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INVESTIGATION OF THERMAL CONDUCTION IN MICROCONTACTS
CREATED BY INDENTATION

SUMMARY

Thermal contact conduction has been investigated on different scales for many
practical and scientific motivations in the literature. Demands for engineering the
interfaces are increasing for accurately managing the contact mechanics and heat
transfer with miniaturization of the electronics devices. In this study, microcontacts,
that are created by indentation, have been investigated with experimental, simulation,
and analytical works. The spreading resistance perspective of the disc constriction case
has been extended for the studied highly plastic microcontacts of indentation.

Creating the microcontacts and investigating the conductance through them had
been realized by indentation of metallic surfaces by specially prepared diamond
micro-particles/indenters. Thermal measurements had been realized by mounting
thin thermocouples on diamond tips. The experimental setup is home-built with
commercial piezo, motor, DAQ utilities, and other miscellaneous devices. PC User
Interface and Intercessor Microcontroller Unit had been programmed to properly
manage to conduct experiments.

Furthermore, to measure the resistance, we employed an oscillatory experimental
procedure and lumped analysis of transient heat transfer. The application of
oscillations at different indentation depths has enabled us to extract the RC behavior of
the microcontacts created by high plastic deformation. Therefore, the time constant of
the contacts can be obtained. Additionally, we could find an effective measure of the
thermal diffusivity of the contact through the diamond tip by fitting the change of time
constant to depth with the proposed modified constriction models.

Moreover, to analyze and predict the change of the time constant with respect to depth
and load, several simulations and calculation work had been pursued. The increase
in the contact area by indenter penetration into the sample has been concerned to
be suppressed by gradient occurrence along the tip-sample contact. Moreover, with
help of the simulations, we deduced the effect of plasticity such as pile-up on the
improvement of the indentation contact for the heat transfer can be effective.

Consequently, for the first time, we conducted the periodic contact procedure for the
thermal contact of single micro asperity of indentation. The periodic experimental
procedure and fin efficiency application to spreading cases for single microcontact are
unique parts of this work.

Results with the diamond tip on three different metallic samples showed that the
gradient occurrence along the indentation contact can be analyzed with the fin solutions
of the literature. Experimental results were fitted properly to a unified function of
conic fin and spreading resistance functions. In addition, parameters of the fits can be
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deduced for the conductivity and interface conductance. However, state of the results
are not sufficient to exactly determine the contact and material parameters due to need
for exact parameters for transient analysis and, uncertainties in the properties of the tip
and samples.

With help of more precise thermal measurements and indenter systems, this
experimental procedure may provide further advances and ease in the investigation
of the thermal contacts of many different materials and scales. In addition, for the
solid-state thermal interface materials solutions, we deduce that investigation of the
geometry optimization for pressure and heat transfer as indicated in this thesis would
provide insights into the bottlenecks of the contact heat transfer. Specifically, the
gradient occurrence and its effectivity on the overall contact heat transfer should
be taken into account for the indentation contacts while improving the contact by
plasticity.
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GIRINTI ILE OLUSTURULMUS MIiKRO OLCEKLI TEMASLARDA
ISIL ILETIMIN INCELENMESI

OZET

Isil temas direnci, farkli sicaklikta tutulan iki cisimin birbirine dokundurulmasiyla
ara-yiizeyde meydana gelen ani sicaklik diisiisiiniin gecen 1s1 miktarma orani olarak
tammmlanir.  Biiylik Olcekli temastaki 1s1l direng, mikro Ol¢ekte katilarin birbirine
gercekten temas edememesinden kaynaklanir.  Ciinkii yiizeyler mikro oOlcekte
piiriizliidiir, ve genellikle temas eden yiizeylerdeki c¢ikintilar biitiin yiizeye oranla
sadece %1’lik bir gercek temas yiizeyi olustururlar. Yani, biiyiikk Olcekte temas
eden cisimlerin goriiniir temas yiizeyi genellikle bosluklardan olusurken gercek temas
noktalar1 ise 1s1l daraltma/yayilma direncine maruz kalir. Bunun yaninda, 1sil sinir
direnci olarak isimlendirilen gercek ara-ylizey (atomik 6lcekli) temas direnci ise temas
eden katilardaki enerji tastyicilarin farkliligindan meydana gelir ve daralma direncine
gore genellikle 3-5 mertebe daha kiigiiktiir.

Dolayisiyla, biiyiik olgekte genellikle daralma direncini olusturan yiizey girintileri
ve bu girintilerin mekanik bozunum ile degisimleri incelenir. Isil daralma ya da
yayilim direnci, farkli sicaklikta tutulan katilar iizerinde bir boyutlu gerceklesen
151l iletimin, temas yiizeyindeki girintiler iizerinden aktarimi sirasinda, girintiden,
girintiye nispetle sonsuz yar1 ortam gibi goriilebilecek katt malzemeye gec¢isi sirasinda
aniden iki boyutlu 1s1 iletimine doniismesi sonucu ortaya c¢ikar. Cesitli geometri
ve sinir kosullart i¢in ¢oziimleri olmakla birlikte temas direnci agisindan, geometrik
benzerligi nedeniyle, genellikle yari-sonsuz yiizey iizerinde sonlu bir dairesel alanda
sabit sicaklik ya da 1s1l akim tutulan ¢oziim kullanilmaktadir.

Literatiirde biiyiik Olgekteki 1s1l temaslarin yukarida belirtilen bakis acisi ile
yapilagelmis bircok arastirmasit mevcuttur. Fakat, bilhassa mikro elektronik cihazlarda
birim alana diisen islemci sayisindaki artis ile giiniimiizde mikro ve nano 6lgekte
1s1] iletimin incelenmesi elzem olmustur. Zira birim alanda islemci sayisinin artisi
uygun sogutma diizenegi olmaksizin atil kalacaktir. Islemci sogutmada geleneksel
yontem, yonga ile sogutucu metal ara-yiizeyinde termal macun kullanimi ile temasin
gelistirilmesi ve yiizey kusurlar1i dolayisiyla olusan bosluklarin doldurulmasidir.
Ancak, termal macunlar hem artan 1s1l iletim ihtiyacinda hem de bazi sira dis1 kullanim
alanlarinda (uzay teknolojileri gibi) yetersiz kalmaya baglamistir. Nitekim macun
teknolojisi yerine yeni nesil kati hal arayiizey malzemeleri arastirmalar1 giiniimiizde
hiz kazanmistir. Kat1 cisimlerin arasinda iyi iletken mikro pargaciklarin (elmas vb.)
yerlestirilmesi ya da yiizeylerin bilin¢li olarak istenilen girintiler ile diizenlenmesi gibi
yontemler ‘kuru temas’ veya ‘tak-cikar’ temaslar i¢in gelistirilmektedir. Dolayisiyla
bu calismamizla, bahsedilen bilimsel ve teknik motivasyonlarla tek bir mikro 6lgekli
girintinin iizerinde oldugu yiizeyi bozarak i¢ine girmesi durumunun 1s1l temas iletimine
katkis1 aragtirtlmasgtir.
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Literatirde metal-metal temaslarinin incelenmesi genellikle yiizey ¢ikintilarinin
ezilerek yayilmasi durumuna odaklanmigtir. Fakat, biz bu caligmamizla, tek bir elmas
cikintinin metal ylizeyde girinti olusturmasinin sonuglarini incelemeye odaklandik.
Aslinda her iki yaklasim da goriiniir temas alanindaki bosluklar1 kapatmak i¢in, yiizey
girintilerinin kuvvet uygulanarak daha cok alana temas etmesini inceler. Ancak,
girinti derinligi artirilarak temas alanini arttirmak temas derinligi boyunca bir 1s1l
meyile sebep olabilir. Bu 1s1l meyil, 1s1 gecisi calismalarinda daha cok kanat
etkenligi baglaminda calisilmistir, ve biz de u¢ geometrimiz i¢in uygun olan etkenlik
fonksiyonunu bu calismalardan 6diing aldik. Ote yandan, yiiksek derecede kalict
mekanik bozulmaya neden olan, girinti olusturarak alan artirmanin 1s1l temas iletimi
acisindan yararli olacagi durumlar da vardir. Mesela, girinti boyunca olusan taze yiizey
boyunca siki-uyumlu mekanik temas elde edilir. Ayrica, kalic1 bozunum dolayisiyla,
girinti yapilan malzemedeki sikigsmalar, yiizeyden iceri gocmeye ya da yiizey disina
yigilmaya sebep olabilir. Yiizey disina yigilma durumunda, girinti derinliine ek bir
temas alami elde edilmis olur. Yigilmanin yiizey disinda olusmasinin 1s1l meyilden
dolay1 olusabilecek iletim etkenliginin diisiisiinii de azaltabilecegini dngdriiyoruz.

Velhasil, bu arastirma ile tek bir mikro uzantinin temas ettigi cisimde olusturdugu
esnek ve kalici hasarin 1s1l iletimi nasil degistirdigi incelenmistir.  Bahsedilen
incelemenin deneysel olarak gerceklestirilebilmesi icin bir Girinti Cihazi (Indenter)
inga edilmigtir. Cihazimizin kullandig1 hazir alinmig piezo, motorlar ve veri toplama
birimini diger birtakim sensOr ve aragla beraber uyum icinde kullanabilmek i¢in,
mekanik tasarim ve yapima ek olarak, gerek kullanici arayiiz programlamasi gerek
aract mikroiglemci programlamasi uygun elektronik kart tasarimi ile beraber Labo-
ratuvarimizda yapilmustir. Dolayisiyla, cesitli deney usul ve yontemleri temas iletimini
farkli derinliklerde girinti olustururken inceleyebilmek i¢in diizenlenebilmistir.

Baglica uygulanan deney usulii gecici rejimde temas zaman sabitini ve dolayisiyla
temas direncini ¢ikarabilmek i¢in girinti olustuktan sonra girinti yoniinde kare dalga
seklinde salinimlar uygulamaktan ibarettir. Bahsedilen kare salinimlar marifetiyle,
devinim halinde ani temas kurulumu ve temasin bozulmasi (ug ile 6rnegin ayrilmasi)
siirecleri es siireli olarak gerceklesir. Dolayisiyla, belirli bir siire boyunca degismeyen
temas alan1 ve onu takip eden belirli mesafede temassizlik siirecleri elmas uca
yapistirdigimiz termokupl tarafindan sicaklik degisimi olarak olgiiliir. Deneylerimizde
genel olarak sicak bir ornek ve gorece soguk bir u¢ kullandigimiz g6z Oniinde
bulundurulursa; temas siirecinde 1sitnma ve ayrilik siirecinde soguma zaman sabitlerini
sicaklik olgiimiinii iistel doyum fonksiyonuna uydurarak buluruz. Ustel doyum
fonksiyonunu kullanabilmek icin, ge¢ici rejimde toplam kiitle yaklagimi ug-6rnek 1s1l
temas iletiminin ylizeyden tasinima benzetilmesi suretiyle uyarlanmistir. Toplam kiitle
yaklagiminin gegerliligi ise yiizeyden olan 1s1 iletiminin ucun i¢inde gerceklesenden
en az bir mertebe daha kiiciik oldugu denetlenerek belirlenmistir (Biot yasas1). Yani,
ucun icinde sicaklik de8isiminin aniden topluca oldugu ve ug igerisinde bir 1s1l meyil
gerceklesmedigini varsayiyoruz.

Deney sonuglari, uyguladigimiz deney usullerinin temas iletiminin temas derinligi
ile degisimini ortaya ¢ikarmaya yetkin oldugunu gostermistir. Deneylerimizi cesitli
derinliklerde ¢ok sayida salinimlar uygulayarak yapmamizin asil nedeni, termokupl
Olclimiiniin temas eden mikro parcacigin sicaklik farkini 6lgmede yeterli ¢oziiniirliik
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verememesidir. Literatiirde daha 6nce de biiyiik 6l¢gekte uygulanmis olan periyodik
temas deney analizlerine dayanarak, ucun sicaklifinin yari-kararli rejimde oldugunu
varsayariz. Dolayisiyla, her bir temas derinliginde uyguladigimiz bir¢ok kare dalga
salinim1 periyodik ortalama alarak tek bir diisiik belirsizlikli iistel doyum ve yokolum
verisine doniistiirmiis oluruz. Ortalama almanin yararli etkisi yaninda, temasimizin
ilk stireclerinin heniiz yari-sabit rejime gelememesi beklenebilir, fakat baslangigtaki
gecici rejim toplam salimim siiresine nispetle 6nemsiz kalir. Yine de, daha yiiksek
cOziiniirliikli sicaklik 6l¢iim aygitlariyla her bir temas ve ayrilik devinimi ayri ayri
incelenebilseydi arastirmamizi periyodik temas direnci ve kuvvet deviniminin temasa
etkisi gibi alanlara genigletebilirdik.

Sonug olarak, anlatilan deney usulleri ve veri analiz yontemleri ile kesik koni seklinde
bir elmas u¢ ile Aluminyum (Al), Altn (Au) ve Bakir (Cu) ornekler iizerinde
derinlige bagl zaman sabitleri elde ettik. Elde ettigimiz zaman sabitlerinin yukarida
acikladigimz temas direnci modellerine uyumlulugunu da test ettik. Ilk olarak,
kullandigimiz toplam kiitle yaklasiminin genel kullanimi sabit bir iletim katsayisi ve
alana bagli oldugundan, alan ile lineer bagl bir 1s1l temas iletimi denenmistir. Veriyi
temas alanina uydurdugumuzda, uyum katsayisi olarak 1s1l kiitle ve temas direncinin
carpim sonucunu elde ederiz. Fakat bekledigimiz gibi, alana bagli uydurma olg¢iilen
temas zaman sabitlerinin derinlik davranigin1 dogru vermede yetersiz kalmistir. Ciinkii
bahsettigimiz daralma direnci ve 1s1l meyil baskisi, termal iletim katsayisinin derinlikle
degistigini gostermektedir. Ayrica, alanla uydurulan sabit yiizey iletkenligi sonuclari,
elmas ug i¢in genel temas alaninin toplam alan oranina %1 iken E+4 mertebesinde
ortalama iletim katsayis1 degerlerini ortaya cikardi. Bu sonuclarin literatiir degerleri
ile uyumlu oldugu goriilmektedir.

Ardindan, ylizey istiindeki daralma direnci tip boyunca uygulanarak daha uygun
fonksiyonlar tiiretilmistir. Ocelikle 1511 meyil baskisinin olmadigi durum verilere
uydurulmaya caligilarak etkin 1s1l temas yayilim katsayist ortaya ¢ikarilmistir. Isil
yayilim katsayis1 bulabilmemiz, zamana bagli deney sonuglarini yorumlamak icin
de uygun olmustur. Ucun kesik koni olmasi nedeniyle, zaman sabiti verileri
konik ve silindirik etkenlik fonksiyonlar1 ile degisime ugratilmis daralma direnci
modeline de uydurulmaya calisilmistir.  Ozellikle, konik etkenlik fonksiyonunun
uyum sabitlerinden geri tiirettigimiz 1s1l iletim sabitleri elmas ve metallerin harmonik
ortalama degerlerine yakinligi ile dikkat ¢ekmistir.  Bunun yaninda, etkenlik
fonksiyonunun uyum katsayilar1 ise dolayli olarak arayiizeydeki gercek -atomik
Olcekli- iletime dair fikir vermistir. ~ Arayiizey i¢in bulunan katsayilar mertebe
olarak literatiir verileriyle uyumlu ¢ikmugtir. Sonuclar, silindirik ve konik verimlilik
fonksiyonlar1 icin sirastyla E+8’den E+13’e kadar kullanilan uyum fonksiyonuna
gore degisen cok yiiksek iletkenlik degerleri gostermektedir. Bu sonuglar da en
azindan mertebe olarak hem hesaplama hem de literatiirdeki deneysel caligmalarla
ortiismektedir.

Zaman sabiti sonuclar1 ve yukarida bahsedilen fonksiyonlara uydurulmasi, Al, Cu ve
Au olarak en diisiikten en yiiksege dogru temas iletkenlik siralamasi vermistir. Bununla
birlikte, yiiksek plastik girintili kontaklarda, sadece daralmanin harmonik iletkenlik
resmini dikkate almak yeterli degildir. Ozellikle bakirin altindan yaklasik iki kat daha
yiiksek sertligi olmasi dolayisiyla altin-elmas temasinin daha uyumlu oldugunu, ve bu
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nedenle altinla yapilan deneyler icin daha diisiik zaman sabiti degerleri elde edildigini
oneriyoruz.

Deneysel incelemelerimize ek olarak, bir ucun ezilerek yiizeye genislemesiyle katinin
icinde oyuk olusturmasinin 1sil iletkenlik agisindan farklarimi kavrayabilmek icin
birtakim analitik hesaplar ve sonlu elemanlar analizleri (ABAQUS programu ile) de
yapilmistir.

