk

(4.5)
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Figure 4.13Contribution from GB dislocation starvatiosy (from Eq. (4.4, as a function of
normalized GB area per unit specimen volutie(from Eq. (4.5)), for hexahedral grains).

The experimental data is compared with the cornedipg fits.
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where,w and| are the gauge width and gauge length respectasmdt, ik is 50um.Y¥,
thus, represents the relative GB area within aispgtof given thickness and avg. grain

size, with respect to a bulk specimen of the savgegrain size.

Figure 4.13 plotso, from experiments obtained fogy & 1.8, 3.5 and 5pm and

varying thickness, normalized with the HP predictmf the yield strength for the bulk

specimen with the same avg. grain size, as a fumaf ¥ assuming the grains to be
hexahedral prisms. Power law equation &e=C ¥ ™, was found suitable to describe the

overall trend in Figure 4.13. The fitting coeffiois were obtained for the best fit for all
data points except the bulk specimen Witk 1 (Fit 1). Fit 1 yields an exponent of -0.65.
The best fit including the bulk specimen, with ap@nent of ~ -2, is also shown, Fit 2. It
is seen that upon extrapolation of Fit 1 ¥o= 1, the predicted contribution from

starvation strengthening is not zero, as expectad £xperiments, but attains a value of

around 0.1, . However, Fit 2, which does yield, = 0 fort = tyux, does not agree very

well with the overall trend of the data points, tbicknesses other than the bulk case.
Much lower strengthening contribution is seen ahltan thicknesses as compared to the
prediction from Fit 2. Fit 3 is obtained by fittindpe entire data including the bulk

specimen with an exponent of -1. For this casédues strengthening at bulk thickness is

found to be 0.03,, .

The source of this discrepancy is not quite cledhia stage; however it appears

to be related to our accounting of the weakeningtrdzution from diminishing



123

microstructural constraint as shown in the secamoh ton the right hand side Eq. (4.4).
This term is plotted in Figure 4.12 for Set B spaen. Although it is to be expected that
a weakening contribution due to the thickness eféet the microstructural constraint
would persist even for these smaller grain sizes quite likely that this contribution

may not be amenable to the model obtained for Hrgel grain sizes (Set A).

Specifically, the surface HP parameters used in(&E4), obtained for Set A specimen
with much larger grain sizes (shown graphicallyFigure 3.9), could be grain size
dependent themselves. This is primarily becauséeuat larger grain sizes comparable
to those in Set A where the contribution from th&iig interiors dominates (Armstrong et
al, 1961; Geers et al, 2006), grain sizes in s@@roaching ~1um) would likely have a
larger contribution from regions in the vicinity die grain boundaries. This is partly
expected because with reducing grain size, thenwelfraction of grain interior region

would reduce considerably. Also, given the traasitirom GB + IG dislocations to

primarily GB dislocations, the role of intragranutagions would diminish at such small
grain sizes. As a result, we expect Eq. (4.4) stamates the weakening contribution due
to the free-surface effect (second term on the RBEIS), = 1.8, 3.5 and 5pum specimens.
Thus, it follows that the contribution from staneet related effects could be even larger
than what we interpret here. One would expectéRperimental characterization of such
starvation related strengthening for grain sizei wethin the ultrafine grained regime,

where only GB dislocation sources are active, wobll more amenable to the

formulation of a phenomenological relationship.
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4.5.3 Transition to source-limited plasticity and the onset okource starvation

strengthening

Qualitatively, these trends can be extrapolatethéur The observation of drastic
increase in strength noted by Espinosa et al (20084; 2006) in Cu, Al and Au thin
films with dy ~ 200 - 300nm, as the thickness reduces fram fio 200nm, indicates that
for grain sizes within the ultrafine grained regimdere only GB type dislocations are
active, thickness-dependent strengthening is toeymected with reducing thickness.
These observations suggest that the overall trénkickness effects on the strength of
free-standing metallic films can be rationalizeda®ws: at larger grain sizes i.é; ~ O
(20 - 10@m) common to most foil or plate type specimen, khess effects primarily
arise due to reducing microstructural constrairihweducing thickness — a result of the
influence of the free-surface on intra-granularladigtion activity. In these cases,
dislocations can propagate and multiply at lowesoheed shear stresses with reducing
thickness; consequently the observed strengthd(gieflow stress) reduces with reducing
thickness. On the other hand, flyr< O (lum-100nm), thickness effects arise primarily
due to the statistical reduction of available diakton sources with reducing thickness.
Such small grain sizes typically do not featurenprent intra-granular dislocation
activity and free-surface related weakening witthueng thickness is not observed. As a
result, an increase in strength with reducing théds is to be expected. Therefore, with
reducing thickness in polycrystalline freestandifighs, we note a transition from
propagation-limited plasticity in traditional matds to source limited plasticity in ultra-

fine grained materials. This transition in the whgdeg deformation mechanism
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consequently leads to a transition from thicknesgseddent weakening to thickness-

dependent strengthening.

The results presented in this study are significatiat they tie together previous
observations of ‘dislocation starvation’ relatedesgthening observed in freestanding
specimens under homogenous deformation. The idéalofcation starvation leading to
thickness effects upon miniaturization is not n®#. Taylor in 1924 (Taylor et al, 1924)
reported the tensile strength of 30 diameter single crystal Antimony wires to be 180-
220 MPa, while 4mm diameter wires, prepared via shme processing techniques,
showed fracture strengths of just 5-8 MPa. Sinuolaservations of much higher strengths
in miniaturized specimens were also made for canmauystals i.e. 14X strength at
~25um as compared to ~50M. The earliest interpretations of such effects ea® far
back as 1947 in the context of extremely high dizigendent strengths observed in single
crystal Cu whiskers (Fisher et al, 1947; Brenneal €1956; Brenner et al, 1958). Brenner
et al (1947) presented data for Cu, Fe and Ag vensskvith diameters ranging from
~2um to ~1@m. Such whiskers initially contained a very smathcaunt of defects
(dislocations). Upon loading, elastic responseemnsuntil a very high critical stress (~
600 MPa). Beyond this point of criticality, the ets drops drastically and plasticity
commences at a very low stress. The very high obdestresses are observed initially
because of the high stresses required for the atimteof the very first dislocations, in
the absence of prominent dislocation sources. iBhasdirect consequence of dislocation
source starvation leading to higher strength. Caiseocations are initially nucleated,

subsequent plastic flow can occur at much lowesssts because dislocations sources
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increase rapidly because of dislocation multipiaatvia double cross-slip and other

processes (Greer et al, 2005).

Another example of dislocation starvation relatéféats are the recent studies
involving compression of micro and nano sized pllavhich are often single crystals
(Greer et al, 2005; Uchic et al, 2004). These stwtlypically employ Focused lon Beam
(FIB) to create pillars within grains of a bulk galen The individual pillars are then
compressed using a nano-indenter and force displeresponse is obtained. Greer et
al (2005) for example tested pillars with diameteaisying from 200nm to ~4dn. The
pillars typically had an aspect ratio of 5 i.elailheight was ~5 times the diameter. They
found increasing strength with reducing pillar deter. Similar results were obtained for
single crystal Ni pillar, with pillar diameters wamg between a few millimeters to just
0.5um (Uchic et al, 2004). These experiments showet ilidle pillar response with
reducing diameter up to ~gth was within ~30% of the bulk response (the respafs
pillars which were a few millimeters in diametepjllars with diameter less thamnmm
showed strengths as much as 100% higher than tlkechse. Reducing the diameter

below fum, lead to even higher strengths.

Their interpretation, again, was based on the aladislocation starvation. In this
case, higher initial yield strength is obtained ttu¢ghe scarcity of dislocations, similar to
the whisker experiments. However, unlike the sudstdtening observed in the whisker
experiments, micro-pillars showed progressive iasee in strength with continued

deformation. The reason for this, as suggested@eiGet al (2005) is that once the initial
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dislocations are nucleated in the pillars, thestéodations glide out along specific slip
planes and are lost to the free surface, wheredhaihilate. This is because of the small
dimensions of the pillars where due to their praggnto the free surface, the distance
traveled by dislocations before annihilation is musmaller than that required for
dislocation multiplication processes to occur (Gegeal, 2005; Gillman et al, 1953). As a
result, small pillar dimensions combined with thhlexpmity to the free surface, results in
continued plastic deformation under dislocatiomad conditions. This effect of
dislocation-starvation was observed to be partrbularevalent in pillars with a diameter
of ~1um or less. After Gillman et al (1953), there is mimum required length scale of
dislocation propagation required for dislocation Itiplication to occur in a given
material. For typical FCC materials, this lengtlalecwas calculated to be prh. As a
result, in cases where the dislocation mean fréle-jgasmaller than ~im, dislocation

multiplication with continued deformation is unlligdo occur.

The source starvation effects reported in thisys{@hap. 4 and Sec. 5.3.2) show
similarities to these cases. At smaller grain sizié® activation of intragranular
dislocations is quite limited. As a result, GB disitions are the primary source of
dislocations at these length scales. In theseitons, dislocation source starvation
occurs with reducing GB area per unit specimen melwith reducing thickness for a
constant average grain size. This leads to inargaspecimen yield strength due to a
reduction of the initial GB dislocation sourcesn#ar to the case for whiskers as well as

micro-compression of pillars. Furthermore, smajistallite sizes and thicknesses, result
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in increased proximity to grain boundaries as veslithe free surface. As a result, in
addition to the initial scarcity of GB dislocatio(related to the thickness and grain size
through Q), substantial dislocation multiplication is unliteo occur. Therefore, with
reducing microstructural as well as structural tbngcales in freestanding thin films,

plastic deformation occurs in source-starved caoost

4.6 CONCLUSIONS

Mechanical response of freestanding Cu films widnying thickness between
50um to ~ Zum and three different avg. grain sizes i.e.uin8 3.5um and um, was
obtained via uniaxial tension testing. Residuatteieal resistivity measurements were
employed to highlight the effect of thickness adlvas grain size on the storage of
dislocations with deformation. These measuremesigal that with reducing average
grain size from ~pbm to ~1.8um, the role of intragranular dislocations gets disted
and GB dislocations start to play an increasingiportant role. Such a transition in the
underlying deformation mechanism is associated whi observed transition in the
nature of thickness effects on the yield as wellflagv stress of the films. With
diminishing intragranular dislocation activity agesage grain size is reduced fromund
to ~1.8um, free surface related weakening with reducingkimess (for a constant
average grain size) also gets diminished. Our nieasents reveal that faly < 1.8um,
there is virtually no intragranular dislocation i@ty and the film strength increases
strongly with reducing thickness. GB dislocatiorum® starvation is suggested as the

dominant mechanism behind the observed thickndssteffor grain sizes approaching
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the ultrafine-grained regime. The experimental ltssshow that thickness-related
strengthening i.e. increasing yield/flow stresshwieducing thickness for a constant

average grain size, first appears for grain sizegral ~um or smaller.
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CHAPTER 5. EXPERIMENTAL OBSERVATIONS OF THICKNESS EFFECTS
ON THE DEFORMATION HETROGENEITIES AND DUCTILITY IN
FREESTANDING Cu FILMS

5.1 ABSTRACT

This chapter presents the experimental resultthforole of the film thickness on
the observed ductility for a wide range of averggan sizesdy = 1.8-5Qum. The films
are loaded in a tensile micro-fixture. The evolntiof surface deformation is in situ
monitored by non-contact surface profilometer dyrithe history of loading. The
acquired surface scans are analyzed via 2D FFToltowf the evolution of different
surface wave length as a function of the applie@drostopic strain and the transition
from homogeneous to localized deformation fielde Tesults show that the thickness
effects are more prominent for larger grain siggs; 3.5um in this study. For films with
dy = 1.8um, the apparent ductility is inherently limited Hye loss of strain hardening
capability. These films show a limited ductility ttwvimaximum uniform straing, ~2%,
irrespective of the thickness. Surface scans shdhagdplastic deformation evolves into
highly localized deformation bands at an early stafgdeformation, leading to premature
failure. For films with larger grain size, it isudod that the film thickness affects the
apparent ductility by influencing the deformatioatérogeneity. Surface scans showed
that plastic deformation remains relatively unifororhigher level of macroscopic plastic

deformation. It is speculated that local accommiodabf deformation incompatibilities
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between neighboring grains are the primary drivimechanism for the observed trends.
For thinner films withi= (dy /t)~1, there are no through-thickness compatibility
constraints. Thus, such accommodation must occtiirwthe plane of the specimen,
leading to unconstrained localized deformation lsaadd premature failure. For films
with A>1, the presence of through-thickness compatibilignstraints limits the
propensity for localization to a higher macroscagirain level. The participation of many
gains in the accommodation process would lead &r m@iform macroscopic strain

distribution.