Hesaplama ve simiilasyon sonuglari, gradyanin meydana geldigini ve yiiksek arayiiz
iletkenligine sahip girintili mikro 6l¢ekli baglantilar icin etkili oldugunu gostermistir.
Buna bagli olarak, girintinin termal kontaklarina verimlilik fonksiyonunun dahil
edilmesinin dogru bir yaklagim oldugunu ve zaman sabitlerinin deneysel sonuglarinin
uyumlandirildig1 model fonksiyonlarin simiilasyon ve analitik hesaplama desteklerine
sahip oldugunu vurguladik.

Kontaklar icin bahsedilen etkinlik resminin olusturulmasina destek saglamanin
otesinde, simiilasyon ve hesaplama sonuglar1 ile en etkili girinti temas derinligi ve
sekli bulunmaya calisilmistir. Elastik rejim hesaplamalari, daha genis koni agisinin
hem basin¢ minimizasyonu hem de termal gradyan azalmas i¢in genellikle daha etkili
oldugunu gostermektedir. Ancak simiilasyonlara plastisite dahil edildiginde, y181lma
olusumu nedeniyle daha keskin koninin basing durumu i¢in daha etkili oldugu bulundu.
Daha 6nemlisi y181in olusumu, temas yiizeyinin tabaninin tizerinde fazladan temas alani
olusturdugu icin 151l meyil i¢in de yararh olabilir, bu nedenle termal temaslarin mikro
Olcekli mithendisligi bu yiiksek plastisite etkileri ile degerlendirilmelidir.

Ek olarak, daralma/yayilma direnci temas c¢iftlerinin iletkenligini bastirmaya bagla-
madan 6nce, mitkemmel uyumlu silindirik girintinin degisen iletkenlik simiilasyonlari
ile, Oncelikle gradyan olusumunun iistesinden gelinmesi gerektigini bulduk. Bu
nedenle, termal temas iletkenligini artirmak icin ylizey uzantilarinin olusturulmasi
sirasinda, elmas ve metalde oldugu gibi 6zellikle yiliksek kaliteli arayiizler i¢in ugta
gradyan olusumunun etkisi hafife alinmamalidir.

Nihayet, kanat benzerliginin girintinin termal temaslarinin yorumlanmasinda kul-
lanilabilecegini ve de kullanilmasi gerektigini gordiik. Mikro Olgekteki tek piiriiz,
bu benzersiz yaklagim ve yeni salinimli deney tasarimi ile arastinlmisti.  Bu
caligma elmas-metal kontaklardan olugsa da Onerilen deneysel prosediir herhangi
bir kontak cifti i¢in uygulanabilir ve literatiirle karsilagtirilabilir.  Takip edilen
veri analizi, kontagin temasi veya ayrilma sirasi icin giivenilir tek termal zaman
sabiti saglamaya odaklanmigtir. Bununla birlikte, sicaklik 6l¢iim ¢oziiniirliigiindeki
iyilestirmelerin yardimiyla, farkli girinti derinliklerinde bir¢ok yari-sabit durum temas
cevriminin ortalamas1 yerine her bir temas ¢evrimini ¢ikarabiliriz. Ayrica, bahsedilen
tyilestirmelerle, 1s1l temas iletkenlik tahminleri i¢in deneylerin (yavas) girinti kisimlari
ve (kare dalga) darbe etkileri de ¢ikarilabilecektir.

Neticede, devam eden arastirma calismalarina birakilan birkac konu vardir. Ik
olarak, mekanik ozellikleri dogru bir sekilde dl¢mek icin girinti daha dogru olmali
ve Girinti Cihazi esnekligi azaltilmalidir. Daha da Onemlisi, cogunlukla cihaz
esnekligi sorunlarma bagl olan girinti derinligi belirsizligi azalulmalidur. Ikinci olarak,
deneylerin termal 6l¢tim kismi daha hassas cihazlarla veya tezde belirtildigi gibi elmas
iizerinden dogrudan ol¢iim ile gerceklestirilebilir. Deney diizenegimizin ug sicakligi
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izerinde heniiz bir kontrolil yoktur, ve ug¢ sicaklig1 sadece ortam ve numune ile temas
arasindaki termal denge ile belirlenir, belirli bir girinti seviyesinden sonra, deney
sonu¢larinda da goriildiigii gibi ¢oziilebilir veri elde etmek imkansiz hale gelir. Bu
sorun, uca miimkiin oldugunca yakin bir sogutucu takilarak kismen ¢oziilebilir, ancak
bu prosediir ve diizenek yoluyla nihayetinde Ol¢ciim yapmak icin bir sinir olacaktir.
Ancak, sadece bir diislince deneyi olarak, tiim ucu {izerine bir sogutucu koyarak ve
numuneye gomerek, ardindan sicakligi dogrudan uctan 6lcmek (mesela elmas ucta
NV merkezleri aracilifiyla), temas direnci Ol¢iimleri adina bazi sonuglar verebilir.
Gercekten de benzer durumlar ABAQUS simiilasyonlar: aracilifiyla gosterilmistir.
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1. INTRODUCTION

This study includes investigations of contacts at microscale with an emphasis on
heat transfer occurring through them, in order to gain insight into thermal contact

conductance (TCC) for high plastic deformation.

Thermal contact resistance (TCR) -the inverse of TCC- is responsible for the sudden
change in temperature at the contact surface of two bodies. Contacts have many aspects
for investigation ranging from pure geometrical to pure mechanical considerations.
Towards nanoscale, the variation of the energy carriers is also an intriguing study
area to explain and model the contacts accurately. At that scale, TCR is named as
thermal boundary resistance and should be investigated with the help of electronic
and phononic energy transfer mechanisms in solids. On the other hand, conductive
heat transfer also can be modelled as many adjoining tiny contacting bodies with a
thorough atomic-scale investigation of contacts [4]—[8] which is beyond the scope of

this thesis.

From a macroscopic perspective, the TCC is modelled as a sum of many heat transfer
channels that exhibit spreading (constriction) resistance. It is the prominent model
used in the heat transfer engineering community because contact resistance -at least
for macro scale- is perceived to be arising from contact flaws. Hence, one can
argue that flawless contact should not show any resistance, so it is due to poor
contact. In this respect, the model of surfaces should be studied with various surface
deviation parameters and deformation of asperities due to load application [9]. For a

demonstration of contacts at different sizes, see the Figure 1.1.

Even though thermal contact conduction is a widely studied subject in different
scales with the general help of contact mechanics in the analysis [6,10]-[13]; the
high plasticity effects are not clearly understood. Furthermore, there is a lack of
comprehensive investigation at a single micro-contact level beyond the statistical

approach to contacting surfaces with many contact points.
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Figure 1.1 : Models of intimate contacts from macro to atomic scales are illustrated.

In addition to scientific motivation, determining thermal contact conduction parameters
has become vital for the engineering of small-scale interfaces. Thermal management
is a $44.75B per annum business and expected to reach $62.45B in 2026 [14],
involving equipment and manufacturing processes designed primarily to cool devices
as they operate. Perhaps most famous in the computer CPU industry, the ability
to efficiently remove heat is a leading factor governing advances in the processing,
storage, and transmission of information by electronic means [15,16]. Even though
the increase of processor density in microchips tends to comply with Moore’s
Law, these high densities of processors become unserviceable without sufficient
thermal management due to overheating [1,17]. Hence, investigating new designs for
Thermal Interface Materials (TIMs), which are systems intended to overcome thermal
conduction bottlenecks at the rough interfaces and joints between thermal management
components, is one of the motivations of this thesis. The increase of heat generation

and the increasing number of processors by years are demonstrated in Figure 1.2 [1].

The mentioned need for the rapid and efficient cooling need of electronics has led to
many designs and material developments in the industry. The well-known solution is
thermal pastes to fill the gaps in the contacts. However, sandwiching materials with
fillers that provide higher conductivity than air lacks the needs of the industry, for
specific cases such as for high-temperature applications and pluggable devices [18].
Especially for the plugs, many contact-separation cycles are required with high heat
conduction in optoelectronics and fiber-optics industries [18]-[20]. To meet the dry
contact needs, several elastic [19]—[21] and elastoplastic [18] contacts have been tried

in recent years.
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Figure 1.2 : Demonstration of increase by years of Intel MCUSs’ transistor number
(blue) and maximum generated heat by processor (red) (Thermal Design Power)
(Graph is taken from [1] that is obtained data from Intel).

Furthermore, transient and oscillatory investigations of contact conductance have
unique importance in some applications such as machining processes of materials
[22,23]. Local rapid heat production has become a bottleneck in many practical issues.
Hence, analyzing the forming stage of contacts at different materials may reveal exact

parameters for the machining process itself and developing tools for it.

Therefore, we investigated the thermal transport in a novel way through a single
microscopic contact under increasing load. Investigations have led to a new apparatus
designed to measure thermal flux under conditions of elastic-plastic contact to high
strain. An oscillatory (or “AC”) method to determine the thermal contact resistance
as a function of tip penetration has been developed, which is particularly novel
under conditions of plastic flow in the metal substrate. Although conduction has the
dictionary definition of the transfer of energy through bodies without moving them,
we are always in quasi-static condition while doing indentation and even in square
wave oscillatory measurements. More importantly, the TCC of the contact had been
extracted for a constant contact depth with abrupt contact formation by square waves.

Hence, we have distinctly observed the conduction heat transfer through the contact.



Mainly, for the purpose of this thesis, thermal contact resistance of micro contacts
was aimed to be extracted via temperature rise of a cold tip due to indentation
of hot material with the aforementioned oscillatory method. Therefore, a tabletop
nano/micro-indenter has been constructed, and transient measurement procedures have
been developed to study the emergence of the thermal contact conductance at the
incident of forming the micro-contacts. Moreover, computational methods have been
employed to optimize the mechanics and geometry of the heat transfer channels and,
analytical optimization of channel length and geometry have been investigated by using

similarity of the channels to fin problem.

Estimation of the resistance through the oscillatory indentation process needs a
transient analysis of temperature change. The utilized time-dependent thermal model
can be easily depicted as an analog of charging a capacitor by a battery with a resistor.
It is known as the lumped model in heat transfer studies which mainly considers
convection parameter through a surface as resistance [2]. However, we have considered

contact resistance as the relevant resistance of the lumped system.

1.1 Lumped Analysis of Transient Heat Transfer

The lumped model has been used for transient experimental data fitting. This model
counts on only surface heat transfer through a body abiding by Newton’s cooling
law and assumes an infinite conductance in the body. However, firstly, the internal
temperature gradient should be examined whether it is effective or not. This relative
internal heat transfer speed is known as Biot number, which is the ratio of surface

conductance (hA) to body conductance (kA/L):

hL
Bi=— 1.1
i=— (1.1

To use lumped analysis, generally, Biot number should be smaller than 0.1 [2]. Yet, for
the sake of our experiments that have variable contact areas for surface conductance:

_ heAc  hemd®tan(0)/cos(0)  hed?

Bi = = =
"TrA/L kLmtan?(9) kLsin(0)

(1.2)

for a conic indenter with half angle 6, tip height of L, tip conductivity of k, contact

conductance (to be found) /. and indentation depth of d. Therefore, the last derivation



would provide a quick test for accuracy of using Lumped Analysis for a certain

conductance calculated at a certain indentation depth.

Then, after showing the validity of the conducting lumped model with the Biot number,
we may continue to write the energy balance equation at the surface with the help of

Newton’s cooling law for surface conductance,
0O = hAAT (1.3)

s0, a simplified form of continuity equation can be written as:

dAT
C VTR hAAT (1.4)

Finally, a function can be found by inserting initial and boundary conditions as;

—t
T(body,1) =Ty + AT (1 —exp ) (1.5)

Here ‘C’ is defined as the heat capacity of the tip and ‘R’ is the surface heat transfer

resistance, so the time constant can be defined as

T=RC (1.6)

The result of the one of the experiments is given in Figure 1.3 as a generic temperature
rise and decay curve of indenter tip for a 500 mHz oscillation of tip indented into the

sample.

Because the lumped analysis has been used, the time constant is the product of a
constant capacitance and resistance as mentioned. There should not be any significant
gradient in the body of the probe, so the heat transfer just occurs through surfaces.

Newton’s cooling law can be used to write the contact resistance with the following:

AT

R 1.7
0 (1.7)
SO,
R— ! (1.8)
 heA, '

As evident in the equation, there are slight differences from the well-known

cooling/heating body by immersing it in a fluid. First, it is not the whole area but
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Figure 1.3 : Averaged cycles of tip temperature rise and decay with respect to a 500
mHz square oscillation contact is shown.
the contact area. The contact area stays nearly constant for cyclic contact at one indent

level but, going deeper into the surface will increase it with such function:
A. = Bd? (1.9)

because, for the conic type indenters contact area increases quadratic with depth with
respect to a multiplication factor § depending on half angle. However, this equation
should be adjusted for the different shapes of the indenters. If we assume a constant
contact conductance (h,, then time constants 7 in eq.(1.6)) that are obtained by fitting

to experimental results become:
C

" heAc

After that, we should try to understand how the contact conductance behaves while

T

(1.10)

contact depth is varied.

1.2 Thermal Contact Conductance

For steady-state, there is an abrupt change in temperature at the interface due to contact

resistance, similar to Figure 1.4.
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Figure 1.4 : 1D temperature distribution of contacting bodies is plotted for steady
state conditions: T1 is the boundary temperature of the first body and S1 is the contact
temperature of it while contacting the second body with boundary and surface
temperatures of T2 and S2 respectively. Corresponding resistance calculations are
shown on the figure for the first body, contact, and the second body as R1, Contact
Resistance and R2.

Although it is well-known that energy carrier alternation is the source of the resistance
of contacts, for practical reasons it is assumed that there is not any resistance intrinsic
to the contact in a large number of studies [10,24,25]. Instead, when contact is accepted
to be perfect, the contact resistance has been related to the flaws of the surfaces that

prohibit getting them into contact. Therefore, there are many investigations of surface

roughness and waviness for analyzing the contact surfaces and heat transfer.

However, if there were not any resistance belonging to contact, the difference
between the real contact area to the apparent area would not be enough to define
any contact resistance. If the heat could pass through many channels without
encountering any resistance, there would not be any apparent resistance yet. Indeed,
those many “perfect” contact channels are subjected to resistance due to the abrupt
increase of dimensionality of heat transfer. This phenomena is widely studied for
non-dimensionalizing the 2D heat transfer from a finite source to infinite body with
shape factors for various geometries [25]-[27]. The shape factor ‘S’ is defined through

deriving non-dimensional steady heat rate as [2];

0 = SKAT (1.11)



s0, a 2D resistance is obtained in terms of shape factor with resistance definition in eq.

(L.7);
1

TSk

here the ‘k’ is the infinite body’s conductivity. Moreover, generally the simplest case

Ryq (1.12)

of an isothermal disc boundary on the surface of a semi-infinite space has been used in

TCC studies with a shape factor [9,11]:
S=4a (1.13)

where ‘a’ is the radius of the disc which is depicted in Figure 1.5.

T
AT=T, -T. 5 - °

Figure 1.5 : Disc shaped temperature boundary condition (7p) with radius a on half
infinite space of temperature 7. is illustrated.

Using resistance definition in eq. (1.7) below formula has been derived (see full
derivation specially for contact case in [11]) for a uniform temperature distribution

of a disc of radius ‘a’ on a semi-infinite medium with conductivity k:

1

R=— 1.14
dka ( )

Then, just making two constriction resistances in series to model contacting asperities

w n

with contact radius “a" gives:

1 1 1k1—|—k2_ 1

4kia + dkra  2a 2kiky  2ak’

(1.15)

where ki and k, are the thermal conductivity of two bodies and k' is defined as

harmonic mean of conductivity of bodies:

- 2kyky

= 1.16
ki + ko (1.16)

This 2D heat transfer to semi-infinite space is called the spreading resistance and,

a reverse perspective can be perceived as the constriction. Although this model of



contact resistance may be limited by 2D contacts, it is widely used with some factors
(constriction alleviation factors) [10,11,26,27] to obtain a conductance value of overall

surface by summation of many parallel constrictions;

p —1
R= zzk—“’)] (1.17)

"F(ai/bi

where the Ff (El) is the constriction alleviation factor and «; is the radius of of ith
i
contact channel between surfaces that can be depicted as below Figure 1.6.

Figure 1.6 : The model of contact with two disc constrictions are put into series
contact with feeding cylinders.

The constriction alleviation factor has been used for taking into account that actual
heat transfer channels are mainly fed through finite (r = b in Figure 1.6) diameter
channels rather than infinite half-space. Hence, the constriction resistance would
become smaller than presumed by the resistance of the disc shape factor (eq. (1.14))
on the infinite body, and this profit from loss is generally expressed as a function of the
ratio of the radius of contact disc to the radius of the feeding cylinder of contact. In the

literature, there are many empirical estimations for the alleviation factors [9,11,26].

After establishing this perspective of the contact heat transfer, remaining is just a
careful summation of many constrictions due to surface asperities (as illustrated in
Figure 1.7). In this manner, contact resistance can be estimated by the surface
parameters and variation of them under contact pressure. Several widely used contact
conductance formulations with the surface parameters have been explained below. The
main conductance formula is derived by using the ratio of real area to the apparent

area of contacts with the help of evaluating surface profiles in a probabilistic manner
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Figure 1.7 : Contact heat transfer through asperities of surfaces is illustrated.

to estimate coinciding asperities as [11];

1 Ky
- 2nm oF¢

exp|—X] (1.18)

where k” is the harmonic mean conductivity (see (1.16)), ¥ is the root-mean-square
(RMS) of absolute slopes of the surface asperities, ¢ is the RMS of the standard
deviation of the asperity heights of the surfaces, F is the alleviation factor and X is

a function of the ratio of real area A, to apparent area A:

2
2A
| r
erfc (A>

where er fc is the complementary error function (1 — erf). Then, several deformation

(1.19)

analysis for the plastic and elastic contacts had been derived to demonstrate the
development of the actual area with the applied load, so the contact conductance can
be given in terms of the contact pressure and the other mentioned surface parameters

such as [28]:

P 0.94
Plastic : h— 1.13°Y {—} (1.20)
o |H
P2 0.94
Elastic: h=1.55Y [i] (121)
o| Ey

where H is the hardness of the softer material, P is the contact pressure and, E is the

effective modulus of the elasticity of the surfaces that can be denoted as:

R

where E| and E; are the Young Moduli and, v and v; are the Poisson’s ratio of the

E=2

(1.22)

two contacting materials. Furthermore, some experimental correlations had been made

10



by researchers such as [29];

h

0.5
i ] (123)

T 1—FemA |H
where F is the Roess Constriction Alleviation Factor [11], A; and A, are wavelengths
of the crossed ridges and, this correlation was derived for contact of surfaces consist
of the crossed ridges [11]. In 1970 Mal’kov [30] developed a TCC relation for mean
radius of contact spots:

h:0.118k—"’[

amean

0.66
P—Cl} (1.24)

3S.
where a,,.q, 1S average radius of contact spots, S. is the compressive strength and
C1 is “micro projection” factor. This correlation works well with the low loads but,
increase in the load exponent has been seen by the increasing loads [11]. In addition,
Tien (1968) [31] introduced a useful TCC-pressure relation by using the surface and
material parameters for nominally flat surfaces:

h= 0.55’%’ {g} & (1.25)
There are many other comprehensive works on correlation factors which can be
summarized in the two main groups such that; either the load exponent is about
0.7 (0.66-0.75) or about 0.95 [11]. Lastly, in the Ph.D. thesis of Bahrami [13], it
is suggested that namely “micro" and “macro" resistances (for sphere to flat surface
contact) should be evaluated to get a total TCR by defining a joint resistance R; [11];

R‘_O.18H* (1—ag/bp)'?
! KLP 2k ar

(1.26)

where H* is microhardness, the ay /by, ratio is similar to alleviation factor ratio of radii
of contact to feeding tube with ay, here is being “macro" contact radius, and L is;
2
_ b

L= 1.27
oy (1.27)

On the other hand, we are investigating the deformation of the surface elastically
and plastically at the micro-level by a single asperity (indenter tip). Therefore,
the probabilistic approach and the 2D disc contact approach may be insufficient in
terms of contact conductance of the indenter that provides a volumetric 3D contact

shape. Therefore, fin effectiveness similarity has been conducted to assess the

11



dimensionality difference. There would be a non-negligible thermal gradient along
with the contact, which might slightly suppress the positive contribution to the
conductance of increasing contact area as increasing indentation depth. Therefore,
it would be practical to define a dimensionless efficiency function 71 to properly take

into account the yield of the area increase on heat transfer rate:
Acffeciive =AcT(d) = Bd’n (d) (1.28)

Subsequently, the constriction resistance (eq. (1.15)) can be converted to the
conductance to write the thermal time constant (eq. (1.10)) with respect to indentation
depth by writing constriction disc radius as a linear function of depth (such as “od"

for a conic indenter shape):
2k
= Ba

so, putting together the equations for 7 (eq. (1.6) and resistance (eq. (1.8)) with

he

(1.29)

inserting above derivations of effective area and contact conductance results in below

function for time constant;

C 1
= = C /
hcAeffective 2k dO”] (d)

o(d) (130)

Finally, the efficiency factor in equation (1.30) will be examined.

1.2.1 Efficiency function and fin similarity

The idea of decreasing resistance by increasing the surface area in surface conductance
studies is well known as the fin problem [2]. Here our study is similar; surface area
of contact is increased by increasing the indent depth that extends the surface while
decreasing the temperature difference along with the contact. However, establishing
a similarity between the two approaches has a drawback as the contact conductance
itself increases with the contact area (constriction decreases). Even so, the below fin
solution for the cylindrical and conical fin cases will be tried to be placed in the 7 (eq.

(1.30)).

Efficiency function for finned surfaces is derived from continuity equation with a
1D approximation for body conduction with alternating surface conduction at the

boundaries. If a body’s surface is held at a temperature different from the surrounding

12



medium, heat transfer through the surface occurs. As depicted in the eq. (1.3), the
heat rate depends on the area, temperature difference, and conductance parameter.
Therefore, protrusions (fins) need to be produced on the surface, if one needs to
increase the heat rate with a restricted base surface area and constant system parameters
(temperature difference AT ,and surface conductance coefficient h). However, the
heat transfer through the surface decreases itself by decreasing the temperature
difference between the surrounding interface and fin along with the fin extension due
to uncontrolled temperature along the length of the fin. From the equation (1.3), one
can discern the trade-off between decreasing AT along the fin while increasing the area
by the fin extension. An illustration of the heat transfer along the surface extension by

simultaneous conduction and convection can be seen in Figure 1.8.

quonvection
(

, i ,{/ Across-section
. I
dx

qx+dx

Figure 1.8 : Energy continuity of extended surface [2] is illustrated with heat (g,) is
transferred by conduction along a cylindrical fin through cross-sectional area
(Across—section) 1n @ unit length of dx while convection heat transfer (dqconvection)
occurs through side infinitesimal area (dA jjs).

There are efficiency functions for various fin geometries such as conical and cylinder
(flat punch). We will consider in the calculations and for the fit trials these two shapes.
For cylinder [2]:

tanh(mL)

3 (1.31)

Neylinder =

Lis (d + g) , where d is the depth and a is the radius of the cylinder extension, and m

is
2h

=1/— 1.32
m a (1.32)
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Thus, time constant for cylindrical extension can be written as below:

d 2
_ C‘ (d+a/2) (1.33)
tanh(ca(d+a/2)) d
where,
C |2h
- /== 1.34
T wa\ ka (1.54)
and,
2h
= /= 1.35
€2 a (1.35)
For conic geometry [2]:
2 h(md)
ne(d) = 1.36
Meane(d) = md11 md) ( )

\/7 \/ ktan (1.37)

where d is depth and a is radius of the fin that can be written in terms of the depth with
help of half cone angle 6. The I; and I, are the Modified Bessel functions of first kind at
first and second order respectively. When we look just these special functions’ graphs;
we see more rapidly increase with decreasing order of function. Hence, division of the

order of the second to the one always gives a number smaller than one.

Consequently, we may put the conical efficiency function in the time constant function

T (eq. (1.30)):

. ¢ h(evd) (1.38)

Vd h(cyv/d)

where
C h
=—| /= 1.3
U= ¥a\l Skian(0) (1.39)
and,
8h
— 1.40
= ktan(0) (1.40)

Therefore, we will seek for parameters ¢; and ¢, by fitting the experimental time
constant results to equations for cylindrical (1.33) or conical (1.38) cases due to the
shape of the indenter. Moreover, some calculations had been pursued for the analyse
of the saturation behavior in the contact heat transfer, and simulation results are also

supported for finding the transition from effective to saturated contact depth. In

14



addition, the parameters c¢; and ¢, have emerged an interesting parameter together
such as;
) k/

22— 1.41
o PO (1.41)

which is dimensionally equivalent to thermal diffusivity per volume. Hence, the ratio
of the efficiency fit parameters c; to ¢; may provide an effective thermal diffusivity for

the contact with a proportionality constant py.

On the other hand, the surface conductance coefficient (h) has been intentionally
kept as a constant parameter that is thought to be the intrinsic nanoscale interface
conductance while the contact conductance of microscale contact has determined by
spreading effect and efficiency function together for the sake of the fin similarity

context of contacts created by indentation.

In a work of Majumdar et.al. [24], the difference of increase in conductance between
the deformation of asperities and asperities deforming the surface for a macroscopic
contact case had been investigated. They found that the case of deformation of the
asperities (flattening of asperities by crushing them) is more effective than asperities
creating channels in the softer body. Then, it is related to the increase of contact area
is higher for flattening asperities than for the hard asperities indenting the soft body
due to lower load exponent for asperity penetrating case. However, the result was seen
maybe also partially affected by the fin effectiveness function as conducted above in

this study.

On the other hand, recently in a study of R.Dou et.al [18], the efficiency function of
contact fins is deduced by decreasing pressure on the sidewalls due to inclination to
the normal force. Even so, the mentioned study had examined millimeter size fins,
therefore, they could write the pressure relation for the contact (equation (1.25) was
used; just the pressure exponent of 0.85 is indicated in the paper) which is obtained
through a statistical deformation analysis of surfaces to include real to apparent area
difference as mentioned above. Besides, our work here is just the single asperity
establishes a micro contact that is one of the asperities of averaged many of the
statistical studies’. Thus, it is found tricky to use the average formula for conductance

for the sake of a single micro contact case for varying indentation depths.
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Lastly, it is important to emphasize that the mentioned gradient occurrence along
the tip should be thought to be just in a very narrow regime and, it is just to put
an alternative explanation for the saturation behavior of contact conductance. Yet,
we do not assume any significant gradient along the tip that is much bigger than the
contacting volume. Hence, the lumped analysis application for the measurement does
not contradict using the fin approach for the contact analysis as long as the Biot number
is kept small (see eq. (1.2)). The effectiveness of the gradient occurrence in contact

will be shown with simulation results too.

1.2.2 Conductance of gap

The term thermal contact conductance is generally used for the sum of solid spots’
conductance (which is explained above with constriction resistance) and conductance
of gap [9,11,32]. Unless the gaps between solid spots are evacuated, confined gas
contributes to conduction [33]. Moreover, radiation heat transfer through surfaces

occurs, but generally it can be neglected for near room temperature [11,34].

For our study, it is not intended to extract gas gap conductance parameters and,
we have not controlled the medium. However, the steady-state thermal equilibrium
before oscillatory experiments is achieved via conduction to the tip that is exposed
to convection of stable ambient air (with system isolation), and because indenters
have been held close to sample surfaces, gas gap conductance from the encountered
surface of the sample to the tip occurs. Hence, each contact and separation cycle
of periodic experiments, i.e. for a hot sample and cold tip, heating time constants
(contact sequences) are related to solid spot conductance, and cooling down (separation
sequences) time constants are related to a gap conductance equilibrium with medium
(tip holder system’s conduction and its equilibrium by convection of surrounding room

temperature medium).

Moreover, the change of time constants with respect to the contact depth depends on
the increase in the contact area and decrease in the gap at the same time. However,
indenting shallower levels, which is a small fraction of an overall tip, could allow us to
neglect the decreasing gas gap conductance term for the contact intervals. Finally, for

the assessment of the results of this thesis, time constants for the contacting periods of
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the oscillations will be interpreted as a direct measure of the thermal contact resistance
for a given indent level. On the other hand, the time constants belonging to the
non-contacting periods will be assessed for the equilibrium of the gap conductance

with medium.

Below Figure 1.9 gives a picture of the thermal system with explicit illustrations of the
tip, sample and contact resistances as gap resistance Rgg), contact resistance Rconract»
convective resistance Rc,;,,, conduction resistance Rc,,q, radiation resistance Rp, .
The sample holder, heater, tip holder and actuator resistances are indicated with their
equivalent total resistances (R, ), heat provided by heater is given as Q, generally stable

actuator temperature is given as Tycruq0r and stable ambient temperature is shown as
Tambient-
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Figure 1.9 : Electric circuit scheme equivalent illustration of thermal equilibrium is
drawn.

1.3 Mechanical Model

There are many thorough explanations of the mechanical deformation process of
indentation in literature [35]-[37]. However, for the scope of the thesis, investigation
of the contacts between generally a high modulus tip and a high plastic body (i.e.
diamond tip and copper sample, respectively) should be carried out. Hence, plastic
flow during indentation needs to be analyzed. Since there is not an easy and accurate
way to approach plastic flow analytically, we did simulations to understand this
process. Moreover, this thesis is based on a more experimental investigation of thermal
contact conductance so, mechanical interpretations are mainly made for optimizing

load versus contact area as indenting into the surface. In Figure 1.10, an indentation
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cycle is depicted with several important quantities for extracting material properties
emphasized on it. These parameters are going to be explained and used for the sake of

extracting sample properties.

Tip is Pushed Into Sample

TTip is Pulled Back

- TMlcontact. i, H
: . 1A :
: Nimpression

ot
.
K
.
.
.
o

Figure 1.10 : Indentation of a sample with a conical tip is demonstrated.

Basically, an indentation is the application of force through a body to another that
might be firstly viewed as a system composed of two springs in series. This first stage
is nothing but an elastic relation that complies with Hook’s Law and a contact stiffness
parameter (a measure of Young’s Modulus of materials) can be derived. Moreover,
a more complete understanding should include the shape of the indenter so, Hertzian
contact relations and pinned geometry derivations of Sneddon’s are used [36,38,39].
Analytical expressions for relating applied force to depth vary with the shape of the
indenter such as; exponent of depth varies from 1 to 2 while changing the tip from flat

punch to a pointy (conic) one. To demonstrate that clearly, the below functions are

given [39]:
Flat Punch:F =2aEd (1.42)
4
Spherical : F = §15\/1'_ec11-5 (1.43)
2E
Conic: F = anW)dz (1.44)
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where ‘a’ is the cylindrical flat punch’s radius, ‘R’ is the radius of spherical indenter

and ‘0’ is the half angle of cone and ‘E’ is the reduced modulus as:

-1
|:1_Vtip:| + {1_Vsample:| (145)
Etip Esample

Here E;;, and Egyp . are elastic moduli of tip and sample respectively and vy, and

Vsample are Poisson’s ratio of tip and sample respectively. Poisson’s ratio provides
including strains (€) due to material’s compression/stretching in the perpendicular axes

to indent with respect to indentation load which can be expressed for isotropic material:

S ic
v—_ perpendicular (146)

Eindent
Furthermore, it is evident that the spring-like approach has a limit as beyond a
certain deformation, bodies do not turn back to their initial positions. This certain
deformation for materials is named as Yield Point and plastic deformation begins
after that point. However, because of the singularities at various indenter geometries
(especially pointed indenters), there are rapidly emerging high-stress regions that cause
to be about all the deformation is elastoplastic. Hence, elastic contact properties cannot
be deduced from directly loading portions of F-d curves. Besides, the unloading part
of an indentation cycle would give the contact stiffness since returning material should
demonstrate mostly elastic behavior. Hence, by differentiating the Sneddon’s formula

for an elastic contact of conical tip and flat specimen (eq.1.44):

dF 2Etan(0) dF
=—=2—"h=>—=2F/h 1.47
S=dn 7 >an =/ (1.47)
To avoid confusion with differential “d”, “h” is used as depth in above equation and
“Scon'" 1s defined as contact stiffness. This equation indicates that slope of F-d is twice

of the load to displacement ratio for any point if only the contact is purely elastic.

Moreover, by using the Sneddon’s depth to contact radius relation:

h= gacm(ﬁ) (1.48)

ineq. 1.47:
dF  _2FEtan(0)m dF
ar ety 2 2 _9E 1.4
7 p- 2acot(9) 7 a (1.49)
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Note that, on that step, the same stiffness relation has been obtained for both cone and
flat punch which can be easily seen by differentiating eq.(1.42). Moreover, to obtain
a more general equation for any axis-symmetric indenter, the projected area should be
used as:

A = 1a? (1.50)

Therefore, we may write the last version of contact stiffness:

dF A
Swn:%=2E\/; (1.51)

and hence the reduced modulus ‘E’ can be found in terms of projected area and contact

stiffness:

E:\/_EM
2 VA

A generic contact stiffness curve can be seen at Fig.1.11(a) as curve ‘c’ which is

(1.52)

calculated from first %10 of the unloading F-d curve (curve ‘b’ in Fig.1.11).