5.2 INTRODUCTION

A number of previous studies have focused on tHkience of grain size
reduction on ductility (Wang et al, 2002; Koch &t 2003; Ma et al, 2003; Ma et al,
2004; Zhao et al, 2006). However, there has bdt#e éffort to understand the role of
thickness reduction on the observed ductility. €oaent experimental work revealed a
clear effect of the thickness as well as grain e the plastic deformation in
miniaturized polycrystalline specimen. It is im@ot to characterize the geometric size
effects on the ductility to predict the performaticgts of materials at such small length
scales. Therefore, the primary objective of thmapter is to highlight the role of
thickness on the observed ductility of the specimersitu observations of the surface
topography evolution are carried out using 3D nontact surface profilomter. The

measured topography is analyzed by 2D FFT to follesvevolution of different surface
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wavelength with the deformation, and thereby hgjftli the active deformation
mechanisms leading to the progression of localf@edtic deformation. Video images

are also acquired to calculate the finite in plsimain distributions.

For the range of film thicknesses and grain sittes primary deformation mechanism is
the activation and storage of lattice dislocatigAszt et al, 1998). As a result, in a
polycrystalline specimen with a uniform gauge smttiand under macroscopically
uniform deformation, there would be local variagdn the strain distribution at the level
of individual grains based on the grain size, g@ientation, and proximity to the free
surface as well as neighboring grains (Rey et @88). Furthermore, with reducing
thickness, the surface grains start to play a pmentirole and the overall microstructural
constraint on the individual grains is reduced.a&eesult of their exposure to the free
surface and the greatly diminished through-thicknasicrostructural constraint,
miniaturized specimen with — 1 are expected to feature rapid evolution of iaeal
deformation bands. In the current context, theitityctvas defined as the macroscopic

uniform strain before localizatior{¢,;do/de = 0)within the gauge section. As a result,

the ductility can be understood as the competibetween the inherent ability of the
material to strain harden and the onset of plasigtability due to deformation
heterogeneities. It is expected that following thstory of the deformation field and
evolution of localizations, would probably elucidahe underlying mechanism of the
apparent film thickness effects on its ductilityitiVthese concepts as background, this

chapter presents an experimental assessment of etlodution of deformation
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heterogeneities, at the micro and macroscopicdeaeld relates them to thickness effects

on observed macroscopic behavior.

5.3 EXPERIMENTAL PROTOCOL

The ductility data presented in this study was ioleth via uniaxial tension tests
using INSTRON 8862 machine with a servo-hydraudiotooller. The observed ductility
of the rolled Cu foil specimens with thickness betw 12.5-100pm and grain size 11-
50um (Rolled foil specimen in Chap. 3) as welllesductility of the electrodeposited Cu
films with thickness between 2-50um and grain §i&5um is shown (Electrodeposited
films in Chap. 4). The experimental protocol isadsed in detail in Appendix B. For the
purpose of elucidating the deformation mechanisfnadditional samples were tested
using a miniaturized loading stage from Fullam las,shown in Figure 5.1 (a). Two
experimental techniques were employed to charaetdahe initiation and evolution of
deformation hetrogeneities: Digital Image Correati(DIC) to find the surface strain
distribution at the level of individual grains asdrface roughness measurements. The
tensile stage was controlled via a controller (NewCorp., XPS Universal Controller)
using a Labview program. Sample preparation arghadent was similar to the previous
methodology (described in Appendix B). The specisngrere cut using a stamping
technique. The samples were then polished witl®B0m Alumina slurry (Buehler Inc.).

Following polishing, the samples were cleaned hging sequentially in Acetone,
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Fiaure 5.1 Expenmentel set-up used forthe study of deformation heterogeneities
{(a)Minatunzed tensile stage from Fullam Inc.
(b)Optical microscope for obtaining srages used for surface stran estimation nang DIC
{(c)Zygo profilometer used to menitor surface roughress evolution with stran,
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Methanol and DI water. The samples were then djigitched with a 5% Nitric Acid
solution (with DI water). Annealing at 400°C andd80 (for 2 hrs) was performed in a
Nitrogen environment prior to testing. Prior tstteg, the specimens were aligned in the

tensile stage using a low-magnification microscope.

The images used for DIC were taken using an optimatoscope with a 10X
objective and a digital camera (SPOT Inc.). Thegesawere synchronized with the
displacement increments using the ‘sequential ingigiption from the camera software.
Surface strain was estimated using the DIC teclendpveloped by Wang et al (2008).
The surface roughness measurements were performsed) @ Zygo non-contact
profilometer. The tensile stage was alternativelyved from the microscope station to
the profilometer in order to obtain correspondingtieal images for each surface
roughness measurement. Care was taken to retais@r@ignment of the tensile stage

on the microscope and the profilometer specimegesta4 different specimens were

tested:
Specimensett (um)|dy (um)
1 100 19.5
1 12.5 20
2 100 47
2 50 48

Table 5.1 Thickness and average grain size of the testezspas.
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5.4 EXPERIMENTAL OBSERVATIONS

5.4.1 Size effects on the experimentally observed ductility

The experimentally obtained stress-strain respasfséhe films was used to
ascertain their ductility. The reported ‘ductilithere is the maximum uniform straig,
derived from the observed mechanical response effitim, employing the Considere
criterion on the engineering stress and strain:

do
-0

de (5.1)
A numerical routine was implemented using MATLAB a® to calculate the local slope
of the stress-strain curve. Prior to numerical eddhtiation, a running average was

applied to the experimental data, to reduce |dcatdations in the stress strain data that

make numerical differentiation difficult.

Figure 5.2 summarizes the experimental resultsvéoration of film ductility
with dy for the examined range of film thicknesses. Theeobed ductility of the rolled
Cu foil specimens with thickness between 12.5-10@uahgrain size 11-50pum as well as
the ductility of the electrodeposited Cu films witthickness between 2-50pum and grain
size 1.8-5um is shown. The extent of film ductility is proportional to both andd,
regardless of the processing technique. For anglyes, presents strong dependence on
especially for largely. specimen. However, for the 1.8um grain size filmtually no

thickness dependence is apparent. The ductilityhisrgroup was only about 2%,
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Figure 5.2 Experimentally observed ductility i.e. maximum wmaih strain §,), as a function of
average grain sizedd) for all the tested films with varying thicknesa/hile films with larger
average grain sizesdy = 3.5um - 47um) show prominent thickness dependent ductility,

electrodeposited specimens wil= 1.8um show virtually no thickness effect on ductility.
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Figure 5.3 Engineering stress-strain curves for specimetfstwbOum and
varying average grain sizes idg=1.8 pum - 50um. With reducing grain size,

increasing yield stress and a reduction in strandéning ability is observed.
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irrespective of the thickness. Thus, these resulggest that at small grain sizes, typically
around ~ 1um or so, thin film ductility may be inéetly limited by the microstructural
constraint. These results agree with other sinskaidies in literature. For example,
nanocrystalline specimens, even with bulk thicknkase shown limited ductility around
~2% or so (Lu et al, 2004). Therefore, two primangiings emerge with regards to size
dependence on ductility in freestanding Cu filmssthy, ductility is thickness dependent,
especially for grain sizes larger than ~ 2um orSacondly, for grain sizes smaller than

~2um, ductility is inherently limited and no apparéhickness effects are seen.

The role of grain size, as observed here, can lokeratood in terms of the
Considere criterion. In terms of the true stressg-strain, this criterion predicts that the

maximum uniform strain is attained when

doy | _
( 4 l =07 (5.2)

where, o is the true stress ar{d%ij is referred to as the ‘strain hardening rate’. This
s )

&

equation therefore implies that the specimen laselwad carrying capability i.e. strain
instability sets in, when the current strain hardgmate is equal to the current true stress.
With reducing average grain size, the right harde sof (RHS) the above equation
increases i.e. the yield stress as well as the $liogss at relatively small plastic strains is
much higher than that in coarse-grained specimarth&more, small grain sizes also
drastically reduce the ability of the material toagy harden. For example, Figure 5.2

shows the observed ductility in specimens wi#h0um and a wide range of average
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grain sizes i.edy = 2-5Qum. Figure 5.3 shows the stress — strain curveghertwo
extreme cases for this set ite50um, dy ~2um andiA~27 specimen, anekdg = 5Qum

with A~1 specimen.

It can be seen that the yield stress @ 0.2% swéset, in thed; ~2um
specimen is about 65% of the fracture stress incttese grained specimen @ 27%
strain! This is attributed to the fact that suchalingrains present a formidable
microstructural constraint on dislocation nucleatiand therefore, dislocations are

generated at much higher stress as compared to#nge grained materials.

It is seen that the specimen with~2um loses the ability to strain harden at much
lower strains as compared to the specimen djth 50um. The reason for such limited
ability for strain hardening, observed in specimégth reducing average grain sizes, is
dynamic recovery (Wang et al, 2004). For substhrstiaain hardening to occur, the
steady state dislocation density should be quie m a material i.e. the material should
have sufficient ability to store dislocations withihe microstructure. The steady state
dislocation density is an outcome of two competipgcesses i.e. generation of
dislocations with deformation and annihilation adldcations in recovery processes. For
fine microstructures, intragranular dislocationiatt is very restricted and the bulk of
dislocation nucleation occurs at the grain bourmdariTherefore, with reducing grain
sizes, dislocation nucleation occurs in closelycspasources (i.e. grain boundaries etc.)

and the dislocation mean-free path is quite snfalch grain boundary dislocations are
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very close to one another and also to dislocatinksssuch as grain boundaries; as a
result, such small microstructures are not verigieffit in storing dislocations (Yamakov

et al, 2002; Wang et al, 2004).

The combination of such high stresses requirednitial plastic flow as well as
greatly diminished ability of the fine-microstruots to store dislocations and strain
harden, leads to their susceptibility to plasticstafilities. In addition to these
microstructure related effects on the observedilitycthere are also additional thickness
effects on both dislocation nucleation as well s$odation storage (discussed in Ch. 3
and Ch. 4 in detail). However, our data in Figur2 $hows that with reducing average
grain size, the microstructure related effects dat@ and the ductility is inherently
limited. As observed in various previous studiesafiy et al, 2004; Lu et al, 2004), even
specimen with bulk thicknesses in specimen withatfine microstructuresd§ <lum),
ductility of typically < 5% is seen (Wang et al,Q2). For the purpose of this study, we
focus our attention on the foil specimen, which vehmuch greater sensitivity to

thickness effects as compared to the electrodegabBiins with much smaller grain sizes.

5.4.2 Surface roughness evolution as a tool to characterize deformation

heterogeneity

We employed Digital Image Correlation (DIC) to fitlie surface strain at the

level of individual grains. This was accomplishgdiéking periodic images of the



147

Figure 5.4 Typical optical images showing the evolution of thigecimen surface at
different levels of macroscopic strains. Prograssib slip textures and twining can be
observed. (a3 =0% (b)e =13% (c)e =15% (d)e = 25%. (FOV=500um).
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surface of a deforming specimen. The field of vieas ~30Qm x 30Qum. The specimen
had a thickness of piin and an average grain size of#th The gauge section was 1 mm
wide and 5 mm long. The imaging area was in thedfaidf the gauge section. The DIC
method requires local variations in the gray vatlistributions so as to distinguish
different regions of the specimen. The strain nesmh of the technique therefore
depends on the sharpness of this distribution tiisrstudy, the specimen’s surface was
lightly etched following annealing. The etching wamtrolled so as to just highlight the
microstructural details like grain boundaries etcwaell as produce a sub-grain etch pit
distribution that can be a good substitute for eckfe distribution. Images were taken at
a strain increment of ~0.1%. Figure 5.5 shows th&ement of the surface strain
distribution obtained via DIC for the deformatiories between 13% and 15%
macroscopic strain (Figure 5.5 (b)) along with sieface roughness measured by the 3D
non contact surface profilometer at 15% strainfeds.5 (a) in 2-D and Figure 5.5 (c) in
3-D). Figure 5.5 (d) shows the surface strain #hstron superimposed over the
microscope image of the specimen surface at 15&nstit should be noted that the
surface strain plotted is the strain increment betwthe two macroscopic loading steps..
The surface strain distribution clearly shows tle¢elogeneity of the strain field at the
aggregate level i.e. some regions are at a high@ndevel as compared to other regions.
The highest strain in this distribution, of ~ 4%gsvfound to be about ~5 times the lowest

strain of about ~0.8%.
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The specimen with the surface strain distributibaven in Figure 5.5 (d) is a
multicrystalline specimen i.e. there is just onailgracross the thickness on average. As a
result, due to the negligible through-thicknessrostructural constraint, considerable out
of plane deformation at the grain level, as weltles aggregate level, is seen. The 3-D
surface roughness representation in Figure 5.&léarly shows this. This can also be
seen in the microscopic images of the deformedismecs surface in Figure 5.4. We
find striking similarities between the surface rbogss distributions, shown in Figure 5.5
(a), as well as the surface strain distributiomvah in Fig 5.5 (b). It can be seen that the

regions that show larger surface strain also shtmgiderable thickness reduction.