Calculation of contact stiffness by finding tangent to start of (d < %10) retraction
curve is known as Doerner-Nix method [40]. However, Oliver and Pharr (1992) [37]
has shown that it is vulnerable to errors because of using flat punch elastic relation
(shown in eq.1.49). They discovered a power-law method which is more appropriate
to use for axis-symmetric indenters. The method enables to use about all unloading

F-d curve with a least-square fitting to such function:
F=_{(d—d)" (1.53)

where ‘¢’ and ‘m’ are constants of indentation and ‘(d —dy)’ is the elastic recovery
depth. Hence, they claim a power-law relation which is similar to given elastic
relations of the load-displacement equations [1.42,1.43,1.44] (where the exponent m
is in between 1 and 2). Moreover, the geometrical assumption of the exponent is also
interpreted as a flat punch of varying radius by depth. Then, the remaining is just
taking the first derivative of the fitted function and evaluating at the maximum force to

extract contact stiffness properly.

In addition, the hardness of the materials can be derived from the plastic regime

of deformation. Generally, the ratio of maximum applied force of indentation
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Figure 1.11 : A Generic Elastic-Plastic Indentation’s Load versus Depth (F-d)
Graph [3], on the left Indentation up to load F;,,, and depth A, plastic deformation
depth A, is indicated as zero load point of unload curve and tangent’s intersection to

displacement axis /, or contact depth for flat punch. (a: Loading F-d Curve, b:

Unloading F-d Curve, c: Tangent to Unloading Curve at F,,,), and on the right
Demonstration of Elastic (W, ) and Plastic (W) Energies of Indentation Process

21



to impression area gives hardness of the material and, there are several highly
standardized measurement procedures in engineering communities [3,39]. Hardness
can be expressed as :

g fmar (1.54)

Aimpression

Consequently, measurement of maximum force while indenting the surface with a
high modulus tip and inspecting the impression remained after the indentation with
a microscopy method (optical, AFM, SEM) would provide the hardness information

of indented material.

Even though microscopy inspection is still important for especially calibration of tip
shape and instrument, there has been no need to direct measurement of the residual
sunken area with the standardization of Instrumented Indentation technique [3,36,37].
Instead of direct measurement of the impression area, analysis of unloading F-d curves
enables calculation of contact area for the known depth-to-area function of the tip [41].
In curve ¢ of Figure 1.11(a), a typical F-d curve and contact depth (%) analysis by
calculation of the first derivative of retraction F-d is shown. As emphasized earlier, the
Oliver-Pharr method would give more accurate results for the contact depth evaluation
too. Here, with the emphasis on plasticity, we may try to analyze where the flat punch
assumption has been made (as Doerner-Nix). Utilizing the Sneddon’s formulae for just
elastic portions in equations 1.47 and 1.48 caused to end up with the eq.1.49. Yet, with
the awareness of elastoplastic contact, we should take into account the relations for

outside the contact such that [37]:

T—2
hout = T(h - hplastic) (155)

and the stiffness (S.,,)-force (F) relation as:

'
SC on

h— hplastic =2 (156)

whereas 5,4 indicates the impression depth after unloading and, £, is the depth
of untouched deformation (bending) that is outside of the contact radius. Using above
relations, again a general expression for axis-symmetric indenters can be derived as:

F

hout =€
Scon

(1.57)
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where the € is the geometrical parameter for indenters, € is 1 for flat punch and smaller
than 1 (about 0.7) for the more conforming shapes (i.e. cone, sphere, etc.). Chudoba
and Jennett (2008) [36] introduced a more accurate calculation of € factor with load
dependence addition and radial contributions. Consequently, using the € factor and
power-law fitting, the unloading curve analysis can be resulted by finding the contact

depth hcontacr at maximum load:

hcontact = hindentation - g(hindentation - hr) (158)

hindentation 18 the maximum depth indented and 4, is the intersection of stiffness curve
to displacement axis (as shown in Figurel.11). With the information of the contact
depth, a different Hardness (Hp_p) can be estimated with using projected contact area
and maximum load rather than actual impression area and maximum load:

Fmax

Ho_p=
Aprojected (hcom‘act )

(1.59)

The ability to estimate the projected area by just contact depth for hardness calculations
stems from the absence of radial elastic recovery of corners of the impression when a
pointed tip with sharp corners indents (Berkovich). However, there may be deviations
for smooth-rounded tips [37]. Moreover, employing the indentation energies’ ratio

(elastic/total), elastic modulus to hardness ratio of the sample can be extracted [35,36].

It may be useful to mention that the ductile materials like metals show plasticity
while the brittle materials show very little or no plastic deformation by exhibiting
an incident fracture. The elastic regime is generally the first 1% of strain during
deformation and, easy glide, work hardening, necking, and fracture processes follow
due to rearrangement of the defects in ductile solids while conducting a pulling test.
However, in compression tests of ductile materials, the necking and the fracture
regimes are rarely seen but enormous plastic shear flow results as pile-up or sink-in

generally.

The analyse of deformations for the sake of transient contact conductance
investigations have some discrepancies with standardized indentation test. Thermal
gradient through the contact is normally an effect wanted to be overcome for

even elevated temperature indentation tests. Wheeler et.al. [42] have conducted
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comprehensive experiments for thermal drift issue at the elevated temperature
Nanoindentation. However, for our case we intentionally provide a quasi-steady state
condition between the tip and sample to measure contact heat transfer. Consequently,
experiments of the thesis are not conducted for neither the nano range nor the exact
deformation analysis. Furthermore, plastic deformation is a function of temperature
due to the defects in the solids responsible for the plasticity [43]. Thus, one should
be aware that our results predict parameters at the average temperature of contact
during the experiments. Moreover, studying the temperature effects on ductile-brittle
transition, plastic strain and pop-in events while loading have been intriguing research

areas with the developments in the instrumentation [42,44].

Beyond the elastic property extraction through retraction sequences, adhesion
parameters can be also extracted via the proposed setup [45]. However, studying the

adhesion effects on the TCC is beyond the scope of this thesis.

By controlling the geometry and the load, one can optimize the contact area.
Consequently, the TCC can be controlled by adjusting the contact area which has been

our main goal in mechanical analyses and simulations in this study.

1.4 Periodic Contacts

In this study, a periodical contact procedure has been developed for mainly the ease of
the transient analysis. The procedure consists of slow indentation followed by square
wave application which is similar to an impact test rather than an indentation. Impact
tests are well-standardized experiments to examine the failure modes of materials
(ASTM E2248-18). Moreover, there are cyclic indentation tests rather than impact
testing that are focused on extracting loss and storage moduli of specimens. As

indicated above, here our perspective is neither of them.

In addition, periodic contacts are important on the TCC studies too. Thermal periodic
contact resistance subject is by itself a research area with scientific and industrial
importance. There is even an early work that just investigates periodic contact
resistance without taking into account the TCR using an analogue computer in 1970

[46]. After that study, Howard and Sutton [47] included TCR in their analogue study,
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then Howard published experimental work on the subject [48]. In those studies,
Periodic Contact Resistance (PCR) and TCR parameterized with an effective length as
if the material length was elongated to cause an extra resistance. They also found that
the effect of TCR becomes more pronounced while the total contact time is increased.
Moreover, they had tried to correlate the two constrictions of electrical and thermal in
the experiments, and reached a discrepancy between small effective radius of contact
found by electrical resistance when compared to higher heat flow. This problem could
not be solved, but electrical insulating film or gas gap conduction effect had been
suggested [48]. The wear effect had been also observed for many impact cycles as
emergence of oxidation and sediments at the contact. However, impact effect for the
first contact creation had been found advantageous rather than slowly pressing due to

local bonding between metals can take place with high impact [48].

After the mentioned pioneering works, analytical and numerical studies on the
transient and periodic contacts also had been gained importance [49,50]. In the
proceeding experimental studies, effect of duty cycle of oscillatory contact and
contacting same/different materials have been investigated [51]-[54]. Those works
of Moses and Johnson (1989) [52] and Moses and Dodd (1990) [53] have provided us
insights on the data analysis and quasi-steady condition that will be mentioned at the
Experimental Results [Ch.3]. Moreover, for short contact times, they claim that the
TCC can not reach to its steady value, so high frequency applications needs transient

parameters to be extracted.

Later, Williamson and Majumdar (1992) had conducted an extensive work of the
deformation mode effects on TCC [24]. They argued that prior investigations had
lacked determining accurately the deformation mode, and they proposed fractal surface
analysis prior to experiments and load cycling during the experiments. The load
cycling enables to make judgement about the deformation mode as mentioned in the
Mechanical Model section [Ch.1.3]. Unloading parts of the cycles would elucidate
the ratio of deformation modes along one cycle. Consequently, they found that at
the first loading cycle mostly the plastic deformation has been observed with some
elastic contribution, but after the first cycle mostly the elastic deformation takes

place. Moreover, they had also observed the temperature effect on the plasticity
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while elevated temperatures continued to demonstrate plastic deformation after the first
cycle. Lastly, they investigated the difference of the plastic deformations of asperity
penetration and asperity crushing in the contact that we mentioned in the last part of

the Fin Efficiency discussion [1.2.1].

Following the prior works, Wahid and Madhusudana (2002) conducted research for
revealing overloading and load cycling effects on the TCC [55]. They had shed light
into hysteresis effect (higher TCC while unloading) and dependency of the increase
in TCC to the number of cycles. Generally, their results agree with the prior work of
Williamson and Majumdar [24] on the variation of the plastic deformation occurrence
rate along the cycles. Furthermore, the hysteresis effect had been related to maintained
conforming after loading step due to elastic recovery during the unloading. The
improvement on the TCC due to the load cycling had credited to mainly plastic
deformation, so they deduce the sharp decrease in the improvement after the first
cycles related to the end of the plastic deformation. Lastly, they had found interesting
results on the effects of the surface roughness with overloading. Although the intuitive
expectation may be more improvement due to plasticity should occur for the rough
surfaces, they had found that for the smooth flat metal contacts both the initial TCC

and increase in the TCC are greater than for the rough metal contacts.

Periodic macro-contacts had been analytically investigated by Wang and Degiovanni
(2002) with the development of the method of quadrupoles [56]. The hardness of
the periodic and transient experiments stems from finding solution to the ill-posed
inverse heat transfer problem that provides the conductance parameter. There
are several approaches in the literature besides of the using mentioned analytical
approaches. James V. Beck (1985) [57] has developed methods to solve parameter
estimation besides of many other problems, and beyond that he suggested optimization
methods for the experiments to investigate transient parameters [58,59]. Based
on his procedures many extensive researches on the periodic and transient contact
conductance have been become possible by easy thermocouple measurements. Beyond
thermocouples, IR thermography based experimental methods and inverse heat transfer
methods have been developed by Fieberg and Kneer since 2006 [60] based on Beck’s
works [57], and many seminal works with IR have followed [23,61]-[64]. The lastly
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mentioned solutions of experimental interpretations and parameter extractions are
based on the division of the experimental data to reasonable sequences to fit a model

function.

Moreover, Goudrazi and Shojaeefard (2009) have improved experimental techniques
with emphasize on the contact frequency [65], it is followed by developing methods
to model the periodic contact experiments based on inverse heat transfer solution by

conjugate gradient and transfer function identification methods [65]-[68].

As introduced here and may be found more, there are extensive studies on the transient
contact heat transfer with focus of periodic contacts. On the other hand, our objective
is to show conductance change by penetration of a single asperity. The purpose of
periodic contact application in this study is to provide resolvable temperature data for
lumped analysis. Consequently, relying on the prior periodic contact works, we extract
TTC of various depth of indentation by averaging many oscillations. Furthermore up
to our knowledge, with this study, we are conducting contact heat transfer experiments

for single microcontact with periodic contact/transient approach for the first time.
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2. EXPERIMENTAL SETUP AND PROCEDURE

To measure the thermal time constant of the contacts while controlling the contact
depth and the sample temperature, an experimental setup has been constructed, and
several experimental procedures have been developed for extracting results via the

mentioned lumped analysis [1.1] of exponential fit to tip temperature.

In the literature one can find many approaches to measure thermal contact resistance
(TCR) [58,69,70]. These can be investigated in sections such as contact depth/load
scale, heat transfer regime (steady/transient) and, for the transient whether it is the
heat in transient regime or contact itself. Furthermore, periodic behavior of contacts

has been also an intriguing research area as mentioned in the Introduction [1.4].

In this study, contact size/depth dependent measurement of thermal contact
resistance has been realized by Nanoindentation (Instrumented Indentation) technique.
Controlled and repeatable contacts had been created via indenting metallic surfaces
with a variety of materials (mainly diamond or materials harder than metals). However,
standards of Nanoindentation (ISO 14577) has been used as a guide to development of
the system and protocols, so it is not intended to be strictly in boundaries of standards.
Moreover, our proposed experimental protocols need to be in transient heat regime, and
from this point of view the setup is similar to explained in longitudinal conductivity
measurement standard ASTM E1225-09. On the other hand, heat transfer side of
the measurement had been accomplished via thermocouple measurement through the
tip side. Thermocouple’s own need of contact and total heat capacity effect on time
constant measurements have given struggles for comparison of different tips. However,
itis a technical issue to solve for any measurement system and here we suggest a couple
of self-calibration solutions. In addition, other possible measurement techniques for

heat transfer have been studied, and will be mentioned.

Nevertheless, main experimental setup consists of a thin (25 um) thermocouple

attached to the indenter tip that is positioned and loaded to sample surface with a
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homemade indenter system. Experimental procedures will be mentioned thoroughly
in the next sections and, may vary but; generally ISO standard complied slow speed
-quasi static- approach to surface and indenting a desired depth followed by sub 1
Hz square wave oscillation in surface has been used for gathering exponential rise
and decay of temperature through the tips. Indeed, square wave type oscillation is
not easily interpretable in terms of mechanical characterization-indentation- but, it is
found to be the easiest way to obtain data for fitting exponential-lumped capacitance
model. Because, square wave oscillations provide incident contact establishment and
vanishing periodically so, we can have on/off states for contact in various depths. This
general procedure makes easy to analyze data and, as long as Biot number allows
[1.1], we do not need to know exact heat transfer process through the contact to the

thermocouple.

Moreover, many oscillations at a sole indent level has been applied for increasing
signal to noise ratio but, it has also been found useful for analyzing change of RC
along with periodic contacts. Increase of signal-to-noise ratio (SNR) is not directly
dependent to number of oscillations but, it statistically increases the probability of
taking low noise individual temperature rise/decay data through each cycle 3.1.2.
However, there is a more important factor that affects experiments in the manner of
SNR. Because the main extraction of time constant is due to change of temperature
between two positions of the tip, the oscillation amplitude directly determines the
amount of signal. Consequently, to increase the visibility of each time constant of
periodically created contacts, one should increase the difference between on and off
(contact) state’s steady (or quasi steady) temperatures. Hence, there are many other
ways to do that such as increasing initial temperature difference or putting system in a
vacuum to eliminate/adjust interstitial gas conduction (though it may make worse) or

increasing wave period for allowing the tip to be closer to steady temperature.

To conclude, the setup is home-built including the software and electronics. We can
examine the experimental setup in four main parts such as Nano-positioning (loading)
unit, coarse positioning unit with mechanical design issues, software/hardware control
unit, and data acquisition (DAQ) unit. However, beyond all mentioned main blocks of

the rig, it should be appreciated that preparation of tip (as a probe with thermocouple
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attachment) and sample is crucial -preliminary- part of the thermal time constant

experiments.

2.1 Tip and Sample Preparation

Utilizing diamond as an indenter tip is widely studied and, is commercially established
too. Hence, it is not a surprise to use in our experiments, but diamond also provides
superior thermal conductance and that makes it a suitable thermal probe for the TCC
experiments. It should be noted that, here the “probe” itself creates contact with
another material so, measurement is directly dependent on contact between probe/tip

and sample.

In addition, the temperature has been measured through thermo-electric (Seebeck)
effect via thermocouple.  Therefore, the actual probe for temperature is the
thermocouple that attached to diamond/or any tip while (see Fig. 2.1), the
measurement of contact resistance derived from transient behavior of that temperature
as mentioned in the Introduction (Lumped Analysis). However, information of the
contact is obtained via the tip-to-thermocouple lumped capacitance so, for the sake of

TCR measurements, the term probe is defined as all system from tip to thermocouple.

Figure 2.1 : Examples of prepared tips, 25 um thermocouple is attached to conical
indenter tip (left) and diamond micro particle (right).

Indenter tips have been prepared by attaching them to a screw for connecting firmly
to actuator. Then, a thin thermocouple (size 25 pum) is glued as close as possible to
the end of tip. Moreover, gluing has been made carefully to avoid any loose contact

and leakage of glue between the thermocouple and the tip. To accomplish this in a
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reproducible way, a tip preparation system was set up with micro-positioners. Utilizing
a long working distance camera with the setup has enabled us to position thermocouple
at desired location of the tips. After attachment is done, a rough trial for thermal
contact of thermocouple to tip is conducted with a multimeter at tip preparation setup.
A sudden touch to tip with a hot needle shows a rapid increase on voltage/temperature
measurement that gives us a sense for connection quality. However, the real test is
made on system with contact experiments directly, and gives generally 100 ms to 1

second time constants of the series of contacts.

Here, it may be useful to mention about a study of Loulou and Bardon (2001)

[71] that focused on analysing the TCC while spot welding process. They have

a similar transient measurement approach with thermocouples that are soldered to

copper electrode plate so that they could achieve intrinsic junction. They provide an
equation for the time constant of measurement:
2

t=44— 2.1

where ‘r’ is the radius of the thermocouple wire and ¢ is the diffusivity of the soldered

medium (copper for their case). Another more extensive analytical and experimental

study for the transient beahvior of intrinsic contacts with thermocouples gives the

relation for 95% of the saturation [72]:

rzkt
t~31.83—— 2.2
0k (2.2)

here k; and k are the conductivities of thermocouple and (hot) junction medium
respectively. Indeed, our measurement is not intrinsic, but we may use these relations
to estimate an upper limit for transient measurement through diamond contact to
thermocouple. Because, intrinsic contacts have been found the fastest response above
all junction types. A comparison between intrinsic and surface-bonded thermocouple
junction was given as about more than five times higher time constant in the
surface-bonded (welded) type [72]. However, our thermocouple junction was neither
welded nor soldered, but just mechanical contact supported by glue due to hardness
of surface bonding to diamond tips. Yet, we may estimate some upper limits for the

response time of thermocouple by using above formula as about 0.6 s for “intrinsic"
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diamond-thermocouple contact. Moreover, results demonstrates that we are able to
find overall time constants as low as 100 ms with contact heat transfer through sample

to thermocouple via diamond tips.

For sample preparation, cleaning the surfaces with propanol and blowing nitrogen
are common for all samples. Prior to cleaning, grinding and/or pressing to reduce
surface roughness and waviness is employed in several cases. Nevertheless, surfaces
intentionally have been kept non-uniform to demonstrate effects of plasticity more
distinctly. Subsequently, the sample is mounted on the sample holder by a mounting
adhesive (Crystalbond 509 Electron Microscopy Sciences) which is stiff enough to use

at temperatures below 70 Celcius (about 8 MPa of Tensile Strength [73]).

This measurement setup with thermocouples is very versatile for employing various
shapes of tips as long as the tip size allows. However, thermocouple itself suffers
from constriction issue when it is conducted for measurement through surface of a
body. Hence, using thermocouple to measure contact conductance of a tip-sample
interface through tip surface temperature variation is actually measurement of series
of two contacts. Nevertheless, as long as thermocouple stands still on the tip’s surface,
results of time constant measurements would be interpretable in terms of tip-sample

contact quality.

In addition to thermocouple measurements, there are various methods for extracting
temperature of contacts/near contacts. For instance, since they are already in
use for indentation experiments widely, diamonds can be utilized as temperature
sensors that would be accomplishing two measurements with one probe. To make
diamonds reliable temperature sensors, boron doped diamonds can be employed
due to their electrical resistivity that is dependent to temperature, or creating NV
centers in diamond tips enables optically detected magnetic resonance (ODMR)
measurements which has phononic contributions that provides high sensitivity
temperature measurements. Because, nowadays with technical improvements it is
easy to utilize NV diamond as temperature probe [74,75]. There are also 3@ and
transient thermo-reflectance methods which have complexities to use with indentation

experiments [70,76]. The other common method is using IR radiation to measure
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temperature but, generally it is employed for macroscale measurements due to spot size
/ resolution issues [61]. Hence, thermocouples seem to be the most useful for trying all
material types and sizes with ease. Furthermore, if commercial thermocouple thickness
exceeds the tip sizes, a thermocouple could be created directly on desired material via
coating techniques, so the major part of the constriction issue and size limits could be

overcome at the same time [77].

2.2 Coarse Positioning System and Mechanical Design

Making repeatable experiments on samples depends on coarse positioning system as
much as fine positioning/loading unit. Because, there should be a single approach
mechanism to take actuator/tip to the starting point of contacts with a known error in an
interval. So, we can assess many indent results in an acceptable uncertainty. Moreover,
there should also be robust and stiff positioner in the perpendicular directions to indent

(XY positioner stage).

Design of coarse positioner system is not only about positioning prior to indent but
includes mechanical design requirements of an indenter. With sensors and tip/sample
holders being on it, a coarse positioning system should provide accurate and precise
motion and stability. In the beginning of this work, a single 3-axis micro-positioner had
been employed for coarse positioning system. However, small range of movement by
manual adjustment emerged problems for the ease of use and repeatability. Moreover,

possibly low stiffness of positioner could cause errors for data analysis.

Considering above mentioned issues, orthogonal to indentation positioning system
(KT180-DC XY stage) was implemented with a robust attachment on to 2 cm thick,
30x30 cm? wide Al-5083 base plate. A bar type loadcell, with sample holder and
sample heater unit are on it, was firmly mounted on the XY stage. The displacement of
the loadcell due to its finite stiffness is subtracted from the total displacement in order

to extract true indentation depth.

The vertical direction (indent axis) coarse positioning has been developed homemade
by utilizing a linear rail system with worm screw. The linear rail and the screw

was connected together with a specially machined Al-5083 part and linear rail car.
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Table 2.1 : Coarse positioning system parameters are given.

Positioner Range Resolution Axial Tensile Min. Drive

Direction Strength Strength Speed

XY Stage 50 mm +/-5.5 um 60 N 25N 2.5 mm/s
Z Stage 200 mm 625 nm 10N 3N 12.5 um/s

There is a screw hole for the actuator at the end of the specially designed moving
part. In addition, Nema-17 step motor holds the trapezoidal worm screw for consistent

motorized positioning.
Coarse positioning system parameters are given in the Table 2.1.

Furthermore, an SEM holder has been employed for a heater compatible sample holder
and, was seated on a machined special designed metal-alloy disc that is screwed on

loadcell.

Heater unit is a Joule (Resistive) Heater which is also a common part for 3D
printers’ extruders. The resistance part was mounted inside sample holder to distribute
temperature evenly. Intercessor MCU and a power transistor provides PWM drive of
heater for fast and secure adjustment of sample temperature. Overall experimental

setup can be understood with the help of drawing in Figure 2.2.

Figure 2.2 : Indenter Setup elements is shown in the drawing.
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Last but not the least, isolation has been constructed since the beginning, from the
selection of all parts to designing the system . In addition, black-opaque plexiglass
covers have been used to block the IR radiation and air flow so that thermal experiments
have not been affected by sudden external changes. Moreover, cabling has been made
carefully with wrapping grounded cables on the signal carrying cables due to expected

noise of motors, resistive heater and external electromagnetic noises.

2.3 Nano-positioning and Loading System

Since the main objective is to create micro-contacts in a repeatable and precise
way while heating the sample, firstly, a piezo actuator (CEDRAT APA-60S) was
implemented. Amplified Piezo Actuator (APA) is manufactured by piezo stacks that
stuck on each other with a parallel electrical connection. Hence, controlling applied
voltage in high resolution gives precise motion and, fine stacked structure provides
to exert high load. Moreover, for actuation stability and safety, a stainless-steel case
covers the stacks like a bow. Therefore, an APA is stainless steel double sided high
stiffness spring/bow that is stretched by piezo stacks placed in the middle of the two
sides. The driving system of CEDRAT APA is shown in Figure 2.3.
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Figure 2.3 : CEDRAT APA Driving System is shown as pictures of electronic cards
(middle), APA (bottom left) and GUI (bottom right).
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2.4 Control Software and Electronics

The APA has been controlled by a control card (UC45) that governs 26 dB gain linear
amplifier (LA75). There is a built-in full-bridge strain gauge on piezo stacks that
provides direct information about displacement of piezo. Moreover, a calibrated strain
gauge conditioner (SG75) has been used to amplify and scale strain gauge signal. Thus,
acquiring output of SG75 provides direct measurement of the tip that is located on
steel case of APA. Fiber interferometry calibrations had been made for converting
voltage value to real displacement that will be given in Calibrations section. Moreover,
SGT75 is connected to UC45 to enable PID feedback mechanism that is very useful for

eliminating piezo hysteresis effects (see Fig. 2.4 for schematic of PID mechanism).

Open/Close
Loop
i W SR >
| >,
* 20 > =
Input Saturation = / @
Signal Iy -0 g
Power Current APA 0y
Controller Amplifier Limiter

Gauge Sensor | g
Ks =0.05

Gauge Sensor

Figure 2.4 : CEDRAT APA open/close loop control is shown as a schematic.

However, with all above mentioned superior properties, UC45 and its commercial
software is found to be much behind the capability of making controlled Nano/micro
indents. There was need for continuous communication with UC45 and give new
voltage/position value. To make it happen, firstly serial communication between
PC software and UC45 was decrypted by using a “serial sniffer” program. After
understanding the communication protocol for start-up and all other commands and
replies for them, a basic C# program in “dot Net” environment had been written.
However, after establishing the contact we needed to make oscillations which depends
on precise timing, a PC program was found to be hard to make it properly. Therefore,

a micro controller was implemented as an intercessor that takes packaged orders and
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applies them with respect to the written algorithms. But, while USB connection
to PC is easy, MCU (intercessor) to MCU (UC45) USB connection is not easy
to implement, and it is also needless. A direct connection to the UC45 card’s
microprocessor’s USART pins from intercessor MCU'’s relevant pins solved the issue.
Only the communication speed restriction caused by the UC45 has remained unsolved.
The minimum time needed between adjacent successful orders is 50 ms to not to
break the connection. The intercessor MCU-electronic card design, its program,
PC User Interface (UI), data analysis programs and, many sensors and motor driver

implementations will be mentioned in this section.

Although the idea of writing a software emerged from insufficiency of APA’s
commercial software, it transformed the project to make an Indenter independent from
many commercial ready to use tools from driving to sensing elements. Even so, in the
scope of this work, we will mention the Control Software and Electronics unit as an

integration unit between UI and actuation. System schematic is shown in Figure 2.5.

Controlling the experimentation consists of approaching to pre-defined surface
location with controlling the load and executing certain indents while holding the
sample at a certain temperature. Hence, a microprocessor (STM32F407) has been

programmed to utilize our lab’s facilities to satisfy mentioned requirements.

The core element of indentation is control of APA-60S for nanoscale resolution
movement. Control of APA for the scope of this thesis has been pursued mutually
through CEDRAT’s LA75 amplifier that is governed by the UC45 microcontroller and
the programmed MCU (intercessor). The chain of command for positioning the APA
starts with a serial communication between intercessor MCU and UC45 that consists
of -1 to 7.5 volts non-amplified voltage information with 6 digit precision. After that,
UC4S5 creates determined voltage for the LA75, and LA75 amplifies the input voltage
with 26 dB gain. Finally, amplified voltage is supplied to piezo via the LA75 output.

While controlling the displacement with supplied voltage is enough for this initial stage
setup, movement should be controlled via a PID feedback loop by measurement of
strain of piezo. CEDRAT provides this control mechanism with a built-in strain gauge

on actuator and (SG75) conditioner card connected to (UC45) control card.
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Figure 2.5 : Experiment electro-mechanical system scheme is shown with relavant
communication connections by arrows.
In addition to control of displacement, there should be a feedback mechanism to find
the touch point to the surface and make the load controlled indents. However, up-to the
state of the system for the experiments had been made, load control had been just used
to find touch point. Load measurement has been accomplished via a bar type loadcell
and a 24 Bit ADC (HX711). Although employed ADC has superior resolution, its
conversion speed is as low as 10 Hz, and load data is transferred through intercessor
MCU to PC at 10 Hz rate. Because the main scope is TTC measurement, load data has
been a secondary measure for contact but, significant for acquiring reproducible depth

dependent TTC with sensitive surface touch find capability.

Moreover, load controlled approach has an other key element due to need for a
long distance search of surface. Hence, a step motor was implemented with a high
resolution (1/256) driver (TMC2209). In addition, a basic algorithm for approach has
been developed to use coarse and fine positioners in harmony. The algorithm provides
about 10 um fine forward movement while controls whether the load threshold is
exceeded. Unless the surface was found, actuator is pulled back to initial position and
step motor approaches to sample, then actuator is being moved slowly to find surface

again. Thus, this actuator and step motor sequential movement cycles enables us to
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find the initial contact accurately in a certain error threshold. Furthermore, indent axis
(namely Z axis) coarse positioner can be separately used with implemented joystick
and Ul program for faster applications and, also be employed to make all indentation

process without the actuator for high range/low resolution indentations.

In addition to Z axis coarse positioner, XY positioner has been controlled by
implementation of DC motor driver IC (L293D) and intercessor MCU. Beyond moving
above the surface precisely, XY motor control has enabled us to utilize experiment
routine to sequentially indent different desired locations automatically with the help of

approach and retract mechanism.

Finally, the last control element of setup is the heater unit. The heater is controlled via
a 1 kHz PWM signal provided through intercessor MCU that is supplied to the base
leg of power transistor. The transistor’s emitter leg is on the ground and, collector is
supplied to 12 Volts. A schematic of heater circuit depicted in Figure 2.6. The resistive
load is connected to heater unit’s 1-2 outputs that can be perceived from the Figure.
Without the PWM application these two outputs have 12 Volts and, there is no current
occurs through resistance. Henceforth, when the desired duty cycle PWM is applied,
for each rise period of voltage on base of transistor provides to GND leg (leg 2 in
figure) of heater is set to 0 Volt relative to V;, (12 Volts). Thus, an output current on

the connected resistive load is obtained.

= A L | & THERMALPAD | M L=
R26 [oor—2— | R21

Figure 2.6 : Heater unit circuit schematic is shown.

Even though the intercessor MCU and other ICs are enough to operate the indentation
experiments properly, a PC UI has been programmed for the ease of control of system.
The UI provides serial communication with intercessor to give packaged orders to be
started related algorithms programmed on MCU. Beyond that, it also communicates
with the NI-PCle 6321 card to obtain data of sensors that connected through NI
extension card. Moreover, a PID type algorithm is written for continuously control

the PWM duty cycle with respect to the sample temperature reading that is made via
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the NI DAQ. A summary for overall DAQ system of the setup will be given in the next

section.

2.5 Data Acquisition System

The Data Acquisition system (DAQ) consists of National Instruments PCle 6321 card
(NI PCIe 6321 or NI-DAQ), HX711 ADC, analog sensors and digital sensors.

As mentioned earlier, temperature measurements are obtained by thermocouples. For
the tip thermocouple, a special (Omega) thin K-type thermocouple of 25 um has
been employed. Moreover, for the sample temperature measurement a 1 mm thick
commercial K-type thermocouple has been used. In addition to thermocouples, a
digital temperature and humidity sensor (DHT11) is implemented to acquire ambient
conditions of setup. The digital sensor directly communicates to MCU with update
periods of 2 seconds. However, analog voltage measurements of thermocouples have

been read by NI-DAQ with its 16 Bits ADC up to hundreds of kHz.

The thermocouple measurement of temperature depends on Seebeck effect of metals
that simply stems from thermo-electric coupling when a temperature gradient is
provided. Therefore, making a junction of two dissimilar metal wire and holding
the junction and the other end at different temperatures generates a voltage difference
between two wires due to their different Seebeck coefficients. Hence, holding the
voltage measurement side of the wires at constant known temperature and reading the

voltage would provide a relative measure of temperature of junction end.

As can be perceived from the concept of thermocouples, this measurement is
vulnerable to errors due to need for constant reference temperature and junction
quality. Moreover, due to typically being at the order of 10 mV level of resulting
voltages, amplification and analog to digital conversion stages of the thermocouple
readings would cause errors and determines the measurement resolution. Employing
the 16 Bits NI-DAQ as the temperature reader with 200 mV reference results in 3.05
wV that corresponds to 0.0763 K minimum measurable temperature difference with K

type thermocouples (Seebeck coefficient is 39.48 uV/K). Yet, there are mentioned
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noises due to the reference junction temperature, DAQ gain, DAQ offset, DAQ

uncertainty and random error.