This observation of a direct relationship betweea lbcal strain distribution
at the microstructural level and the local surfemgghness (or thickness) implies that the
initiation of plastic instability is a direct corgpgence of thickness reduction. As in, under
a given macroscopic tensile stress, each regidheogpecimen carries a different strain
based on the local thickness. Regions with a smialéal thickness carry a higher local
strain. The overall deformation of the specimen banconsidered to be stable, or in
terms of the Considere criterion as ‘uniform’, asd as the material being deformed
compensates for this thickness reduction (conselyubigher local strains) with strain
hardening. At some critical local strain howevére material loses its ability to strain
harden any further and as a result, plastic inktyals initiated. Beyond this point, any
further macroscopically imposed deformation resimtsontinued thickness reduction in

this local region i.e. strain localization. Thenefothe characterization of thickness
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reduction (or surface roughness evolution) withodefation can be employed as a tool to

study the mechanisms that limit the ductility ofymoystalline specimens.

Another observation of great significance can belenbased on Figure 5.5 (a)
and Figure 5.5 (b). It can be seen that the highirstegions as well as the regions that
feature thickness reduction span multiple grairss Dbservation is significant in that it
implies that while the heterogeneities quite likehave a microstructural or
crystallographic origin, their evolution is a rdsaf aggregate level accommodation of
strain in the material (Miyazaki et al, 1979). Suabhcommodation processes i.e.
deformation mechanisms that allow a given grainairpolycrystalline specimen to
respond to the ongoing deformation in the neigmgprgrains, are expected to be
dependent on the effective microstructural constrai the specimens. The following

sections of this chapter will further expand ors tsignificant observation.

5.4.3 Surface roughness evolution with deformation

In order to understand the effects of thicknesaelsas average grain size on
the ductility of the tested specimens and to hgittlthe physical mechanisms that limit
the ductility, we characterized the evolution scefaoughness with deformation. In
particular, we studied the effects of both thiclmesd average grain size on the

roughness evolution with deformation. Figure 5.6vetithe evolution of surface
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roughness as a function of the macroscopic straithé specimens. Here, the RMS
average of the surface roughness is used. Themesg was measured at 1% strain
increments. The Y-axis on Figure 5.6 shows thetivgaincrease in the roughness
amplitude i.e. R The RMS average was found oveeld bf view of 1.2mmx 1.2mm.
The results are shown for both Setld £ 20um) as well as Set 2I{ = 50um). Generally,
the roughness increases with increasing deformatioms seen that the roughness
amplitude is a strong function of the average gse i.e. Set 2 specimens with larger
average grain size show a larger roughness ameléisdcompared to Set 1 specimens.
Remarkably, the roughness amplitude does not apimedre very sensitive to the
thickness i.e. fody = 20um, the trend fort = 12.5um is very similar to that fot =
100um. Howevert = 10Qum specimen shows much greater ductility as compiaréd
12.5um. Qualitatively similar trend is seen for Set Z2@men forS0um average grain
size i.e. roughness amplitude for a given strairery similar fort = 50um andt =

100um. Also,t = 10Qum shows greater ductility in both cases. Theserghtiens show
that the average amplitude of the surface roughwébsdeformation in polycrystalline

freestanding films is dictated by the average gsaiB.

While the RMS average of the surface roughness shbe strong effect of
grain size, it does not reveal the effect of theess In order to reveal the effect of the
thickness, we study the details of the distributminthe surface roughness. This is
accomplished by extracting individual line profilesm the 2-D surface scans of the

roughness. Figure 5.7 (a) shows the surface sdatamed for tha = 10Qum specimen
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from Set 2 at different macroscopic strain leveks 05, 0.5%, 2% and 3%. The
individual line profiles extracted from the diffetesurface scans are also shown in
Figure 5.7 (b), along with the FFT (Fast Fouriearigform) analysis in Figure 5.7 (c).
One key aspect of such an analysis is the effeatitil thickness imperfections i.e. is
the final roughness distribution dictated by the-pxisting thickness imperfections in the
films? In other words, we showed in Sec. 5.4.2f tha observed thickness reduction in
local regions is directly related to the local strdistribution in the films. In order to
relate this thickness reduction in the materialhwiteformation to the underlying
deformation mechanisms, we first need to show thatthickness reduction is not an

outcome of any processing related artifacts.

We address this issue by comparing the surfacehramss of an undeformed
sample with the surface roughness at differentisesedeformation in the same region.
These results are shown in Figure 5.7 (b). It Gaclbarly seen that while there are initial
thickness imperfections in the film, the final rdwngss distributions is very different
from these initial imperfections. For example, time profile as well as the frequency
distribution from the FFT analysis fex0% is quite different from that at0.5%. Also,
it is clear that the distribution of the surfaceighness is set quite early in the films and
then it simply evolves in a self-similar way witbrdinued deformation. For example, the
roughness distribution at 0.5% strain in the filsnviery different from the roughness
distribution at 0% (or undeformed state). Howetee, roughness distribution observed at

0.5% strain is very similar to that seen at 2% a%dstrain. The dominant frequencies
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for 0.5%, 2% and 3% strains are identical. Therefthe surface roughness distribution
is not influenced by initial thickness imperfectsont is set at the very early stages of
deformation and evolves in a self-similar way wabntinued deformation. Thus, the

roughness distribution at the microstructural lagehdependent of strain.

Next, we study the role of thickness, for a givererage grain size, on the
distribution of the surface roughness with defororatWe first consider thdy = 50um
specimens withh = 50um andt = 10Qum. Figure 5.8 and Figure 5.9 show the roughness
distribution on the specimen surface for Set 2 ispec, at different levels of deformation
i.e. 1%, 7%, 14%, 20% and 27% macroscopic stréiggire 5.8 shows the surface scan
(Fig 5.8 (a)), a typical line profile (Figure 5.B)] as well as the FFT of the line profile
(Figure 5.8 (c)) for thel; = 50um & t = 50um case. The line profile was extracted along
the tensile loading direction. Figure 5.9 showsilsinresults for thed; = 50um & t =
100um case. It can be clearly seen that the surfagcghrtess evolves in a self-similar
way for both these cases i.e. the surface roughpatiern is set fairly early in the
deformation process and evolves in a self-similay thereafter. We also find that while
the macroscopic average of the surface roughneltS (Rverage) did not show any
prominent thickness effect, the roughness distiobut different for the two thicknesses.
Firstly, the maximum peak-to-valley roughness ensi thet = 50um case in Figure 5.8
(b) i.e. +2um to -1Qum. On the other hand, the maximum peak-to-vallegghmess in the
t = 10Qum case is +2m to -Gum, seen in Figure 5.9 (b). Thus, while the average

roughness is the same, the smaller thickness spaatrows a higher peak-to-valley
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roughness. This implies that the amplitude of tbeal thickness reduction with
deformation is higher in the specimen with smalleickness as compared to the

specimen with the larger thickness, for the sanegaae grain size.

The surface roughness was measured for 5 diffesesrt windows along the
specimen gauge length in both these cases. Wisleone such FFT analysis was shown
in Figure 5.8 (c) and Figure 5.9 (c), Figure 5.hOws the FFT analysis of all the 5 line
profiles at different strain levels. Figure 5.10 ¢hows the FFT analysis for the 5 line
profiles fort = 50um case while Figure 5.10 (b) shows the 5 FFT amealyer thet =
100um case. The dominant frequencies are representednbgverage valuéaye,
calculated by taking the first moment of the indival data points i.e.

> Amplitudex 2
AT > Amplitude

Comparing the trends for thie= 50um andt = 10Qum case in Figure 5.10, we make the

following salient observations:

1. The specimen with smaller thickness shows highepliudes as compared to the
specimen with the larger thickness.

2. For a constant average grain size, a dominant érexyu emerges for the smaller
thickness specimen (with just one grain across tthiekness). This dominant

frequency is about ~5-6dy for dy = 5Qum andt = 50um.
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3. The specimen with the larger thickness shows a moread-out distribution where a
single dominant frequency cannot always be ideatifFordy; = 50um andt = 50um

case studied here, frequencies of ~/§ as well as ~2-3 dy are seen to emerge.

Figures 5.11 and 5.12 shows the results fordhe 20um specimens with =
12.5um andt = 10Qum. Figure 5.13 shows the results of FFT analysid different line
profiles, extracted 4 different locations along g#mecimen gauge length, at different
levels of strain i.e. 1%, 4%, 7% and 14% macroscepiin. Figure 5.13 (a) shows the
results for thed, = 20um & t = 12.5um case while Figure 5.13 (b) shows the results for
thet = 10Qum case. Similar observations as those made fodgke50um case can be
made: the multicrystalline specimen (t = 1@ shows a single dominant frequency.
While this dominant frequency was found to be ~b-@, for the earlier case, faly =
20um, it is ~10x dy. In contrast with the multicrystalline case, tipeamen with the
larger thicknesst(= 10Qum) shows lower peak-to-valley roughness and alsnose

spread-out distribution. In this case, the rougbraso develops at the level of individual

grains i.e. frequency of & also emerges in many cases as seen in Figurel§.13 (
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5.5 DISCUSSION

5.5.1 Significance of surface roughness distribution

As discussed in Sec. 5.4.2, the surface roughneasatien is indicative of the
local strain distribution at the microstructurabéé It was also seen that the local strain
distribution in the films is highly heterogeneous. isome regions feature much higher
strain as compared to adjoining regions with muskel strain. Such heterogeneities in
the deformation arise because of a number of faobwer varying length scales. In
general, heterogeneities arise because differgmbne of the specimen have different
reponse. At the microscopic level, heterogenenvesild arise as a result of the very
different response from intragranular regions amding boundary regions (featuring
dislocation pile ups). These effects would be emere prominent for surface grains,
where given the higher dislocation mobility in tlgeain interior, significant grain
thinning can occur (Lee et al, 2004). As a resiiltcan be expected that in a
polycrystalline specimen, deformation heterogeesgitwould be initiated in specific
surface grains based on the size of the surfade gral its orientation relative to other

grains in the vicinity as well as to the macroscdpading direction.

In a polycrystalline specimen, however, any diffees in the deformation at the
level of individual grains must be accommodatethataggregate level i.e. neighboring

grains must accommodate the elastic strains the¢ at the grain boundaries due to
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deformation incompatibilities. While for small defeations i.e. at small strains, such
accommodation can take place elastically. Howewd#h continued deformation i.e. at
large strains, the accommodation process mustvuavattivation of dislocations in the
adjoining grains. It should be noted that this awmswdation via activation of
dislocations in the adjoining grains would takecglavithin the thickness direction of the
specimen as well as within the plane of a typiadyqrystalline specimen. This elastic
strain due to incompatibility can be accommodatedile if the grain size and the
stacking fault energy is large. Thus, while one Moexpect differences between
different materials with respect to the size of #iteommodation zone, there would also
be differences due to the grain size (Miyazakilel@79; Rey et al, 1988). Furthermore,
given the limited number of slip systems availallee would expect that the nearest
neighbor grains alone cannot accommodate thesenpatibilities. Typically, smaller
grains would feature a larger accommodation zoneoagpared to larger grains. There
would also be effects of texture i.e. untexturececgpmen would have a smaller
accommodation zone, all other factors being thees@s compared to textured specimen

which would have a much larger accommodation zone.

With this as background, we see that there would lemgth scale associated with
deformation heterogeneities imposed by the miauosiral factors. This length scale can
be understood as the size of the accommodation eem@red to accommodate the

deformation incompatibilities arising from largerashs in individual grains due to
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variations in grain size as well as Schmid fact@ar measurements of the roughness
distribution in the multicrystalline specimen fdy = 20um ({ = 12.5um) as well asly =
50um (t = 50um) provides an experimental observation of thisoemnodation process
and the role of grain size on this length scalgufg 5.14 schematically shows the top
view of a polycrystalline specimen with grains appmated as squares. The through-
thickness (cross-sectional) view is also shown.ypical roughness line profile with
peaks and valleys is also shown adjacent to theensatic representation of the
polycrystalline specimen. Let the grains shadedenh be the grains with the highest
Schmid factor such that they feature the highestirst at a given stress level. The
position of these grains coincides with the valleythe roughness line profile since high
strain regions are associated with thickness remlycas shown in Sec. 5.3.2. These
accommodation zones would separate the individigdl train regions. As a result, the
length scale associated with the size of the accahation zones will be closely related
to the wavelength of the surface roughness digtabuas found from the FFT analysis,
and reported in Figure 5.10 and 5.13 for the tvebetk average grain sizes. We find that
for the multicrystalline cases (Figure 5.10 (a) &ngure 5.13 (a)), a unique dominant
wavelength emerges in the FFT analysis of the serf@mughness. These dominant
wavelengths are a function of the grain size pedf = 20um it is found to be ~ 10
and fordy = 50um it is found to be ~ 6d;. This implies that the size of the
accommodation zone is different for the two tegjemin sizes. While it takes a region
spanning ~6 grains or so for thg = 50um case, g= 20um requires a region spanning

~10 grains to accommodate the deformation incorolitigs arising from the high strain
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regions. Figure 5.15 shows typical FFT analysisiltedor dy = 20um, Figure 5.15 (a),
and dy = 50um, Figure 5.15 (b), to illustrate this point.thamatt found along the
transverse direction. This is however expectedesinaled films are expected to have a
prominent rolling texture along the rolling diremti Even though the films used in this
study had been annealed, they still show a weakrealong the rolling direction. As a
result, it would be easier to accommodate the vesistrain in the transverse direction as
compared to the rolling direction, where the numiifeavailable favorably oriented slip

systems would be limited. This concept is illugtaschematically in Figure 5.17.

Another validation for our measurement comes frbmanalysis of Miyzaki et al
(2979) of the critical number of grains acrosstthekness at which thickness effects first
appear in polycrystalline specimen. Based on sin@lguments as those here, it was
argued that the thickness effects would first appdeen the number of grains across the
thickness is equal to the critical size of the ascwdation zone. This is because, the
highly unconstrained deformation of the surfaceingranfluences the microstructural
constraint experienced by neighboring grains withi& thickness of the specimen. The
number of grains across the specimen thicknessateaaffected by the surface grains is
dictated by the size of the accommodation zoneckiiass effects first appear when the
thickness of the specimen equals the size of tlkenamodation zone. At this critical
thickness, all the grains across the specimennbik are affected by the presence of the
free surface and as a result the strength of theirsien drops. With further reduction in

specimen thickness, the influence of the surfacaingrincreases and prominent
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thickness-related weakening is observed in spetiumeer uniaxial tension (Miyazaki et
al, 1979). Figure 5.18 shows the experimentallyeolked critical specimen thickness,
normalized by the average grain size, seen in Mikiazet al (1979) for different

materials. Based on their trends, in the case ofdalls, we find that thickness effects
would first appear for a criticéldy ~ 7 and 12 fody = 50um and 2@m respectively. Our

interpretation of the size of the accommodation ezas obtained via roughness
measurements in our study agrees very well with db&ained in Miyazaki et al (1979)

based on the critical thickness at which size &fférst appear under uniaxial tension.

Therefore, to conclude, the evolution of the swefaoughness is intimately
related to the accommodation process through wiieformation incompatibilities
between adjoining grains are accommodated withpolgcrystalline specimen. Based on
our roughness measurements, we identified thedizlkese accommodation zones and
their dependence on various microstructural pararsetuch as grain size and texture

distribution.

5.5.2 Effect of specimen thickness: Delocalization of strain

The evolution of surface roughness can also be tsethderstand the role of
thickness on the resulting deformation heterogeseind the ductility (as seen in Figure
5.3). As seen previously in the FFT analyses of shdace roughness line profiles

(Figure 5.10 and Figure 5.13), while a dominant andjue wavelength of the surface
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roughness emerges in a multicrystalline specimpecisiens with more than one grain
across the thickness (but the same average gepsiow a lower roughness amplitude
and a more homogenous roughness distribution @pretin the frequency space). For
example, ford; = 20um (shown in Figure 5.13), while the high strainioeg were

separated by ~10-11 grains or so in a multicrys&lspecimen, for a specimen with 4
grains across the thickness t.e. 10Qum, the high strain regions not only feature a lower
strain level (lower peak-to-valley roughness) budrevalso closer to each other i.e.
various smaller wavelengths were found to be activehis case, wavelengths of the

order of ~12-13ly, ~2-3dy anddy were also found to be active.

This observation can be understood as followshénrmulticrystalline specimen,
the deformation incompatibilities only need to lmea@nmodated within the plane of the
specimen i.e. there are no compatibility requiretsien the thickness direction. As a
result, with continued deformation, only the maatdrably oriented grains i.e. grains
with the highest Schmid factor (or grains with Etigely larger size) accumulates strain
and undergoes local thickness reduction. The sndiog grains within the plane of the
specimen only deform so as to accommodate theigpiasbmpatibilities resulting from
the deformation of such high Schmid factor grafks.a result, the dominant wavelength
observed from the FFT analysis of the roughnessilulision for the multicrystalline
specimen is directly related to the accommodatength scale in the multicrystalline
specimen. On the other hand, with increasing treskras the number of grains across the

thickness increases, such favorably oriented gramust now also satisfy through-
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thickness compatibility constraints (in additiontbe in-plane compatibility constraints).
As a result, their deformation is more restrictethis accounts for the lower roughness
amplitude observed in these cases. In additiomity the greater overall compatibility
constraints on individual grains in these cases ai®ly that more slip systems are
required to satisfy deformation compatibility inl arains (as compared to the
multicrystalline case). This leads to a homogeropaof strain because more grains get
involved in the accommodation processes i.e. evamg with sub-optimal orientation
(i.e. lower Schmid factors) feature higher stratihan the multicrystalline case. Thus,
while the deformation is still heterogeneous aralrg featuring high Schmid factors still

feature higher strains, the strain distributiosesn to be more spread out.

A direct outcome of this is the delocalization afas. As seen in Figs. 5.8 and
5.9 fordy = 50um and Figs. 5.11 and 5.12 fdg = 19.5um, the high strain regions in
specimen with larger thickness carry a lower stesncompared to the multicrystalline
case. While the strain distribution is still hetggoeous, the strain is distributed more
evenly across multiple grains in specimens With 1 as compared to the multicrystalline
specimens. Therefore, unlike in a multicrystallgpecimen where the high strain regions
were widely separated, a specimen with multiplengracross the thickness features
much more closely spaced high strain regions ie¢orchation is more homogeneous.
This interpretation can explain the thickness e$feseen on the ductility of the foil
specimens for varying average grain sizes. As thekness is reduced, the strain

distribution becomes more localized i.e. local oegicarry a higher strain as compared to



179

the surrounding regions and at the same time tiheyrore widely spaced. It is also
straightforward to understand that a given localktiess reduction will have a far more
serious effect in a specimen with a smaller thiskneAs a result, with increasing
deformation, the likelihood of the onset of plasyianstability due to such geometric
considerations i.e. thickness reductions, is fghér in a small thickness specimen as

compared to a specimen with the same average gjg@nbut a larger thickness.

Besides these considerations of deformation heteeiges and the consequential
localized thickness reduction, specimens with senatbhickness also feature a lower
strain hardening capability. This is because wetihucing thickness, an increasingly large
fraction of the intragranular volume is exposedtite free surface and as a result
substantial dislocation annihilation occurs. Sudleefsurface related effects are
particularly evident in the foil specimen with larggrain sizes. With reducing average
grain size, in addition to the effect of the fregface with reducing thickness, dynamic
recovery due to close proximity of dislocations dlocation sinks such as grain
boundaries also affects the overall dislocatiomegte. Therefore, while there is increased
vulnerability to local thickness reductions, theast hardening capability is also
compromised to a large extent with reducing thislsndhese two factors taken together

lead to a lower ductility, or uniform strain, witeducing thickness.

While our experimental observations here are lichitethe specimen with larger

grain sizes, our conclusions agree with similadigtsi on thin film specimen with grains
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sizes around ~1 - n and thickness ~ 2 -ubn (Lee et al, 2004). Lee et al (2004)
investigated the loss of ductility with reducingeaage grain sizes as well as reducing
thickness in thin film specimen with just a few igsaacross the thickness via TEM
observations. Their study showed that thinner spewcishowed locally thinned regions
due to loss of dislocations to the free surfaceeyThttributed the limited ductility
observed in their specimen to the onset of plasstability due to these local thickness
reductions. It was shown that the onset of suchtiplanstability in the form of diffused
necking, closely followed by localized necking, occin larger grains that carry a larger
strain and greater intragranular dislocation attigusceptible to annihilation at the free

surface.

5.6 CONCLUSIONS

This chapter investigated the effects of averagengsize and thickness on the
experimentally observed ductility, defined hereths maximum uniform strain, for
freestanding rolled foils withdy = 11um - 5Qum andt = 1lum - 5Qum as well as
freestanding electrodeposited films wip= 1.8im - Sum andt = 2um - 5Qum, under
uniaxial tension. With regards to thickness effedtsvas seen that reducing thickness
results in reducing ductility. Identifying a direcelationship between the surface
roughness and the local strain distribution at rtierostructural level highlighted the
mechanisms behind these thickness effects. It Wwaans that high strain regions also
feature local thickness reductions that can imtglastic instabilities. We find that films

with just a few grains across the thickness, asthis study, develop substantial
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deformation heterogeneities with continued deforomat Such heterogeneities in the
strain distribution were shown to be an outcomehef accommodation process at the
aggregate level through which grains respond tostiglaincompatibilities with

surrounding grains. In this context, thickness atffeon ductility arise because with
reducing thickness, there are no through-thickieeaspatibility constraints on individual

grains within the specimen. As a result, regionghwiavorably oriented grains

accumulate much greater strain as compared to ranijpiregions and the resulting
thickness reduction can lead to early strain laaélbn. On the other hand, with
increasing thickness, through-thickness compatybdionstraints result in delocalizing
the strain. Consequently, while heterogeneities stdlyexist, the strain distribution is

more spread-out because more grains get involvetheanaccommodation of plastic
incompatibilities. Such thickness effects were guirominent at larger grain sizes,
typically >2um, however for grain sizes gbh i.e. approaching ultrafine grained regime,
the ductility is inherently limited by the grairesi effects and only a marginal ductility of
~2% is seen irrespective of the thickness. Thigctfivas attributed to the limited
dislocation activity and the loss of strain haragncapability (due to dynamic recovery)

at small grain sizes.
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CHAPTER 6. GENERAL CONCLUSIONS

6.1 SUMMARY

In this study we investigated the effects of thiegs {) and average grain size
(dg) on the experimentally observed strength (yietdsst and flow stress) and ductility of
freestanding Cu films. The films were tested underaxial tension, precluding the
effects of macroscopic strain gradients. Two sétspecimen were tested in this study:
rolled foil specimen withdy ~ 1lum - 5Qum and t= 12.5um - 10Qm and
electrodeposited films witldy = 1.8um - 5um and t= 2um - 5Qum. In all cases, the
effects of thickness and average grain size omobserved strength and ductility were

assessed independently of each other.

Our results indicate that for freestanding films den macroscopically
homogenous deformation, both thickness and averpgen size affect mechanical
properties related to plastic deformation. Furtreen unlike previous results for
thickness effects in test configurations featuristgain gradients, film-on-substrate
systems and multilayered thin films systems, thsulte in our study indicate that
thickness and grain size effects are coupled he.nature and magnitude of thickness

effects depend on the average grain size.