Briefly, reference junction temperature error is the largest one among all. Because,
fundamentally the measurement depends the temperature difference between cold
junction and thermocouple junction and, noise of the reference directly affects the
absolute measurement. On the other hand, reference temperature of the thermocouple
wires have been kept at the stable ambient temperature that is almost constant with
covers of our setup. Moreover, reflection of absolute measurement error on experiment
of periodic contacts is lowered due to averaging, and extracting the time constant due to
change of temperature with respect to application of square wave oscillation of position

needs a relative change rather than absolute reading.

Furthermore, errors due to DAQ instrument are significant for absolute measurement
accuracy too. The most important one is the offset error that stems from the residual
offset error, change of the temperature from the last internal calibration and the integral
non-linearity (INL) error of ADC. However, as being in the reference junction error, the
offset error should not be significant for relative temperature measurements of periodic

contacts, due to the fact that it affects absolute accuracy limit.

Additionally, built-in strain gauge of piezo actuator (APA-60S) is amplified and scaled
to about 8 Volts by CEDRAT’s SG75 card. Then, output of SG75 converted to digital
data through a NI-DAQ channel. Due to fiber interferometry calibrations of piezo
actuator movement while measuring conditioned built-in strain gauge voltage (SG75
output), the minimum displacement measurable is 3 pm. However, as mentioned
for the thermocouple, there are noises limiting this high sensitivity. Furthermore,
sometimes a cable junction problem occurs on strain gauge cable to SG75 card
connection that mainly shadows all other errors in measurement. For a proper junction
a 10 nm of resolution could be obtained while it may increase to 1 ym due to junction

problem.

Moreover, DAQ rate should be greater than the measurement frequency and, should
be sufficient to extract time constants. Hence, due to low (sub-1 Hz) oscillation

application and in the order of 100 ms time constants of micro-contacts allowed us
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to use 200 Hz DAQ rate for the measurements acquired through NI-DAQ. Moreover,
indentations have been conducted with speeds in the order of 10 nm/s (in general 50

nm/s has been set).

Consequently, two temperature channels and one differential voltage channel (8 Volts
scaled strain) have been acquired through NI-DAQ. The NI PCle-6321 has maximum
multi-channel aggregate sampling rate of 250 kS/s with 10 ns timing resolution.
Moreover, the timing accuracy is 50 ppm of the selected DAQ rate that is mostly 200

Hz for the experiments so, 25 ns timing accuracy is obtained.

Over and above, multi-channel measurement through NI-DAQ causes a cross-talk
between channels. Due to the specification of the NI PCle-6321, cross-talk of the
adjacent channels is given as -75dB and, it is -90dB for non-adjacent channels at 100
kHz rate. Therefore, by connecting strain and temperature channels to non-adjacent
channels, we may expect a coupling of 0.032 V/V for 100 kHz (signal frequency).
Consequently, we may expect a 65 Kelvin of cross-talk from maximum change of 8
volts through strain measurement for the worst case scenario. However, we observed 3
Kelvin of cross-talk in both temperature channels simultaneously, which corresponds
to about -156 dB cross-talk for 200 Hz DAQ rate and 9 mV/s strain gauge voltage
change as can be seen in Figure 2.7. We are ensured that the observed cross-talk
is due to the measurement of the strain gauge, but it is not related to high voltage
change/coupling on the piezo by repeating the experiment with unplugging the strain

voltage measurement on the NI-DAQ.

Furthermore, as soon as the voltage change is small such as half volt of strain, about
0.2 Kelvin cross-talk occurs which is not resolvable. Thus, corresponding to about
5 um displacement of the actuator, 500 mV of strain change and below would cause
non-sensible cross-talk at the temperature data. Even so, abrupt changes and high strain
applications can be post-processed properly to get rid of cross-talk effects. However,
it would not matter for the sake of analysis of temperature measurement through
square wave type strain changes by exponential fitting the temperature difference of

one position separately. Because, the tip is held at the almost same position during
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Figure 2.7 : Cross-talk in temperature channels (bottom graph: blue is sample, and
orange is tip temperatures) is caused by strain gauge voltage change (top) due to
full-scale piezo actuator movement.

each separate exponential fitting, so even there is an observable cross-talk, it would

just affect the absolute measurement not the difference to be fitted.

Consequently, acquired NI-DAQ data has been written as TDMS files which is set to
be in groups for steps of experiment such as approach, indent, oscillation etc. TDMS
files hold zipped data with proper time stamping, so it provides an efficient storage and

post-processing with easy control by written Ul and data process programs.

In addition, load has been measured through strain of lever type loadcell that is
acquired by 24 Bits ADC (HX711 IC). The employed loadcell is half bridge and
absolute measurement is significantly affected from change of temperature. Hence,
because of the heater is located on the loadcell, temperature has been awaited to reach a
steady condition prior to experiments. Besides, 5 mN of noise limit has been observed

while the minimum measurable load interval is 46.5 uN (23.25 uN resolution).

Although utilizing the HX711 IC satisfies the load resolution requirements with 24

Bits, its 10 Hz DAQ rate is a significant issue. Because, the low rate causes both
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the limitation to compliance to Nyquist criterion and integrity of DAQ system to
assess the results of NI-DAQ and HX711 together. Nevertheless, the actuator control
is also made with at least 100 ms steps due to communication requirements, SO
setting the control steps to 200 ms would ensure us to provide Nyquist criterion.
Furthermore, for the scope of the thesis, load data is a subsidiary measurement
to interpret contact measurements and, it can be post-processed to demonstrate
load-displacement/temperature type data representations [78]. Sure, it may be
improved to acquire load data through NI-DAQ or an other fast ADC but, for the sake

of our technical and economic capacity HX711 seems adequate.

Finally, there are miscellaneous digital sensors that are connected to MCU such
as XY positioner encoders, end-stops for coarse positioners, proximity sensor for
indent direction coarse positioner and accelerometers. Except of accelerometers, these
sensors are auxiliary elements for coarse positioning. Accelerometers are implemented
to be assured of orthogonality of indenter, sample holder and step motor bases by
measuring 3 axis accelaration. Because the accelerometers should measure 1G at the
indent axis while all are the stable and in balance, the deviation from that would
indicate the obliqueness and its direction. However, after the first setup, due to
complex-crowded cabling of I12C communicated accelerometers, they are subtracted
from the setup. Lastly, there is a microscope camera for the ease of positioning and

determining the indentation area on sample.

2.6 Calibrations of Experimental Setup

2.6.1 Piezo actuator displacement calibrations

Firstly, actuator movement was measured under an optical microscope by carefully
adjusting the focus while changing the piezo voltage. Hence, recording optical
microscope focus positions and corresponding piezo voltages provided hysteresis loop
and piezo constant roughly. Moreover, strain gauge measurement was recorded to
calibrate measurement of strain gauge to actual piezo voltage. Results show (in Figures
2.12,2.9), 85 um total displacement for 170 Volts of voltage change while hysteresis

holds for both strain gage and optical measurement of displacement.
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Furthermore, by attaching a fiber on the actuator (see Figure 2.8), small and
full range behavior of actuator had been examined using the fiber interferometry
technique. Fiber interferometry technique, which we have used for many other small
displacement measurements, has been conducted with help of NanoMagnetics Inc
Fiber Interferometry card. The attached fiber is connected to the Interferometry Card
that enables to couple 1330 nm laser light into fiber. The other end of the fiber was
aligned on a mirror that is on the XY stage. Hence, we could obtain an interference of

light reflected from the mirror and the fiber end.

Figure 2.8 : Fiber was attached to piezo and aligned on a mirror for fiber
interferometry.

, g
= . Y

This interference created by mirror-fiber end Fabry-Perot ethalon is read by
Interferometry card’s photo diode. The signal from photo diode is appropriately
amplified to output of the card to be acquired by user. Therefore, moving the
actuator with slow steps creates a resolvable periodic pattern of interference with half
wavelength (655 nm) intervals. Moreover, with a proper (post) process of obtained
interference patterns, the calibrations would be made more sensitive than counting the
full periods (655 nm) (full scale and small range displacement calibrations are shown

in Figure 2.14).

Actuator has been driven through a high voltage amplifier (CEDRAT LA75) as
mentioned. The open/close loop characteristics of piezo drive are studied, and some
optimal parameters are found for the setup after several PID parameters were tried.
Below Figure 2.10 shows open loop and close loop movement graphs of the actuator.
Here, for the control of the applied voltage 600 mV steps were applied at 10 Hz while

built-in strain gauge voltage was being recorded. Close loop parameters has been used
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Focus Adjustment.

at 80% proportional gain, 1.25% integral gain, and 100% differential gain with 50 Hz

low pass filter applied on the strain feedback.
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Figure 2.10 : Approximately 30 um forward and backward movement of actuator by
100 step 600 mV per 100 ms drive with (left) Open Loop and (right) Close Loop.

Besides of continuous push and pull, 60 seconds of hold sequence between push and

pull was tried to demonstrate creep effects [Figure 2.11]. Note that, with the help

of zoom-in, effect of discrete driving can be seen as discreteness on the strain gauge

voltage.

Lastly, due to the high voltage amplifier’s (LA75) current limit of 90 mA to avoid

short circuit and other shock incidents, the given voltage change should be limited to

be applied in a certain time lapse that can be given as:

- _do d(CV)
limit — dt - dt

= Cd—V = 90mA
dt

(2.3)
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Figure 2.11 : 60 seconds of hold period was waited between 30 pm forward and
backward movement of actuator by 100 step (600 mV per 100 ms) drive with; (left)
Open Loop and (right) Close Loop, graphs show the zoom-in to hold voltage.
thus, to comply with the current limit (/};,,,;;) of 90 mA, with 1.5 uF capacitance (C) of

APAG60S, we can estimate the time lapse Ar of a finite voltage change AV should be:

At(us) = 17-AV (2.4)

Consequently, incident full range change of voltage of 170 Volts should take 2.89 ms
to be applied on actuator. For the square wave applications of this study, we are using
generally below 20 volts of change (corresponding to 10 tm peak to peak change) that
takes 340 us. Therefore, the time lapse for the square waves does not affect the time

constant evaluations that are in the order of 100 ms.

2.6.2 Coarse positioners calibrations

The Z stage linear rail-trapezoidal screw system has been driven through Nemal?7
step motor with help of a high resolution IC (TMC2209) as mentioned at Section 2.2.
Because, the system was constructed homemade, it is optimized by error-trial method
to make firm and linear. Afterwards, Fiber Interferometry was conducted to obtain
displacement resolution and a sense of linearity. Moreover, full range travel of Z axis

was measured by a 1 mm precise ruler.

On the other hand, the XY stage had been also tried to be calibrated by Fiber
Interferometry but, it was found hard to capture proper patterns due to relatively
higher continuous speed and higher minimum step size (though it is not step-wise drive
motor). However, while using the indenter executing sequential indents on the samples

has provided a self-calibration with encoder counter feedback (see Figure 2.13).
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Figure 2.13 : Sequential varying depth indentations on the gold sample were made

by auto approach routine and XY positioning. XY stage encoder was calibrated with
these optical microscope data.

2.6.3 Loadcell mass and deflection calibrations

Loadcell’s mass measurement was calibrated by a proof mass and pre-calibrated 10
mg sensitive scale. In addition, the lever type loadcell’s deflection with respect applied
force (the force constant) had been measured by a special designed setup of the fiber
interferometry and hollow water bottle hung on loadcell. Therefore, the tiny hole of
bottle leaks the added water continuously while interference pattern was being counted

and, the load was being measured.

After many careful experiments, an average of 536.5 mN/um was determined for
stiffness of loadcell. In Figure 2.15, an example of the loadcell stiffness measurement
by water flow (about 400 g of water) is given. Note that, this calibration is made for
both force and stiffness, so the top graph of Figure 2.15 shows bits (in 24 Bits scale)

rather than the load yet.

2.6.4 Indentation calibrations

Providing reliable load and depth data through an indenter depends on the
measurement uncertainties in DAQ system, touch point uncertainty and the frame

compliance.

If the amount of indent depth into sample would like to be extracted from a total
movement, firstly the touch point should be determined from the increase of the load.
Hence, the uncertainty of the load measurement sets the minimum for determining
the touch point. Estimating a low load uncertainty may allow to use spherical
elastic depth to load relation [eq. 1.43] which assumes depth exponent of 1.5 and

dependency to indented material and tip radius. Moreover, the indentation data can
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Figure 2.14 : Actuator movement calibration with fiber interferometry; top: Full
range push (left) and pull (right) of actuator sequentially: upside Photo Diode Voltage
of Interference (Voltage0) and bottom: Strain Gauge Voltage of Actuator (Voltagel),

bottom: A small range push and pull of actuator sequentially: upside Photo Diode

Voltage of Interference (Voltage0) and bottom: Strain Gauge Voltage of Actuator

(Voltagel).
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Figure 2.15 : Loadcell stiffness calibration by water flow, (top) measurement of
loadcell while water was leaking through hollow bottle, (bottom) Fiber Interferometry
measurement while water was flowing.
be post-processed and several standard methods can be applied to find touch point,
but above presumptions were made for indicating the dependency of the touch point
uncertainty to tip and sample properties as well as the DAQ system uncertainties. In
Figure 2.16, an example approach and a typical touch point sensitivity demonstration

can be seen.

Relaxation effect on the load takes place for the indentations due to displacement
controlled indents after finding the touch point with load threshold. Figure 2.17 shows

indentation and hold sequences for depth and relaxation can be seen on the load graph.

The frame compliance is the inverse of equivalent total spring constant of the system.
The stiffness calculations 1.47 for an ideal indenter was given at the Introduction 1.3.

If we were to assume that all indenter system as connected in series through the contact

[3,37]:
1

Scontact

—1
Smeasured = [ + Cf] (2.5)

Thus, employing the Oliver-Pharr or Doerner-Nix methods to retraction data, one
can find an equivalent stiffness S,,045ureq Value of contact stiffness Sconrqae; and frame

compliance Cy.
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Figure 2.16 : Load (blue) and Displacement (orange) versus time, approach to fused
silica surface with mentioned step motor-actuator mechanism up to set point with 50
nm/s speed, step motor movement is not shown here but after each pull back it was
driven forward about 6 um. Relative position zero point set for position of the load
set point (20 mN for this example).
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Figure 2.17 : Relaxation effect on the load (blue) is shown while indentation position
(orange) was kept constant. Tip is truncated (1.5 um side length of flat triangle)
Berkovich and sample is gold foil (400 pm thickness).
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Figure 2.18 : Time resolved load and displacement data of Fused Silica Indentation
with truncated Berkovich tip (top), load-displacement curve (middle), and
corresponding Oliver-Pharr Analysis on the retraction curve (bottom).
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To find contact stiffness accurately, frame compliance should be measured with a
known calibration sample. Therefore, we have conducted several experiments on the
fused silica, copper and gold to estimate the frame compliance of the indenter setup

(see Figures 2.18, 2.19).

Consequently, the depth measurement of the experiments can be denoted as:

d= VitCeal — Flch —d; (2.6)

where V; is the strain gauge voltage measurement that is converted to displacement by
calibration factor c.,; (um/V) after the touch point d; is reached, a subtraction from
the total displacement of the actuator should be made for the movement of the frame

by compliance C times the loadcell measurement Fj.

As mentioned earlier, the touch point uncertainty depends on the indenter shape,
sample properties and load uncertainty. However, for the setup, tips and metallic
surfaces that had been used, we estimate a flat punch approximation with order of

10 wm radius and metallic surface of 100 GPa modulus:

AF 2.5mN
'To4E  2-105.101 " 27

However, with the knowledge of the compliance, we could estimate an reduced
modulus roughly 5 GPa that makes the uncertainty in touch point 50 nm. Consequently,

we can estimate the error in depth equation 2.6 with standard deviation formula:

| [ od 5 ad \* 9d\* , [ ad
= () i () b (G ) o+ (35, 0
1
2d\?> ]2
+(&_d,) Ad,]

Ad = \[ 2 AV2 + VEAC, + FZACT+ CIARZ + AdP = 0.12um  (2.9)

(2.8)

where c.,; 1s calibration constant of the strain gauge voltage to real position, Ac.q
is the uncertainty in the calibration, AV is the uncertainty in the strain gauge voltage
measurement (output from the SG75 card), Vy, full scale differential output of the

strain gauge voltage output (V), Fry maximum loading for the experiments measured
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by loadcell (Fj.), AFj. is the uncertainty in the load measurement through loadcell, Cy
is the frame compliance, ACy is the uncertainty in the frame compliance calculation

and Ad; is the touch point uncertainty.

Table 2.2 : Parameters of the depth error at 23°C is given.