For the foil specimen, with average grain sized weéhin the ‘polycrystalline’

regime i.edy ~ O(1Qum -10Qum), we find that thickness effects arise due toetffiect of
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the free surface on the overall microstructuralstaint experienced by individual grains
within the specimen. With reducing thickness faoastant average grain size, thickness
affects the overall specimen strength through tbkimae fraction of surface grains.
Grains that are exposed to the free surface exyerifar lesser microstructural constraint
on plastic deformation (propagation of dislocatjoas compared to bulk grains. We
formulated a Hall-Petch type relationship to ddserithe experimentally observed
limiting strength of a multicrystalline specimen.ia specimen with just one grain across
the thickness where all the grains are surfacengrdihe overall specimen strength was
shown to be an outcome of the volume average afuhface grain response and the bulk
grains’ reponse. Our results for this regime ofigszes show that reducing thickness

leads to a reduction in the overall specimen streng

With reducing average grain size, as in the eldejposited films in this study i.e.
dy ~ O (um), the aforementioned free surface effects, chanaed for the foil
specimens and associated with thickness dependeaitening, get diminished due to
limited intragranular dislocation activity. Residluglectrical resistivity measurements
performed in this study showed that while there veambstantial annihilation of
intragranular dislocations with reducing film thrgss in films withdy ~ Sum — 3.5um,
however, films withdy = 1.8um showed only a negligible reduction in dislocatstorage
with reducing thickness. In such scenarios, whateagranular dislocation activity is
quite limited, plastic deformation is essentiallyp autcome of grain boundary

dislocations. Consequently, at such small gramessithickness effects on the overall
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specimen strength arise because with reducingrtbgs the grain boundary area per unit
specimen volume reduces. As a result, reducingmseecthickness results in a statistical
reduction of the available grain boundary dislamatsources. This statistical effect of
dislocation source reduction with reducing thiclgjedescribed as dislocation source
starvation was attributed to the observed increasipecimen strength with reducing

thickness for these specimens.

Our results here indicate a transition from propagdimited plasticity in

specimens witltly ~ O (1Qum -10Qum), to source-controlled plasticity in specimenghwi

dy ~ O (Jum) or below (typically, thin films). In the form&ase, thickness effects come
about because of the influence of the free surdacene overall microstructural constraint
that dictates the required macroscopic flow stfesslislocation propagation within the
individual grains. In the latter case, however, lileting mean free path in such small
grain sizes inherently restricts dislocation pragamn and multiplication irrespective of
the thickness. As a result, thickness effects @s¢hcases arise because of the variation of
dislocation source density with thickness. Themfavith regards to thickness effects on
the strength we find that the case of thicknessed@gnt strengthening in freestanding
metallic thin films has more in common with me@Nvhiskers and micro-pillars where
similar observations of dislocation starvation sgfhening have been made, as compared
to strain gradient effects or thickness effectdilm-on-substrate and multilayered film
systems, where the dimensional constraint on dslmec propagation was held

responsible for the thickness effects.
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The influence of specimen thickness on the dugtilias also investigated. It was
found that both, thickness and average grain $feetaductility. It was observed that the
thickness dependence of ductility diminishes webtucing grain size. While prominent
thickness effects are seen in specimens with lagggn sizes, we find that specimens

with dg = 1.8um show a limiting ductility of only ~2%, irrespewe#i of the thickness.

Such limiting ductility was explained to be an aurte of the early loss of strain
hardening capability in such small grains becausthar inability to store dislocations
efficiently. It appears from our results that faaip sizes approaching ultrafine grained
regime, where intragranular dislocation activitwesy restricted and conventional forest
hardening is not available, the ductility is inhethe limited due to early onset of plastic

instabilities.

The study of thickness effects on the observedildyatas carried out on the foil
specimens, which show prominent thickness efféis.find that the strain distribution,
at the level of individual grains, in specimenshwiist a few grains across the thickness,
is highly heterogeneous. Such strain heterogeseitiere directly correlated to local
thickness reductions in the specimen cross-sevi®surface roughness measurements.
Such geometric factors are able to trigger a mlasstability when the specimen cannot
compensate for local thickness reduction (i.e. éiglocal strain) via strain hardening.
Through surface roughness measurements, we finavttiee a multicrystalline specimen

features widely spaced high-strain regions withamgdr local thickness reductions, a
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specimen with multiple grains across the thickrebssvs a relatively more uniform strain
distribution and the maximum thickness reductiomigh strain regions is much lower.
Therefore, higher experimentally observed ductilityspecimens with larger thickness is
possibly related to such delocalization of straithwncreasing thickness. Our analysis
here identifies the average spacing between sugih $train regions with the intrinsic
material length scale related to the accommodatibrdeformation incompatibilities

between neighboring grains.

6.2 FUTURE WORK

This work presented an experimental assessmeheddftect of thickness on the
plastic deformation and related mechanical progertfyield stress, flow stress &
ductility) in freestanding films. It was shown ththe nature of thickness effects is very
dependent on the underlying deformation mechanidtgted by the average grain size
(Cheng et al, 2003). At larger grain sizes, ~O{10Qum), the contribution from grain
interiors dominates the overall specimen behawviorthis regime, thickness effects
appear because with reducing thickness, the proyiafiindividual grains to the free
surface increases. The resulting loss in microgirat constraint was identified as the
origin of the thickness effects. On the other hdod,grain sizes approaching pih,
grain boundary dislocations start to play an insiregly prominent role and the role of
intragranular regions on the overall deformatiots gminished because of the limited

intragranular dislocation activity at such smalbigr sizes. In this regime, thickness
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effects appear because reducing thickness resulisreduction in the grain boundary
area per unit specimen volume. This statisticalicgdn in the available grain boundary
dislocation source density with reducing thickneksds to source starvation

strengthening.

Our results in this study show that both effe@sfree surface related weakening
as well as dislocation source starvation strenggigerare simultaneously present in the
specimens with grain sizes between 1 prhOOur work here, as well as previous studies
(Lee et al, 2003), suggest that while the freeamgrfeffects observed at much larger grain
sizes get diminished with reducing grain size, teypersist at grain sizes approaching
~1um. However, the influence of free surface, andditeinution with reducing grain
sizes, has not been categorically characterizedsdich small grain sizes. Our results
clearly show that the surface Hall-Petch parametétsined for the freestanding foll
specimen cannot be translated to these grain sezethe proposed model overestimates
the resultant weakening. In addition to this, tieeual contribution from the dislocation
source starvation related effects is also uncer@amimportant extension of this work
could therefore be an effort to distinguish betwésse two effects in scenarios where
both act simultaneously. In this regard, the cbuotion starvation strengthening should
be characterized in specimens with grain sizenslwhere such effects would dominate.
Therefore, a study similar to this work where spems with varying thicknesses but
constant average grain size (i) would prove very valuable in understanding the

dislocation starvation effects observed here. Sacbktudy could also facilitate the
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formulation of a unified phenomenological modelttltaptures both effects and the

associated transition.

Another important consideration that emerges framresults is the possible role
of dislocation starvation related effects in poyjgtalline specimens with larger grain
sizes. In this study, we show a reduction in thedswuntilh ~ 0.6 for specimens withyd
= 20um. However, with further reduction of specimen kiniess beyond the critical mean
free path required for intragranular dislocatiorcleation and multiplication within the
grain interior (~1um), dislocation starvation effects similar to thasgeserved in micro
pillar experiments (Greer et al, 2005) can be etquecAs a result, the reported trends
relating A to the specimen strength (yield/flow stress) ina@h3 could feature an
additional regime showing increasing strength widducing A due to dislocation
starvation, shown schematically in Fig. 6.1. Irstfegard, an important extension of this
work would be to characterize specimens with gsaes similar to the foil specimen in

this study (1@am - 5Qum) but with thickness approachingr.

With regards to the ductility of the specimen, thigdy fills an important gap in
the literature on this topic. Most previous invgations on the size effects on ductility
have only focused on the role of the average griam Our investigations here present an
assessment of the effect of specimen thicknest®woliserved ductility. We related the

observed ductility to the underlying deformationam&nisms at the aggregate level i.e. at
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Figure 6.1 The emergence of dislocation starvation effecfsaastanding polycrystalline

films under uniaxial tension with reducing thickee®Vith continued thickness reduction,

beyond the critical dislocation mean free pathiftragranular dislocation nucleation and

multiplication, deformation would commence undeslaltation-starved conditions. As a

result, increasing yield/flow stress would increasth reducingh.

the level of multiple grains. We show that defonmatheterogeneities at the aggregate

level play an important role in the onset of plagtistabilities. An important extension of

this work could be the investigation of the evatof deformation texture at the level of

individual grains, as opposed to the aggregatd.l&véhis way, the role of average grain

sizes, texture distribution and the fundamental hmaatsms through which grains

accommodate plastic incompatibilities can be urideds
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APPENDIX A. PULSED ELECTRODEPOSITION AS A MEANS TO
FABRICATE FREESTANDING Cu SPECIMEN

A.1 INTRODUCTION

The current study aims at producing freestandindilgws via a electroplating
technique called pulsed electrodeposition (PED)ikenDC electroplating (DC) which
can be performed either under galvanostatic camditor potentiostatic conditions, PED
is performed using square wave pulses of consiat purrent. Fig. 1 below compares
typical wave forms for DC galvanostatic electrodgpon, with ., as the constant
current amplitude and PED withehg as the peak current value during the ‘ON’ time

(Ton).

Current

Pulsed Electrodeposition

lPEAK *

Galvanostatic DC

[
-

Time

Figure A.1 Typical deposition waveform used in pulsed eletposition.
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One of the key advantages of PED over DC electtioglas the level of
process control afforded by the pulse variables.DI@ plating, once the solution
chemistry is set, typically there is an optimum PIating current that yields the most
desirable surface morphology (lwamoto et al, PRA94). Furthermore, any changes in
DC plating current do not have an appreciable impacthe avg. grain size (d). On the
other hand, in PED, a multitude of grain sizes lsarobtained by the appropriate choice
of peak current, on time and off times. PED carp disvorably influence deposit
properties such as morphology (Toth-Kadar et a§6i9'sai et al, 2002; Mohan et al,
2005), porosity, hardness (Ebrahimi et al, 199%vel as crystal orientation (Cui et al,
2007). However, PED has its own share of problemsaly, B evolution can be
enhanced by higher current densities and also a $8EDp usually requires specialized

electronics to facilitate adequate control of thésp parameters.

With regards to depositing Copper films via PE® gnocess from Natter et al
(1996) (Natter et al, 1998 for Nano-Cu and Ni-Cloya) formed the basis for this work
The following section provides details of the eledeposition set-up. Sec. A.2 describes
the solution chemistry, the chosen pulse paramedads the deposition set-up. The
rationale for the choice of both, the solution cistng as well as the pulse parameters, is
discussed from the point of view of the averagengsize of the deposited material. A
detailed description of the PED deposition stepgrasvided along with details such as
anode and cathode preparation prior to deposiBome measurements for the effect of

pulse parameters on the observed grain sizes avedpd. Sec. A.3 is entirely devoted to
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the microfabrication aspects of the process i.epgmation of glass slides with a seed
layer and the eventual lift-off of the depositedm8, after patterning, to obtain

freestanding tensile specimen.

A.2. SOLUTION CHEMISTRY AND DEPOSITION SET-UP

The choice of solution chemistry is primarily dietd by the desired
properties of the electrodeposits. In this regdrd,most important property for this study
was the attainment of a sufficiently small avg.igrsize. The average grain size in PED
is dictated by the competition between two phenansn i) nucleation of grains and ii)
growth of grains. As expected, factors that causgegher nucleation rate and a slow

growth rate of grains lead to fine crystallites (fdaet al, 1996).

A.2.1 NUCLEATION OF GRAINS: ‘ON’ TIME AND PEAK CURRENT

The nucleation rate is typically a result of bdtk peak current density and ON
time. The solution chemistry was chosen after Matteal, 1996. Increasing the Peak
current increases the nucleation rate i.e. moréenare nucleated on the cathode surface
(per unit time) when the peak current is high. Agsult, a high peak current combined
with a small ON time, will result in a larger nd. small crystallites and thus, yield very
small grain sizes. For a given ON time, there soal certain amount of growth of the
nucleated grains in the ON time phase. Howeverntladeation typically far exceeds the
growth. The amount of growth in the ON time phase lbe further reduced by adding an

inhibitor complex in the solution (Natter et al,98), as explained in Sec. 2.2. Therefore,
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higher peak currents as well as a smaller ON tiraevao effective routes to obtain small

grain sizes.

It should be noted that the ‘ON’ time and peak entrare actually related to
each other (Natter et al, 1996). Generally, smd&lBrtimes are chosen for higher peak

currents. The ON time scales with the peak curfiepik) in the following way:

1:ON

X —_—
ton + tore (A.1)

I AVG — I PEAK

The avg. current in this equation is usually ot#difrom DC plating for a given solution.