Parameter Value
Ceal 10.00 um/V
Accal 10 nm
AV 5mV
Vs 8V
Fg 5N
AFj, 2.5 mN
Cr 5.95 um/N
ACy 9.7 nm/N
Ad; 50 nm

Lastly, because of making the experiments at the temperatures higher than the room
temperature, we conducted some experiments to reveal effects of temperature on the
compliance and absolute load measurements. Consequently, there is a proportional
increase observed in the compliance with temperature increase at the sample while
the absolute load calibration measurements stand still. However, care should be
taken for getting the system to steady state conditions, because the offset of the load
measurements drifts with the varying temperatures. 8 mN/K loadcell offset drift
has been measured while the 100 g calibration mass has been repeatedly measured
between 22°C to 50°C with an average of 986.4 mN and median of 987 mN. All load
measurements between the mentioned temperature interval with the calibration mass
are obtained between 985 mN to 988 mN which is inside the bounds of the load error
+2.5 mN. The accuracy of the load measurements can be estimated by using 9.81 m/s?
gravitational acceleration that shows an %0.5 error. We will tune the load calibration
constant (of HX711 ADC data) from 46.5 uN /bits to 46.245 N /bits by using these

measurements to correct the systematic €ITor.

On the other hand, compliance measurements revealed that a 0.63 ]'l\l[—[n; increase from
the room temperature compliance of 5.95 um/N. Therefore, data analysis will be

carried out by considering temperature coefficient, and depth value will be found with
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Figure 2.19 : Load and Displacement curves for 2 um Copper indentations with
Truncated Berkovich Tip: time resolved demonstration (top), load versus
displacement (middle) and Oliver-Pharr analysis trial (bottom).
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Table 2.3 : Measurement (DAQ) system parameters are given.

Measurement (unit) DAQ Rate (Hz) Resolution Noise Floor Uncertainty
Load (mN) 10 0.465 5 2.5
Depth (nm) 200 0.003 10 120

Temperature (K) 200 0.076 1.5 0.75

the equation:

d = VigCeas — Fie(C + 0.63AT) — d; (2.10)

Here the AT is the difference between the calibration temperature (23°C) and the
experiment temperature. Moreover, due to finding the touch point with the load, touch

point uncertainty will be increased by a temperature multiplication factor of 3.1 nm/K.

However, re-calibration of the depth with optical microscope and AFM shows there
is not a major effect of compliance and temperature of the indenter on the depth of
indentation of metal samples. Therefore, we have used the depth data without the
compliance correction, but with the loadcell stiffness correction only. It seems, we
should develop more the setup for the accurate indentation analysis, and we have left

these works for another study.

2.7 Experimental Procedures

The thermal contact conductance investigation while changing the contact itself needs
revealing methods. In our experimental procedures, firstly a cold diamond indenter
tip is taken into contact slowly (about 50 nm/s) with metal surface mostly at about
100 mN load. After establishing the contact, sub-1 Hz square oscillation of position
-mostly with amplitude of half of step’s indentation depth- has been applied to the tip

for almost 100 cycles of swinging around the contact.

An illustration of the four main protocols can be seen in Figure 2.21 and control flow

of the experiments is illustrated in Figure 2.20.

2.7.1 Sequential indentations at single location

This type of procedure has been the main method that we developed for the TCC

investigations with respect to the contact depth. As mentioned above, firstly the touch
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Figure 2.20 : Control Flow of Experiments (10 um of approach cycle is given as
example).
point of tip and sample is found for a certain load threshold level while the tip is
held at narrow (below 1 mm) to the hotter sample before beginning to approach.
Then, first oscillation sequence is applied after awaiting to reach a steady level of load
and temperature at the touch point. After that, a certain predetermined indentation is
realized to push further the tip inside sample. Following to that fresh indentation, the
same amplitude, frequency and duration of oscillations are conducted at that position.
Further, depending on the planned experiment, indent-oscillation cycles are continued
respectively to extract thermal time constant of the contact at several levels of depth.

At last, the tip is retracted slowly to initial position.

et e G

Figure 2.21 : Employed experimental procedures: (1) Sequential indentation steps at
same position with same amplitude oscillations in between, (2) Sequential
indentations at different locations with same amplitude oscillations in between, (3)
Sequential increasing amplitude oscillation application steps at same position, (4)
Sequential increasing amplitude oscillation application steps at different locations.

In Figure 2.22 (left) averaged oscillation data for each step is shown for the intervals

between single location sequential indentations of this procedure. Contact and
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separation sequences of the oscillations demonstrate clear exponential rise and decay
while square wave application can be seen by the load and depth averages. After the
averaging, each depth of contact and separation is fitted to lumped model of transient
heat transfer, so we could obtain the right graph of Figure 2.22 that shows load and
depth dependency of time constants due to many oscillations at each depth of the

experiment.

Cross-talk can be seen due to averaging also the sample temperature along the cycles,
so it becomes visible. The behavior is explained in the 2.5, and square wave application
results in square wave type cross-talk while for each indentation level it follows the
strain with a proportional cross-talk. Overall effect of the strain-temperature cross talk
can be roughly estimated for 12 um displacement as 0.6 K. However, for the time
constant extraction we rely on the each stable strain state for contacts and separations,

so cross-talk does not affect the fits of tip temperature and extracted time constants.

2.7.2 Sequential indentations at different locations

As can be gathered from the title, it is the same procedure with the difference of
locations of each indent-oscillation sequence of various depths. Therefore, we would
interpret the difference of -if any- freshly indented and pre-stressed contact’s thermal
behavior. Moreover, to anticipate the true contact depth dependency, this technique
needs a proper approach, retract and sample-movement mechanism while keeping the
touch points at the same level with a certain error. In Figure 2.23 an experiment result

is provided to clearly demonstrate the sequential indentation procedure.

To emphasize the sequential indent procedures and show the difference between them,
temperature, load and displacement of the indent sequences also are provided in Figure

2.24.

The single location procedure is shown at the top graphs of Figure 2.24 that show a
relatively longer first step due to approach to surface then consecutive steps with equal
size indents and holds followed. The temperature of the tip (right graph at top in Figure

2.24) shows a long RC behavior while going deeper into sample with indents, but slight
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decays can be seen in the beginning of each step due to oscillations in between them

caused to plastic deformation further from the last indentation step.

On the bottom graphs of the Figure 2.24, an example of different location
sequential indentation procedure’s indentation sequences are shown by depth, load
and temperature versus time. For this procedure, after oscillations followed by each
indentation and hold sequence at one location, tip is withdrawn to initial secure
position, and XY stage moves the sample to predetermined position of the consecutive
step. Therefore, displacement graph shows indentation and relatively long secure
pull-back sequences while load measurement complies with that. Note that, for small
indentation depths, there is not any remaining contact at the average position of the
oscillations (last indentation position), so that we do not see any load decrease while
pulling back the tip. However, for relatively deeper indentations, there is still contact
remains due to elastic recovery, so that we can see decreasing load while pulling back
the tip at the Step 4 and Step 5. In addition, due to pull back and making deeper
indentations, temperature of the tip shows heating up and cooling down RC behavior

along with each sequential steps (bottom right of Figure 2.24).

2.7.3 Sequential oscillation amplitudes at single location

In this type of procedure, after touch point is reached and indentation to keep the
contact for oscillations is made, small oscillation amplitude to larger amplitudes are
applied to the tip for a certain duration (90 cycles generally) for each predetermined
amplitude levels. Therefore, it is similar to indent steps of aforementioned sequential
indentation procedure due to the fact that increasing the amplitude of the oscillation
sequentially with application of many cycles for each level provides sequential increase

in contact depth between steps.

Sweeping the amplitudes has a similar effect as making the same amplitude oscillations
at different indentations, but, for the aforementioned sequential indent-oscillation
procedures, after a certain level of indentation, increasing the amplitude of
position oscillation provides increasing temperature difference between contact and

non-contact states. Thus, the problem of tip cannot be cooled at non-contact periods
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of oscillation due to be buried inside the sample after a certain indentation depth
is solved. Therefore, amplitude sweeping after reaching to contact could be more

explanatory for the sake of decreasing the error through fitting.

2.7.4 Sequential oscillation amplitudes at different locations

This procedure is the same as sweeping oscillation amplitudes of indentation that is
mentioned above, except of each oscillation amplitude is applied at a different location

after a certain same indentation level. An example experiment result is given in 2.26.

2.7.5 A more comprehensive procedure suggestion

Due to experiences of many experiments, there seems a more accurate procedure to
obtain thermal contact time constant at different depths by using oscillations. It is
developed to get rid of the problem of not to be cooled at non-contacting (pull back)

periods of oscillations.

Actually, the procedure will be proposed is a combination of sequential
indent-oscillation cycles and sequential amplitude increase. Therefore, it is presumed
that while going deeper inside the sample by each indentation step, oscillation
amplitude at each indent level towards to sample will be kept at a constant low value,
but pull back periods (half-periods) will be increased such that the tip will be at
the initial contact level at every separation period. Consequently, while the plastic
deformation part of the work is done by slow indentations, asymmetric to indent
level amplitude square wave oscillations would provide high SNR with respect high

temperature difference between contact and non-contact cycles.

Furthermore, practically a reverse of that, making oscillations not around the indent
level but, only deeper of indent has been experimented. Because, due to material creep
and cyclic deformation, loss of contact in some cases had been observed. Hence,
oscillating the tip without any initial separation has sustained the presumed contact
cycles in actual contact. However, adjusting the indent to oscillation ratio and an
adequate alignment of tip has resolved the loose contact problem, so we have not

continued on this type of procedure.
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3. EXPERIMENTAL RESULTS

Experiments have been conducted with the experimental setup that is mentioned in
details in the preceding chapter (Chapter 2). After gathering temperature, depth and
load data with respect to time, with the help of the Lumped Analysis introduced at
the first chapter (Chapter 1.1), programs have been written to batch processing many
experiments. In this chapter, data analysis methods and results of the some of the

experiments will be provided.

3.1 Data Analysis

The analysis pursued is mainly focused on extracting time constants from the lumped
analysis of averaged cycles of periodic contacts at one depth. Therefore, after raw data
is obtained, oscillation cycles’ data is subjected to averaging that assumes all cycles

are in a quasi-steady situation [51]:
T(ti)n = T<ti)m (3.1)

where f; is the measurement time in between zero to one period, and n and m
are the number of any arbitrary cycle. Indeed, this assumption has drawbacks
for especially first few cycles, but experiments have been conducted generally for
90 contact-separation cycles, so distortions from the initial cycles are eliminated
by averaging. However, investigation of each cycle would be very informative in
the manner of analysing deformation mode variation if it was possible. Cycling
square-wave and averaging are conducted because of the lack of the signal-to-noise in
the thermocouple measurements for the experiments with uncontrolled tip temperature
as mentioned in Experimental Setup (Chapter 2). Hence, for the periodic contact
experiments, our perspective is limited to extracting the time constant of the prior

plastically deformed contact by indentation.

A flow chart demonstration of the data analysis can be seen in the Figure 3.1.
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Figure 3.1 : Flow Chart of Data Analysis.

To clarify the concept of averaging with the quasi-steady assumption (eq. 3.1) formula

is given below:
1 N
T(t:)ay = 5 Y. T(ti)n (3.2)
n=1

where T'(t;)q4y is the averaged temperature for time #; in the reduced one period
while 7'(t;), is the temperature of the nth oscillation cycle at the time #; of that
period. The time ¢; is the period time that has value between zero to duration of one
period. In addition, exception for the averaging protocol has been made for the load
measurements due to its low DAQ rate. The averages of load are taken to single value
for each contact or separation cycle, rather than each time point averaged separately.
This exception does not create any conflict with the the perspective of our analysis due
to the fact that we are not interested with impact and time resolved load behavior, but

an average contact pressure.

3.1.1 Calculation of thermal time constants

Thermal time constant values are extracted via exponential fit by SciPy package [79]

using Python. The exponential function is the result of mentioned lumped analysis can
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be written for rise sequences as:
T(t)=To+AT(1 —exp(—t/1) (3.3)

and, for decay:

T(t)=To+ATexp(—t/7) (3.4)

Fitting any rise or decay of temperature for a difference AT from an initial temperature

Ty gives a time constant T as mentioned extensively in the Introduction 1.1.

3.1.2 Error and uncertainty analysis

There are several errors occur due to instrumentation and DAQ as mentioned in the
Experimental Setup (Chapter 2). Firstly, K type thermocouple has 1.5 °C resolution
in measurement that caused by mostly from the reference junction error. On the other
hand, we are not interested in the exact value of temperature, so we keep up with a
reference temperature of 25 °C for the cold junction. Measurements of the temperature
of the setup vary between 20 °C to 30 °C while an average of 22 °C has been observed

for about 2 years of measurements.

Moreover, we have not used direct measurement of temperature but the averaged
difference between contact and separation by an exponential fit. Hence, for the
extracted time constants, we rely on the variance values of the fit parameters that
included the absolute error of the averaging. Uncertainty reduction by averaging is a
simple form of the uncertainty of the weighted averaging. Simplification to averaging
of oscillations is due to the fact that all measurements are considered with the same
uncertainty. Hence, weighted averaging of temperatures with the same weights and
equation given for averaging (3.2) validated. The uncertainty of average for 90 cycles

with 0.75 K uncertainty (1.5 K resolution) [80]:

=0.079 = 0.08 (3.5)

With the result of the above calculation, one can deduce that about 90 cycles of
averaging the uncertainty converges to the limit of used DAQ’s resolution of about

0.077 K (see Experimental Setup section for derivations (Chapter 2). Therefore,
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selection of 90 cycles is an optimization between the noise reduction and the elapsed

time of about 6 minutes (for a general set period of 4 seconds of oscillations).

For the depth and load dependency of the time constants, uncertainty on the depth and
load measurements have been considered. In the Indentation Calibrations (Chapter
2.6.4) the depth uncertainty has been investigated deeply. For about 50°C, the depth
uncertainty can be calculated with help of Table 2.3 as about 200 nm, and load
uncertainty can be used as 2.5 mN. Moreover, for comparison of experiments that was
made on different positions, the roughness of the sample should be added for depth
dependency of time constants. On the other hand, for the load dependency, we may
expect to know contact area dependent load value after touch point in any case, so there
should not be a direct effect of roughness on the load dependency of the calculated time
constants. The sole evaluation of the depth dependency can be done most accurately
through single location sequential experiments that have single touch point uncertainty
and sequential increase in the depth. In addition, for the probability of coinciding to
an unintentional hollow at the sample deeper than an expected roughness value should

be discriminated by distinct load measurement at that indentation depth.

3.1.3 Analysis of extracted time constants

After reaching the TTC of contacts and separations at various load and depth, we may
proceed to estimate TCR from the found RCs. Hence, with an agreement on constant
capacitance value of the tip, a resistance value can be extracted with equation of T

(1.30).

In the Introduction, several approaches are mentioned for the depth and load
dependency of the TCR, and these models will be tried on the extracted RCs. Obtained
results’ fitness to model functions for constriction model 1/d, for the proposed fin

m
efficiency functions, and for large scale (ﬁ) type functions will be examined.

Usage of Lumped Analysis has a limiting factor of Biot number, and a rough average

estimate has been tried to extract for ensuring of the criteria.

Errors of the extracted RC constants can be correlated to difference between contact

and separation temperatures, depth and load. We will investigate how these parameters
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affect the error on the time constants found with our method. The absolute ¢
(uncertainty) values have been found by least square fits’ variance parameters (var)
such as:

6(%) = 100var(t)/7 (3.6)

Consequently, taking into account of 328 average contact sequence of experiments,
we have reached correlation values by Spearman’s correlation calculation with help of
SciPy library [79] in Python. For the correlation of ¢ to amplitude and load, weak
correlation coefficients are found as (-)0.466 and (-)0.349 respectively. However, for
the temperature difference between contact and separation, very high correlation value
of (-)0.941 is found with a strong po value of uniqueness as in the order of E-152
has been found. The graphical demonstration of the correlations can be seen in below

Figures 3.2,3.3,3.4.
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Figure 3.2 : Amplitude versus % Uncertainty.

The correlation results indicate increasing the temperature difference lowers the
variance of the exponential rise time constant as can be expected. The difference
in the temperature has been provided by amplitude and load difference due to tip
temperature has not been controlled, but correlations have not shown the direct-strong
relation between ¢ to amplitude and load. Because, while the amplitude provides
the difference, the absolute depth value causes heating up, so cooling down needs

more time. Hence, ratio of amplitude to depth may be more convenient in terms of
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Figure 3.3 : Load Difference versus % Uncertainty.

uncertainty correlation. Lower load correlation can be also deduced to the mentioned
ratio dependency, because high load difference indicates deeper indentation when a

constant amplitude is given.
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Figure 3.4 : Temperature Difference versus % Uncertainty.