In this study, different current densities weredrior DC plating for the chosen solution
chemistry and based on the appearance of the depoisice an avg. current density (per
unit cathode surface area) of 10mAfowas chosen. DC plating typically yielded a grain
size around ~2um. The growth rate was estimatéx taround ~0.5um per sec. While a
density of only 10mA is appropriate for DC platiiRE.D allows for much higher current

densities provided the ON time is also scaled gppately. Thus, much higher current
can be applied, as long as the ON time is kepicserfitly small. Sec. 2.3 presents the

avg. grain size as well as the deposition ratesiodd for PED as well as DC plating.
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A.2.2 GRAIN GROWTH: ‘OFF’ TIME AND ORGANIC ADDITIVES (CITRIC
ACID)

The other important pulse parameter is the OFF,tiinéch has an important role
to play in the grain growth regime of the depositiprocess. The grain growth is
primarily dictated by the cathode overpotentiaé.(ipotential difference between the
cathode surface and the solution). One factor d#figcts the cathode potential is the
substrate (or cathode) material. Different matsrialith different reduction potentials,
provide different overpotential in the same solutids a result, the choice of the cathode
has a strong bearing on not only the growth ofrghait also, perhaps, on other aspects
such as grain orientation (Cui et al, Acta Mat, 20&nd surface morphology. The role of
the substrate is discussed later in this sectioarmthe experimental data is presented.
Presently, attention is focused on the pulse paems€OFF time) as well as the solution

chemistry.

The cathode overpotential is also strongly affedtedhe solution chemistry as
well as the OFF time. Once grains are nucleatethercathode surface during the ON
time, grain growth primarily occurs during the OfiiRe phase of the pulse. Also, regions
near the cathode surface usually suffer from deplaif active species (ions required for
deposition) after the ON time phase. These ionsuasually replenished during the OFF
time phase. As a result, the choice of OFF timdigtated by the competition between
these two requirements i.e. it should be long ehawogallow material transport to the

depleted regions but small enough to restrict ggawth if small grain sizes are desired.
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With regards to restricting grain growth, besideslucing the ‘OFF time,
another factor of importance is the solution chémisin particular, the use of an
electrolyte which contains organic additives, fastance, Citric acid (used in this study).
The additive molecules form complexes in the soluand adsorb in a reversible way on
active sites of the electrode surface (e.g., avtirsteps on the surface of grains). They
block the active sites and reduce the crystallitewth. Furthermore, the surface diffusion
of the adatoms is impeded by adsorbed organic miglecTherefore, less metal-adatoms
reach growth sites and the formation of new nuslereferred. Therefore, increasing the
concentration of the additive (inhibitor) reduceaig growth and therefore reduces avg.

grain size.

A detailed study of these parameters can be foaridbiter et al, 1996 where the
effect of pulse parameters and solution PH, intamdito the effect of additives, on the
obtained avg. grain size is studied in detail (draét al, 1996). For the purpose of this
study, the following solution chemistry was chosen:

CuSQ.5H,0: 28 g/l

(Nht SO: 50 g/l
Additive: Sol. 1 - Citric Aci@l g/l
Sol. 2 - Gatrhcid: 70 g/l

Both solutions yielded a PH of ~1.1. Natter ets#diNaOH, in addition to the chemicals
mentioned above, to adjust the PH to be closeritst2ad of 1.1 obtained here. The PH
of the solution is quite critical with regards t@ evolution. Generally, the tendency for

H, evolution reduces with increasing acidity. It isnparily for this reason that most
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studies relating to pulsed electrodeposition (Lale2003; Natter et al, 1996; Natter et al,
1997) employed a solution without Sulphuric acia$8y), that typically yields a PH
~0.5 or lower. The study of pulse parameters ofmngsee was primarily carried out
using Sol. 1. Sol. 2, with far larger amount ofibitor forming Citric Acid, yield slightly

better surface and smaller grain size (for a 2.%ubse).

A.2.3 PED SET-UP AND METHODOLOGY

A study was conducted to study the effects of pp@ameters on the obtained
grain size with the chosen solution. The followisglient points are noted about the
electrodeposition set-up:

1. A Cu substrate, with thickness ~2mm and surfaca afelOmm was used as the
cathode. The electrical resistance of the cathioden the cathode contact wire to the

cathode surface to be deposited, was found to tveeba 2-3).

2. The cathode was first polished with 1um slurry &omout 2 minutes followed by
0.05um slurry for about 5 minutes to obtain a Yaicbnsistent and scratch-free
surface. The cathode surface was washed with Ddrwand lightly etched with a 5%
(by volume) Nitric acid solution (diluted with wajeafter polishing using a cotton

swab.

3. Following polishing and surface treatment, all hOmnf of area covered with nail
polish. Surface area of 10Mmwas chosen for the initial testing of process peti&rs

SO as to reduce the voltage required to obtairnvangcurrent density. For cases that
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used current of more than 500 Amps, the surfaca afedeposition was further

reduced to 4mm

4. A large copper sheet, with ~3mm thickness, was eyagl as the cathode. The anode
had a surface area of ~20X the size of the cath®der to each run, the anode was
washed with DI water, followed by light etching lvia 5% Nitric acid + DI water

solution using a cotton swab.

5. The nominal separation between the cathode anantbee was 35mm and the cathode
was positioned approximately in the middle of thede. The anode and the cathode
were held in place using a Plexiglas holder, maaghin-house, so as to allow vertical

alignment i.e. they were held securely and partdlelach other.

6. 800 ml of solution was used, in a 1000ml contaif@rthe deposition. The solution
was filtered through filter paper before pourindoirthe container. This is quite
important as the impurities can adversely affe@ tjuality, and purity, of the
electrodeposits. In cases where multiple depositimis were performed, the solution

was filtered after each deposition run.

7. The solution was also heated upto ~45-55°C for eanh To achieve a consistent
temperature of the solution, the magnetic stirengerature knob was set between 3-
4 during stirring and the temperature was contistyoahecked every ~5-10 minutes
over the span of 1 hour. The temperature knob Wasid, if required, so as to keep

the temperature approximately constant.
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8. N2 was bubbled through the solution for 1 hour, ie thresence of mechanical
agitation (set ~ level 7 on a magnetic stirrer)e Dabbling pressure was usually quite
small and was chosen so that the bubbling wouldlead to the spilling of the

solution outside the container.

9. After deareation for 1 hr and the attainment ofable, and relatively constant (with
time) temperature profile of the solution, the flow was cut-off and the lid was
lifted. The specimen holder (with the anode andddihode) was then placed inside
the container and the magnetic bead (for stirnmgs then placed at the bottom of the

container.

10. Electrical contacts were then made with both thedanand the cathode. Care was
taken to keep all electrical contacts outside thet®n. Exposing metallic connectors
to acidic solution (as used in this study) leadbdmardous reactions with the metal,

thereby rendering them ineffective as reliable teleal contacts.

11.Care was taken to complete the process of cutfitigeo,, lifting the lid and putting
in the holder with anode and cathode as soon asiljp@sSince a disruption in, N
bubbling and heating along with stirring can chatigesolution temperature profile.
Once the holder was place and the electrical ctstaere made, the lid was closed

and the N bubbling and stirring was resumed.

12.After a brief wait of ~2 minutes, the current wappked (with preset pulse
parameters and frequency) to start the depositimeegs. The time was closely

monitored during the deposition process to assesddposition thickness.
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13. After the competition of deposition for a givemé&, N flow was again cut-off,
stirring was stopped and the electrical contactewemoved and the lid was lifted to
take out the holder with the anode and cathode. Ththode, with the
electrodeposited film, was removed first from tledder and washed with DI water
immediately and dried with Air (gentle flow ratdjollowing this, the anode was

removed, washed with DI water and dried.

14.As mentioned earlier, following each step the sofutvas filtered and the process of

N> flow and temperature stabilization (with mechahagitation) was repeated.

15.The estimation of the deposit thickness, after d#jom, requires a special step.
Typically, surface covered with colorless Nail gbli(commercially obtained from
Walmart — chosen for their quick drying property) mbt get deposited. Therefore, a
~1mm diameter circle was coated with nail poliskirfg the brush that comes with
nail polish bottles) in the middle of the cathoA#&er deposition, the nail polish was
dissolved using Acetone. This leads to the creatth@ circular region with no
deposit surrounded by the electrodeposited filne fhickness can be measured at the
edge of this circle i.e. the thickness is the agerstep height. The average step height

was measured at typically 5-10 locations alongctrae with Zygo.

A study of H evolution and factors that influence it was alsoried out. The
temperature of the solution was chosen after Nattat (1996). Although not mentioned

in their paper, a literature survey (see Gabe etl@7) revealed that the reason for
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deposition at a higher temperature in this PEDugpetvas to avoid the problem of
hydrogen evolution. KHevolution leads to the creation of bubbles that lva seen at the
cathode surface during deposition. These bubbkesiaderstood to drastically increase
the porosity of the deposited material (Tsai eR@02) by obstructing small regions and
thereby creating a spherical cavity in their planethe electrodeposited material.
Furthermore, K incorporation in the electrodeposits can leadydrdgen embrittlement
i.e. abnormally high strength and brittle behavioiseen. As mentioned in Gabe et al
(1997), B evolution is very sensitive to the temperaturedeposition. Increasing the

temperature can drastically reduce the problenydfdgen evolution.

Fundamentally, the driving force for,t¢volution at the cathode is the cathode
overpotential. Therefore, parameters such as dudamsity, pulse parameters as well as
the choice of substrate (or cathode) material fsav@nportant bearing on the tendency
for H, evolution. Generally, the following trends weraiha from literature (Gabe et al,
1997; Dini et al, 1993, Monev et al, 1998): low fmrature, higher current density as
well as higher acidity level (low PH) tends to iease the tendency for,Hvolution.
Also the comparison for the reduction potentiaktled ion of the metal being deposited
for a given substrate material and the overpotefdrathe associated Heaction is an
important criterion (See Gabe et al, 1997). ManypPudies, given the high current
densities employed, use Iron sheets or Titaniuretshite deposit Copper for this reason.
In this study however, Cu substrate was used (@d $myer was employed for free-

standing film specimens as described in Sec 3).leMbr the thicker Cu substrates a
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current density as high as ~1.5mAmpforas used, the optimum current density for thin
Cu seed layer was quite limited i.e. 250mAmp/F.cht densities larger than this value,
substantial bubble formation was seen at the catisodace and the deposited film was
almost black and powdery in nature. In cases wtiereleposited film had a lot of voids,

the film often cracked and broke at current deesitif ~ 30mAmp/cfh

A.2.4 EFFECT OF PULSE PARAMETERS ON AVERAGE GRAIN SIZE

All experiments were carried out for 1 hr deposittome i.e. 60 minutes. First, a
DC plating experiment was carried out for 1 hr sgetain the optimum plating current
density. This DC current density was used as thg. Awrrent density in the PED

process to scale the Peak current with the ON (Bee. 2.1).

The following parameters were defined for the psg®f rationalizing the

observed trends:

1. PEAK: Peak current density in mAmperesfcrithe peak current density can be

obtained by divding the current amplitude by thdexe area of the cathode.
2. T: This is the total length of the pulse in ms.

3. F: Defined here as the Frequency of deposition.dbiained as 1000/T.
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4. Duty Cycle: The fraction of the total pulse (in %) for whitte current is applied on

the cathode. It is defined as

DutyCycle= -I-_‘I’_—leoo

5. RATE: Rate of deposition i.e. thickness of deposit yat time. The thickness was
obtained as per step 15 in Sec. 2.2 in microns.dEp®sition time was recorded for
each deposition run (fixed at 60 minutes here). Thte was calculated as

microns/min.

6. T EXP: This is the actual time for which deposition igually occurring. It was
defined as follows: While the total time of the esment was fixed at 60 minutes,
the time for which the current was actually appieas much smaller i.e. only ‘On’
time for each pulse. Thus, the actual depositioe twas actually Duty Cycle * Total

Time.

7.ADJ RATE: This is the adjusted rate, based on the actymbgion time. It was
calculated by diving the total deposit thickness fficrons) by the T EXP term
defined in 6 (in minutes). It should be noted thdtile the ‘OFF time is not

explicitly defined here, it is simply T — On Time.

Fig. 3 shows the variation of RATE with Duty Cydte different pulse lengths.
The pulse length here essentially implies the tima of each pulse. It is shown here in

terms of the frequency of deposition i.e. F (=1/2.p Hz therefore implies the longest
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pulse duration of 400 ms used and 100 Hz was tbetest pulse with total duration
10ms. Fig. 4 shows the obtained grain sizes v/ ciydle. The smallest grain size (~200
nm) obtained in this study was not measured rigagyohbut estimated using the optical

microscope. The observed trends can be understofmil@vs:

1.Higher pulse frequencies, for a given duty cycéad to smaller grain size. This is

essentially an outcome of smaller On Times for é@ighequencies.

2.For a constant pulse frequency, reducing the DuytyleCleads to smaller grain sizes.
This is because reducing Duty Cycle increases thE time and reduces the ON
time, for constant pulse duration. Because Citr@idAwas used as an inhibiting
complex, increasing OFF time allows for the inhdit process to be very effective
in blocking the active cites to restrict grain gtbwrFurthermore, smaller ON times
allow a higher current density to be used, keefliegAVG density to be the same as

the DC case, increasing grain nucleation.

3.The RATE, as defined here, reduces with increasuige frequencies. This is because
with increasing frequencies, grain nucleation tagescedence over grain growth.

Thus this leads to smaller deposition rates andlengaain sizes.

4.1t is also apparent that shorter pulse frequenaresmore sensitive to Duty Cycle as

compared to greater frequencies with respect tRINEE.

5We also found that for a given pulse frequency, theposition rate scales

approximately linearly with the duty cycle.
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6.PED plating can give larger, as well as smallesjrgsizes as compared to DC plating
process for the same solution chemistry. Choicputge parameters can be used to
obtain grain sizes over approximately 3 orders afgnitude. For example, for a
similar solution chemistry, but for deposition onT@anium coated cathode, the

smallest attainable grain size can be just a fevomaeters (Natter et al, 1997).

For the purpose of obtained freestanding thin figpecimen for tensile testing, a
specialized methodology was designed as so to dlevdeposition, patterning and
release of the freestanding electrodeposited filite deposition was carried out over
microscopic glass slides (1” wide x 3” long). THeotrodeposition was performed using
a seed layer of Cu, deposited using E-beam evapor#iollowing seed layer deposition,
electrodeposition was carried out at 100 Hz depwsitequency and 4% duty cycle. A
current density of 250 mAmp/édmwas employed. The microfabrication steps were
primarily chosen so as to allow the successfulasadeof the Cu films as well as their

patterning into tensile dog bone specimen.

A.3. MICROFABRICATION

The microfabrication was primarily performed at Miroelectronics Research

Center, under the guidance of Dr. Gary Tuttle. Whairesented here is a summary for



Thickness GS AVG PEAK On Time T F Duty Cycle RATE TEXP ADJ RATE
microns microns _mAmp/cm2  mAmp ms ms Hz % micron/sec Minutes micron/sec
28 13 10 80 50 400 2.5 12.5 0.46666667] 7.5 3.73333333]
14 6 10 200 20 400 2.5 5 0.23333333 3 4.66666667
6.4 0.8 10 1600 2.5 400 2.5 0.625 0.10666667]  0.375 17.0666667]
25 HZ
Thickness GS AVG PEAK On Time T F Duty Cycle RATE TEXP ADJ RATE
microns microns ~ mAmp/cm2  mAmp ms ms Hz % micron/sec Deg. C micron/sec
13 2.3 10 80 5 40 25 12.5 0.21666667] 7.5 1.73333333
10 1.1 10 160 2.5 40 25 6.25 0.16666667] 3.75 2.66666667]
6 0.2 10 1000 0.4 40 25 1 0.1 0.6 104
100 HZ
Thickness GS AVG PEAK On Time T F Duty Cycle RATE TEXP ADJ RATE
microns microns __mAmp/cm2 __ mAmp ms ms Hz % micron/sec Deg.C micron/sec
17 0.8 10 40 2.5 10 100 25 0.28333333 15 1.13333333
11 0.45 10 100 1 10 100 10 0.18333333 6 1.83333333
7 0.2 10 250 0.4 10 100 4 0.11666667 2.4 2.91666667
SOL.1-
DC
Thickness GS AVG PEAK On Time T F Duty Cycle RATE TEXP ADJ RATE
[ 80 T 24 ] 10 | | | 0.8 60 0.5
SOL.2-
DC
Thickness GS AVG PEAK On Time T F Duty Cycle RATE TEXP ADJ RATE
[ 30 [ 11 | 10 [ | 0.5 60 ~0.5 |
Solution 2
Thickness GS AVG PEAK On Time T F Duty Cycle RATE TEXP ADJ RATE
[ 78 | ~02 | 10 250 | 4ms 400 2.5 1 | 019 06 13

Figure A.2 Pulse plating parameters and their influence osdelElectrodeposition. The obtained parameterSc

(only for 2.5 Hz pulse frequency) and well as D@&tiplg with Solution 1 ah2 are also shown for comparison. Tt

DC plating grain size with increasing Citric Acidrentration (for same current density) was matdir@X) while 1

it reduced the grain size by ~4X for similar plgtiparameters.
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all the steps. Some individual steps, specially eBAb evaporation as well as
Lithography, have their own, detailed Standard @peg procedures (SOP). The specific
SOPs must be followed for these steps. The apptepBOPs are attached with this

report for guidance in this regard.

The following is a step-by-step description of thierofabrication process:

1. The glass slides were first cleaned using Acetamel fminute. Following this step,
they were cleaned in Methanol for 1 minute, follow®y DI water for 4 minutes. In

each of these steps; Nas bubbled through the bath.

2. Following the cleaning step, the slides were heaed20°C for 40 minutes in a
Fischer Scientific Oven. The temperature controblknwas used to set the
temperature to 120°C. The over was pre-heated foinbites before the timer was

started.

3. Nitrogen was then sprayed over the slides whilepkgethe N gun normal to the
surface and at a high flow rate. This was donesstoaemove any dust particles on

the surface.

4. Photoresist (PR), AZ 5214 E, was then deposited thee glass slides. The rotation
RPM was set to 1000 rpm. The PR deposite thickisesgpected to be around 2um

for the chosen spin rate and known viscosity ofRRe
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5. The slides were soft-baked on a hot plate at 12&°€ minutes.
6. A hard bake, at 90°C for 5 minutes, was then peréaok.

A longer than necessary bake time at this stagenake the lift-off at the end of this
process difficult and time consuming. Excessiveebedn lead to unsuccessful lift-off
i.e. the seed layer + Cu electrodeposit assemidiynai come off the slide at all as

the PR will not dissolve in Acetone.

7. Following the hard bake, the slides were placeitiénE-beam evaporator and Cu was
sputtered on the surface. A thickness of 50 nm G-rifd was deposited. Care was
taken to obtain a very clean surface of the glddess(without any dust — spraying
with N) as well as void-free seed layer (low power sgitin 13%, in the evaporator
while depositing). The deposition rate was usueltigsen to be around ~ 0.25-0.3 nm

per sec.

In the presence of voids the seed layer edand broke within 30 seconds of
deposition time, with current densities around 3@np#cnt or higher. This step was
found to be critical to successful electrodepositibhe resistance of the cathode in
this case, measured between the cathode contaetamnl the slide surface, was
between 1-2. The resistance can be also play a critical rofettie desired current
density (depending on the grain size requiremégnerally, as low a resistance as

possible should be attained (via sound electrioatact on the slide surface).
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8. Electrodeposition was then carried out to deposé tesired thickness of the

electrodeposited films.

10.

11.

12.

13.

The electrodeposited films were cleaned with Dlewaind dried with a very gentle
air pressure. They were securely stored in a sgacarrier box and left overnight.
Care was taken to avoid the air striking the dapddilm at an inclined angle near

the edges. This usually led to delamination andkeng in the deposited films.

After about 24 hrs, the slides were again coatiéld RR (Step 4).

A soft-bake of 3 minutes, at 110°C, was performec hot plate.

The transparency mask, with the tensile dog bottenpawas then placed over the
slides and the edges of the pattern were careéligjned with the edges of the
slides so as to obtain roughly equal grip sectimmgoth sides. Approximately 5
specimens were obtained for each slide. The tweisgas at the edges were

discarded due to non-uniform electrodeposit thiskreg these edges.

The exposure system does not feature a mask aligrseeup and feature a much
larger separation between the sample and the UVcsoldowever, it has the
benefit of a much larger exposure area that alltawamultiple slides (~6) to be
exposed at the same time. Individual masks wereedland aligned visually for
each of the 6 slides under the exposed area (pigkll by a square marker on the

base).
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14. The specimens were exposed to UV radiation foret@isds. A thick (~3 mm) clear
glass plate was placed over the sample + mask asémensure the two surfaces

(Mask and Slide underneath) would be flush andahghment would be retained.

15. After exposure, the unexposed PR was dissolvetiandeveloper solution and the
slides were rinsed in DI water for 4 minutes wigntie N agitation. Care was taken

to only agitate the developer solution gently wiita slides in a beaker.

16.Gentle N pressure was further used to dry the glass slidace. Again, care was

taken to avoid delamination and rupturing the filmgh excessive blpressure.

17.The dried slides were then placed in a sealed doera hard-bake. The bake

temperature was chosen to be 90°C for 8 minutes.

Insufficient bake at this stage can render the ifeactive as a mask for the etching
in Step 8. For thicker electroplated films i.e.citriess > ~12um or so, the bake time

may be increased to 10-12 minutes (depending othitleness).

18.Following the hard bake, the slides were placed whlute (5%) Nitric Acid + DI
water solution for etching the exposed Cu. Theietchypically took around 5-10

minutes depending on the deposit thickness.

19.Following etching, the patterned Cu film was pladeatizontally in a beaker of
Acetone so as to release the underlying PR. Thed&Rbe seen slowly dissolving
from underneath the specimen and swimming oversfiecimen upon very gentle

agitation. The release process was quite slow aold +15-20 minutes. Once free
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from the substrate, the films slowly move with derdgitation beneath the released

acetone, that swims just over the specimen.

20.The individual films thus released were then cdhgfiifted out of the beaker with
the help of two spatula shaped tweezers and piacasother Acetone bath briefly.
This clean acetone solution was chosen so as tb aaay the film of dissolved PR

that gets carried along with the specimen wheslifted.

EXTREME CARE was taken while lifting the films. Timer films, specially the 2um
thickness, pose significant challenges in this.sfépe problem lies in the fact that
upon being taken out of the liquid (either Acetamédl water) the specimen instantly
bend and the film surfaces instantly stick to eattter. This primarily occurs at the
grip sections of the sample i.e. the two grip stefatend to stick to each other if they
come too close while being taken out of the waleravoid this, two spatula shaped
tweezers were used to gently lift the specimen foath the grip ends simultaneously.
In doing so, care should be taken so that the sitiension due to the water does not

rupture the specimen, especially as the specimiénter water.

EXTREME CARE should also be taken while placing #pecimen on a clean, dry
surface at this point. The tweezers’ surface tendstick to the specimen and do not
let go easily. A special, fiber-free cloth was usedently press on the middle of the
specimen, to hold the gauge section down, whiléwleezers were being pulled away.
Without adequate care, the specimen, especiallththeest ones, can easily rupture in

the gauge section in this step.
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21.The released specimen was directly placed intonueralate and the acetone was
allowed to evaporate. DI water was not used tofartiier rinse, because it is virtually

impossible to dry the specimen once immersed iwaer.

22.The freestanding tensile specimens thus obtained fuether annealed in the metal

annealing furnace in MRC. The following steps weeeformed:

a) Prior to placing the specimen inside; (&t ~1slpm flow rate) was passed for
about 2 hrs. The furnace lid was left closed is #tep. The MNflow rate is a very
critical step. In the presence of even minute artwahOxygen in the furnace, the
specimens can get oxidized. It should be verifieat the N is in fact flowing
through the furnace by removing the e going into the furnace and putting a

finger against it to feel the flow.

b) After 2 hrs, the furnace lid was opened and thecispens were loaded in a
guartz boat and placed in the middle of the se¢emgperature zone in the furnace.

The furnace lid was again closed.

c) The furnace controller was then set to the appat@riemperature and the

furnace was turned on. The Nbw was increased to 3 slpm during this step.

d) The furnace typically heated up at ~ 10°C per neinfter the set point
temperature was attained (as seen on the contteligperature gauge), the timer

was started to obtain the desired soak time.
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e) At the end of the soak time step, the furnace weset-off and was allowed to
cool to 200°C via radiative cooling. This can talpgto ~2 Hrs. The Nitrogen flow

was maintained at ~1slpm during this step.

f) Upon cooling, the samples can be gently pulledoduhe furnace and stored in

a specimen box. The,NMlow rate is then set to ~0.3 slpm and the lidiesed.
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APPENDIX B. UNIAXIAL TENSION TESTING

B.1 INTRODUCTION

The experimental characterization of mechanicalpeites involves three
primary issues i.e. specimen preparation, forceliGgmn (or measurement) and
displacement measurement (or application). Thi@edescribes the latter two aspects
of the experimental methodology. Uniaxial tensiest twas employed to characterize the
mechanical properties of freestanding films in thisdy. This methodology has the
benefit of providing a macroscopically homogenoafodnation field. As a result, data
analysis is fairly straightforward and can be pemfed without recourse to any
mathematical assumptions. On the other hand, tengsts are very sensitive to
misalignment. Therefore, specimen alignment isitacal consideration in tension testing
(Sharpe et al, 2003). The tests were performed ruddplacement control i.e. the
specimen were deformed by applying constant dispt@nt increments with time and

the force at each displacement increment was megsur

This chapter first describes the experimental petSpecifically, the design
and utility of a test-fixture as an aid to specinaignment and handling is discussed.
Finally, the methods of displacement measuremeshf@mce measurement are discussed.
The data analysis methodology to extract stresssénath response from the measured

force-displacement response is also described.
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B.2 EXPERIMENTAL SET-UP & PROTOCOL

The experiments were performed using an INSTRON2886rvo-hydraulic
tension test system. The INSTRON machine was operasing a PC with Labview
interface. The force was measured using a 30kgNR8hd cell (AM Cells Corp.). The
variation (standard deviation) in force data wassembed to bet+l2.5 mN. The
displacement was measured using a non-contact itapae gauge (Lion Precision Inc).
The variation in displacement was observed tae®87 mm. The capacitance gauge was
used within its linear range of ~2mm. Figure B.Dbwh the calibration data of the
capacitance gauge to illustrate this point. Thécation was performed using a standard
micrometer with ~im least count. The micrometer was used to movelamiBum
target that serves as the ground for the capaeitgauge. The capacitance of the circuit
is a function of the separation. As a result, angeain capacitance results in a voltage

drop that can be sensed. The capacitor was uskdwitolts excitation voltage .

Figure B.2 below shows the two Instron platensshibuld be noted that the
loading axis in the INSTRON machine is vertical. Asesult, mounting a miniaturized
freestanding specimen, aligning it and grippinggih be a very challenging task. In order
to address this challenge, a test-fixture, showrematically in Figure B.3 was used.
Figure B.3 (a) shows the AutoCAD drawing of thet tiedure with the specimen. The
appropriate dimensions are also shown. Figure &.3l60 shows the alignment pins that

ensure that the top and bottom halves of the #xiamre aligned with each other. The
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figure also shows the spring steel ‘arms’ of tix¢éuiie. The presence of the steel arms

Imposed ‘

Displacement

Micrometer
Stationary Gauge
6 - Capacitance Gauge Calibration

9]
Displacement (microns)
w 3000 4000 5000 6000
©
2
S Calibration Factor
% 0.0052 Volts / mm
S R2 =0.999
0""‘
Vo0,
-8 - e,
M“

210 - M

+ Calibration Data o Linear Range — Linear Fit‘

-12 -

Figure B.1 Calibration data for capacitance gauge. The cidom set-up is also

shown schematically.
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Figure B.2 INSTRON 8862 Servo-hydraulic machine used for the
tension tests. The two platens i.e. upper and Ig@haen, can be clearly

seen.
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Figure B.3 (a) AutoCAD drawing of the test-fixture.
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Figure B.3 (b) Test-fixture in holding frame. The capacitanceggutarget

assembly side is shown.
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Figure B.3 (c)Images of the test-fixture mounted in the INSTROBRKchine, after the
holding frame is removed. The capacitive displacgngauge can be clearly seen

behind the Cu specimen.
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aids in alignment and precludes unloading of stexmergy from test frame into the

deforming specimen. Figure B.3 (b) shows the testie, without the specimen, in its

holding frame. The holding frame was made out @Xxiglas with brass screws for the

purpose of holding the fixture in place. Figure BcBshows a close-up of the test fixture

(with the specimen) mounted in the Instron machine.

The following steps were followed as a part ofékperimental methodology:

1.

The test-fixture along with the holding frame wataced under a low
magnification microscope. The grip sections of filkeure were aligned with the
crosshairs of the microscope (horizontal line “H”).

Once the test-fixture is aligned with the microseogrosshairs, the tensile
specimen is placed between the grip ends. The rmpacgauge length is then
aligned with the crosshairs of the microscope (valtine “V”).

The gripping screws are then put in place and eigéd.

The fixture + frame assembly is then moved to thetrbn machine and the
capacitance gauge is connected. This gauge mortitergisplacement between
the two grip ends of the fixture. Since the fixtisesecured in the holding frame,
any further handling should not lead to any relathsplacement between the grip
ends (or deformation of the specimen).

The test-fixture with the gripped specimen alonghwhe holder is then secured
in the Instron machine through its pin connectidnsst, the top pin connection is

made. The fixture + holding frame assembly is thkgned vertically so that the
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lower pin connection can be made. The lower Insplaten is moved up very
slowly, while monitoring the force and displacemefnce the lower pin
attachment is done, the top and bottom pins areregécsia screws. The screws
are provided so that the fixture retains its aligninonce the holding frame is
removed.

Following the attachment of the fixture + holdinmgrhe in the Instron machine,
the holding frame is slowly removed. Figure B.3 gbpws the image of the test
fixture, after the holding frame is removed, alavith the specimen.

. Once the aligned specimen + test fixture assendliniplace in the Instron
machine, the data acquisition system is startedthedeal time data from the
load cell and the displacement is recorded in& fihe data was acquired at a
sampling frequency of 1000Hz and saved at a frequeh20Hz i.e. each saved
data point was an average of 50 acquired samples.

Finally, the experiment is started using the Instrcontrol computer. The
displacement rate and the displacement ramp isetbfand the test is starts once
the machine starts moving. A displacement rateywh per sec was used for all

experiments.
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B.3 DATA ANALYSIS

B.3.1 Fixture Calibration

The test fixture used in the experiments has spstegl arms that deform as
beams during deformation. The fixture + specimemfigaration is such that the
specimen and fixture are in parallel. As a resialt, a fixed displacement increment

(A),the total force ) has a contribution from the fixtur€gxwre) and from the specimen
(FSpecime}u e.

Fl = F

A Fixture | o

+F (B.1)

SpecimerL A

The contribution from the fixture was found via exinental calibration i.e. the
fixture (without specimen) was deformed and thecdor displacement response was
recorded. All experiments in this study employe@®, 28 thick spring steel arms. Figure
B.4 shows the force — displacement reponse ofixtaré. It is apparent that the loading
and unloading response of the fixture is lineare Tixture stiffness Krixwre) is found
from the slope of the linear fit through the loagliresponse. As can be seen in Figure
B.3, the fixture stiffness is found to be 0.0035uM/ Thus the contribution from the

fixture to the overall measured force in Eq. (B:&h be written as

F = K

Fixture A Fixture

x A (B.2)
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Figure B.4 (a Image of the fixture alone, without the specintegid between the two
Instron platens using attachments pir{b) The screws for securing the attachment pins.
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The fixture was designed such that its loadingamdading response is linear within the

range of displacements envisaged in the tests.

B.3.2 Specimen response

Substituting Eq. (B.2) with the experimental fbdistiffness from Figure B.3 into

Eq. (B.1), we obtain:

F|A = KFixture x A+ I:SpecimelvA (83)
6 - Fixture Calibration
5 -
4 -
z
83
(@) . .
Lo Fixture Stiffness
K kixture = 0.0035 N/ um
27 R?=0.9998
1 -
O T T T T T T T
0 200 400 600 800 1000 1200 1400

Displacement (microns)

Figure B.5 Typical force — displacement response of the feiithout specimen).
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Upon rearrangement, the force in the specimesa gaten displacemem, can be

found as:

FSpecimeLA = F|A - KFixture x A (B4)

Figure B.5 graphically illustrates this procedurdlioed in Eq. (B.3) and (B.4).
Figure B.4 (a) shows the total measured forceyfextr specimen) in the loading as well
as unloading regime. At the outset, the speciméoriahs elastically. Eventually, plastic
deformation commences and the overall force digphmnt response (fixture +
specimen) becomes non-linear as seen. Finallyuieds observed in the specimen and
the total force begins to drop as the specimenugifdloses load carrying capacity.
Finally, upon complete rupture in the specimen,ltaling response coincides with the

fixture response alone.

A linear fit to the force — displacement responsard) the unloading regime is
used to find the fixture stiffness for every rursitg Eq. (B.4), the force in the specimen
is calculated. Figure B.5 (b) shows the specimercefo- displacement response

calculated from the data in Figure B.5 (a) using (Bg).

The next step in the data analysis methodology abtain the true stress — log
strain response of the specimen from the forcglali®ment response. Log straim)(

can be calculated from the imposed displacenierds follows
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Figure B.6 (a) Typical force — displacement response of fixtuigpecimen
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Eq. (B.5) assumes that the strain is distributeiiormly over the entire gauge

length of the specimeri,,. This equation neglects the contribution from $pecimen

shoulders, as shown in the specimen geometry iar&i§.6. Figure B.6 (a) shows the
specimen geometry used in this study. Figure B)6sflmws the strain distribution as
obtained via FEM analysis. As a result of the stdistribution due to the shoulders, the
‘actual’ strain in the specimen gauge length isdothan the ‘theoretical’ strain predicted
by Eg. (B.5). Figure B.6 (c) schematically illuse®a strain distribution. FEM analysis
was employed to calculate a calibration factorradteounting for the shoulder geometry.
Copper was modeled using deformation plasticitye €lastic reponse was modeled with
E = 120 GPa and = 0.3. Figure B.7 shows the FEM strain distribatiesults for
different levels of macroscopic displacement iheotretical straings. The actual strain,
€ac Was obtained by extracting the log strain at $menbdal points along the specimen
gauge length. The coordinate system for the specisishown in Fig. B.6 (b). Figure
B.8 shows the strain calibration equation obtaifnech the FEM results. It is seen that in
until a macroscopic theoretical strain of ~ 0.3% elastic response, the actual strain is
about 1/4' the theoretical strain. For theoretical straingamel 0.3%, the actual strain is

about 68% the theoretical strain.
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This strain calculation methodology was validated ¥EM as follows: the

modeled behavior of copper (from deformation ptatstimodel) was compared with the
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Figure B.7 Typical strain distributions as obtained via FEMhe theoretical distribution
(based on Eq. (B.5) is shown as the black line. d¢taal distribution, based on log strain

extracted at different nodes along the specimege@#ngth is also shown.



234

0.02 4 |=—Small Strain ( 0 - 0.3 %)

Large Strain (0.3 % - 3 %)

0.018 +
0.016 +
0.014 -
0.012 -

0.01 -

€ac=0.6828 x &,
0.008 +

Actual Strain

0.006 -

0.004 -

0.002 - €ac = 0.2395X gn

0 0.005 0.01 0.015 0.02 0.025 0.03
Theoritical Strain

Figure B.8 Results of strain calibration via FEM analysisdiéferent equation, via
linear fit, is obtained in the elastic region (~%.3train). In the plastic region, the

slope between actual and theoretical strain isddorbe 0.68.
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stress-strain behavior obtained via data analysim fthe force — displacement data
obtained from FEM. The tensile specimen was modaledg with the test fixture. The
spring steel arms were modeled using typical elgstrameters from spring steel. Firstly,
the theoretical strain in the specimen was caledldtom the imposed displacement in
the FEM model. The actual strain was then calcdlftem the theoretical strain using
the calibration equation given in Figure B.8. Fnathe true stress was calculated from
the engineering stress (using FEM force data aerdspiecimen cross-section) and the
actual strain. This calibration was performed fatures with 25@m thick arms as well
as 50@um thick arms. The strain calibration constant foa$ strains, as shown in Figure
B.8 was used in the elastic region, while the lasiain constant was used in the plastic
region. As can be seen in Figure B.9, the truesstrelog strain response of the Cu film
extracted from FEM force — displacement data agveegswell with the modeled stress —

strain response for Cu in the FE model.

The true stress — log strain response of the sgecimas obtained from the force
displacement response shown in Figure B.5 (b) ugimg methodology outlined
previously, and validated using FEM. Figure B.10w$ the specimen’s stress — strain
response. The elastic modulus was calculated a39G®a, which agrees very well with

theoretical elastic modulus of Copper.
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Figure B.9 The true stress-log strain response of the specartacted from the FEM
force-displacement data is compared with the made&havior for Copper. Results for

both 25m arms as well as 50t arms are shown.
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