Moreover, some systematic errors will be tried to interpret with the error analyses
because, the setup and procedures have been tried first time for TCC extraction

with Lumped Analysis. Hence, failure modes and needs for improvements to setup,
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procedures and data analysis can be understood with help of the error analyses for our

novel approach to TCC subject.

3.2 Metal Samples

Indentations have been made with diamond tips on the metallic samples such as

Aluminium (Al), Gold (Au) and Copper (Cu).

The Al sample have been used for first trials of the indenter system as well as for
controlled experiments. The Al sample is an SEM holder with measured RMS surface
roughness of 108.43 nm (see AFM image in the Figure 3.5). The conductivity of the
Al has been taken as 237 W /mK for freshly indented surfaces while pristine surface
vulnerable to oxidization. The Al oxide layer for ambient conditions is generally 4-5
wm, but it is found the thickness may be about 500 nm to 1 pum for some situations.
The oxide layer can dramatically lower the conductivity to 30-40 W /mK.

nm

600

400

200

Figure 3.5 : AFM image of Al sample.

The Au samples are foils with 200 and 400 um thicknesses. Roughness values are
measured as 13.96 nm and 38 nm for 200 um and 400 um thin foils respectively (see
AFM image of the thick sample in the Figure 3.6). The conductivity of the Au samples
is used as 315 W /mK that can be found from the literature. There is not any concerns

for oxide formation in the ambient conditions, so we will expect to obtain similar
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Figure 3.6 : AFM image of Au sample.

diamond-Au contacts during the oscillations and indents in the manner of conductivity

of the gold.

The Cu samples are bulk and thin foil (50 pwm thickness). Roughness of surfaces are
measured as 67.86 nm and 15.5 nm for bulk and foil samples respectively (see AFM
images in the Figure 3.7). The highest conductivity value is expected for the Cu with
the literature value of 385 W /mK. However, we may encounter with oxide layers or
formation of oxides during the indentations and oscillations in the Cu contacts. For
the conductivity of the oxide layers of Cu, one can found values between 18 to 76.5
W /mK with typical value of 33 W /mK. Nevertheless, the Cu oxide formation is a slow
process when compared to Al, and the thickness of the oxide is given between 10-50
nm which we can overcome with indentations between oscillations or even during the

oscillations due to small creep in the contact.

3.3 Results of Truncated Cone Diamond on Metallic Samples

A truncated cone shape of diamond has been used for the most of the experiments.
Half cone angle is measured as 60°. Truncated part may be expected to show a similar

mechanical behaviour of a flat punch for initial part of the indentations with a radius of
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Figure 3.7 : AFM images of Cu samples: left one is bulk sample, right one is foil
sample.
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5 um. However, there is an obliqueness that causes to initial spherical-conic tip touch

as can be seen from the Figure 3.8.

Figure 3.8 : AFM images of the indentations on Copper foil (left) 3D topography
image, (right) reversed topography image to reveal the truncated cone tip shape.
Maximum height was measured as 278 nm for the 20 by 20 um? area

Nevertheless, the angular misalignment is calculated as about 3°, and the height of the
oblique flat part is about 75 nm which is even lower than our smallest general prior
indentation depth of 2 um. Therefore, we will mention about the tip with the name

truncated cone, and area functions will be simplified as below unless otherwise stated.

Apro = T[Ro +tanBd]* = m[R§ +2RotanOd + tan*0d?| = m[25+17.32d +3d*] (3.7)

(d + do)ztan(.-) — Rody

5 +R3| = n[2((d+2.9)*1.732 — 14.45) +25] (3.8)
coS

Aconl =T

The area functions are given in the wm? units, Ry is the radius of the flat tip of the
truncated cone, and dy is the height of truncated part of the cone where A, and Aoy,

indicates the projected and contact area.

The capacitance of truncated cone is estimated by the volume and literature values
of density and specific mass of the diamond. The estimation is made for rough
calculations of Biot number and validation of extracted fit parameters by correlating
them to conductance and conductivity values. The base of the cone has 250 pm radius,
therefore one can estimate the mass of the diamond as about 34 u g, so capacitance can
be found as 0.184 E-4 J/K by using the specific heat capacity value of 0.54 Jg~ 'K~

Hence, capacitance (C) values can be estimated roughly as in the order of 1075,

3.3.1 Overall results

Results with truncated cone tip have been assessed in many aspects, and ensured 46
different experiments with three different mentioned metallic samples selected to be

evaluated (Figures 3.9 3.10).
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Overall results of time constant measurements for contact sequences demonstrate a
rapid initial drop followed by a slower reduction with increasing indentation depth.
Moreover, load dependency of time constants for different experiments seem to
be more compatible with each other when compared to depth behavior. It may
be interpreted with the uncertainties of depth measurement that is vulnerable to
inconsistencies in touch point and machine compliance between different experiments.
On the other hand, load measurement shows a general consistency between different

experiments, especially for the Au sample.

Separation sequences (retraction of the tip from the sample) does not show a depth
correlation as can be expected, but if the amount of elastic recovery were equal
or more than the peak-to-peak of oscillation we can observe a distinct low time
constant for cooling down sequences. Besides, for some sequential amplitude increase
experiments, we have encountered monotonic decrease in time constant with increased
amplitude due to increase in the amount of separation (gap) between the tip and the hot

sample.

The mean, minimum and maximum values for different samples are given in Table 3.1.

Table 3.1 : Summary of Time Constant Measurements with Truncated Cone Tip.

Truncated Cone Mean (ms) Minimum (ms) Maximum (ms)
Contact Sequences
Aluminium 638.4 318.31 2493.4
Gold 502.6 30.25 1076.7
Copper 618.2 218.1 1827.64
Separation Sequences
Aluminium 693.5 321.1 3333.2
Gold 591.5 100.1 891.3
Copper 625.1 342.7 1601

To make a rough estimation for compliance with the Lumped Criteria due to Biot
number as indicated in the Introduction [1.1], the minimum time constant measurement
can be investigated for the worst case scenario. The overall area is estimated as 0.24
E-6 m?, and maximum contact area can be approximated to 3.5 E-9 m?, so contact area

to overall area ratio is roughly 1%. Using the equation 1.2 and area for truncated cone,
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the criteria can be simplified as:

. hAc  hA. C
Bl = = =
kA/L~ 33 331

(<<0.1) (3.9)

Therefore, we can estimate the Biot number for the minimum time constant
measurement of 30 ms as in the order of E-4 which is well-below the limit of the
E-1. In addition, using the table and the contact area estimation, we may estimate the
conductance values that are extracted through the experiments in the range of E+4 to
E+6, and the limit value for the criteria compatibility as E+8 of conductance can be
thought. However, rather than relying on the individual measurements, we will try to
use the proposed contact resistance models for parameter estimation that may be more

accurate to comment on.

3.3.2 Pressure and depth dependencies

After the time constants were obtained, the variation of them with respect to depth and

pressure have been tried to be analysed and fitted to a reasonable model.

The first known dependency of the time constant gathered from the Lumped Analysis
is direct area dependency for a constant surface conductance and capacitance (see fits

in the Figure 3.11).

Indeed we do not assume a constant surface conductance that is independent from the
area, but for a rough estimation of Biot number, and to show how much problematic to
approach micro-scale junction with this model it has been tried to fit the time constants
to the area. Moreover, the disc constriction resistance model of inverse depth (or square
root area) (see Figures 3.12 and 3.13) and proposed area efficiency functions that are
similar to conical (see Figures 3.16 and 3.17) and cylindrical (see Figures 3.14 and
3.15) fins will be shown. The shape of the tip allows us to try both cylindrical and

conical fin approaches due to the fact that it is a truncated cone.

The extracted parameters are shown in graphs with thermal diffusivity per volume,
because, the fit parameter for disc resistance model consists of capacitance to
(harmonic) conductivity with some dimensionless coefficients. Therefore, we have
given the inverse of fit parameters with dimensional similarity to thermal diffusivity

which is easier to investigate.
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The fit functions and the corresponding parameters is given below:

For the modified disc constriction function (see details in Introduction 1):

c c 3.464C (1 1
e C _ _ oAy (L 3.10
4 WA~ 2Wcotan(9)d <o k’(d) po(d) (3.10)

Thus, the inverse of the parameter pg can be defined as thermal diffusivity per volume.
Indeed, it is not a physically meaningful parameter, but after multiplication by the

volume of the tip it will provide us an effective thermal diffusivity for the contact.

The ratio of the efficiency fit parameters can also be given as thermal diffusivity per
volume as explained in the Introduction (Chapter 1.2.1). In addition, the coefficient
of the tangent hyperbolic and Bessel functions have been investigated separately, and
conductance parameters that are extracted through this fit parameter will be evaluated

too.

For the cylindrical efficiency function included constriction model (see details in

Introduction 1.2.1):

V. _AY _ 4 (1+r/2d)
p-RC 2 hAn ( 1tanh(cz(d~|-r/2))) G-11)

where the constants represents:

B C 2h
" 3.464kco \ kr

c) = ,/i—h ~ 14.142Vh (3.13)
r

For the conical efficiency function included constriction model (see details in

¢l (3.12)

Introduction 1.2.1):

I
T:RC:L: (c_ll(cz—\/z)> (3.14)
hAN  \Vd L(c;Vd)
where the constants represents:
C 2h
(3.15)

‘= Kco\ ktan(6)

8h
=4/———=~0.0481Vh 3.16
2 \/ ktan(0) Vi (3.16)
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Table 3.2 : Surface Conductance (Wm 2K ~!) Estimations from Different Fit
Functions (Note that for parameter obtained from the direct area fit (quadratic)
conductance is a total while for the other fits it is assumed that the parameter is for
pure interface of diamond-metal contact.)

Sample hquadratic hCylinder hcylmder\/g hcone hc,,m,\/g
Al 3.86 E+4 1.28 E+10 1.38 E+8 1.58 E+13 4.59 E+12
Au 6.11 E+4 2.06 E+10 3.58 E+7 1.71 E+13 323 E+12
Cu 491 E+4 233 E+10 2.72 E+8 2.07 E+13 49 E+12

Therefore, we may find the thermal diffusivity values by multiplying the thermal
diffusivity per volume parameters with volume of the tip and the constants to obtain
a physically meaningful value. Moreover, the square of efficiency function fits’ ¢;
parameter would give a surface conductance parameter for the diamond-metal interface

that is not exposed to a constriction (of microscale) resistance.

In Table 3.2, one can evaluate the surface conductance (per area) results for
diamond-metal contacts that are found from the area fit and mentioned ¢, parameter
from the conic and cylindrical fits. The results from the area fit give values about the
real contact conductance that are calculated with constant contact conductance and
diamond tip’s capacitance estimation. On the other hand, we deduced the conductance
values from the efficiency functions are for the metal-diamond interface (i.e. nanoscale
contact conductance) that are calculated with shape and conductivity of diamond.
Therefore, there are 6 to 9 order of magnitude difference has been found between
total conductance and interface conductance. The compliance of indirect result of
efficiency fit with the order of magnitude of conductance for metal-diamond junction

demonstrates the accuracy of the approach.

Furthermore, depth dependent conic fin efficiency fit shows the highest conductance
derivation with E+13 , and cylindrical square root area dependent cylindrical fits
calculate the lowest conductance values in the order of E+8. For depth dependent
fits of conic and cylinder efficiency functions, the results are found in the order of
conductivities of the metals from the lowest Al to the highest Cu. These results also
show that, the efficiency fits of TTC can reveal the interface, even though the actual
single values of contact conductance show different order as we see the order of overall

surface conductance values Al, Cu and Au from the lowest to the highest.
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Table 3.3 : Thermal diffusivity (@) (cm? /s) estimation from the average of fit
parameters for the contacts of diamond tip with the Al, Au and Cu samples. vA
denotes that fit was made by using the square root area instead of the depth directly.

Sample al/d (Xl VA aCylinder aCylimler\/X Ucone OCC(,,,E\/;
Al 0.79 E-2 0.26 E-2 0.11 0.015 0.895 0.039
Au 1.29 E-2 0.36 E-2 0.19 0.01 1.26 0.42
Cu 1.03 E-2 0.28 E-2 0.16 0.022 1.08 0.396

The literature values of thermal diffusivity of the diamond, Al, Au and Cu are 3,
0.97, 1.27, 1.11 cm?s~! respectively. For the temperature measurements through the
diamond tip depending on the contact with the metal sample, we may expect to see

values between the bulk separate diffusivity values contacting pairs.

Thermal diffusivity calculations from different fit functions can be found at the Table
3.3. The diffusivity calculation is mainly includes the diamond, because thermal
capacitance and volume are taken into account for the diamond tip. Therefore, we
may encounter diffusivity values between the diamond and the contacting metal due to
effective conductivity of the contact. This expectation is mostly satisfied by parameters
obtained from conic fin efficiency function fitted with depth. Hence, the diffusivity
results, geometry of the tip and accurate fitting of conic efficiency function show
us depth dependent conic fin efficiency function is the best approach. However, the
uncertainties in the volume and truncated conic shape of the tip prohibits us to make

conclusive comments.

Table 3.4 : Conductivity (Wm~'K~!) estimation from the average of fit parameters
for Al, Au and Cu, and comparison with literature by using harmonic conductivity of
diamond-metal couple. v/A denotes that fit was made by using the square root area
instead of the depth directly.

Sample ksample kharm()nic kl/d kl VA kCylinder kcyl,-nder\/;
Al 237 423.8 1.51 0.48 21.1 2.85
Au 315 544.3 245 0.69 35.9 1.97
Cu 385 645.7 1.95 0.53 29.7 4.1

Sample kcone Kcone A
Al 166.4 71.3
Au 234.0 79.8
Cu 201.5 75.2
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Firstly, the results show a ranking independent from the fit function for harmonic
conductivity from the lowest to the highest as Al, Cu and Au respectively. This
is compatible with the average of the direct TTC measurements too. However, the
expectation for the ranking is Al, Au and Cu. It may be partially due to mentioned
oxidization and wear effects of impact type testing on copper sample. Yet, the
differences are not high as in the literature for conductivity of oxide layers. Therefore,
we may also attribute this discrepancy to plasticity effect where the gold has about
half of hardness value of copper, and Al can have similar hardness value to gold.
Consequently, we may deduce that when the conductivities are similar the hardness
becomes effective for the conformity and quality of the contact. Actually the load
dependent behavior also shows that gold-diamond contact conductance has high
correlation with load. However, if we were to capable to measure true indentation
depth inside the sample, we may not conclude this behavior through depth dependent
fits. Yet, there is a probability of effect of hardness on development of the interface
conductance which we can not make conclusive interpretations with the state of our

experimental investigation.

Secondarily, we may interpret the absolute values of the found conductivity values.
Due to the fact that the values presented here were found by volume and capacitance
estimations, we may encounter discrepancies in the exact numbers. Nevertheless, conic
fits give order of magnitude consistency with the expected harmonic conductivities.
Yet, they are well-below than theoretical estimation. Therefore, even the behavior of
the TTC measurements can be fitted to constriction and area efficiency production, we
are far from finding exact numbers. In addition, we have not conducted efficiency
function for the exact shape of the indenter, but we have used similar efficiency
functions of shapes of cylinder and cone. Hence, we would like to see roughly if
this approach works. Moreover, the constriction function of disc that we have used is
not exact solution for the case of penetrated tip, and usage of square root area instead
of depth trials were made to see an effective disc that is spread through the indentation

contact area.
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Even though the absolute numbers seem to be more close to real for the depth used
fits, the square root area fits show a good agreement with the TTC measurement, so
finding proper proportionality and cross-check with different type of measurements

may suggest accuracy of square root area approach.

Pressure dependency relations could not be estimated with the macroscopic picture of
contacts as indicated in the Introduction such as:

C :h:c1<F>2 (3.17)

TAcon A pro

The graphs in the Figure 3.18 show the pressure fit trials with exponent is bounded
in the interval of 0-3, and initial guess is given as 0.85 as used in the many studies
of literature. Capacitance is estimated as mentioned above in the conductivity

calculations.

This results may suggest that we have not reached a contact which can be interpreted
as a summation of many microscopic asperities yet. Hence, it seems consistent with

our experimental design to elucidate single micro asperity.

3.4 Results of Three-Sided Diamond on Metallic Samples

3.4.1 Overall results

A three-sided (Berkovich-like) diamond micro particle had been prepared for TTC
measurements too. However, reliable results with this tip are just 12 experiments with
different samples due to the fact that experiments with this tip have been made while
development stage of the setup, and thermocouple-tip contact has stability problems
(see overall results in Figures 3.19 and 3.20). Average, minimum and maximum values

for this berkovich-like tilted tip can be seen on Table 3.5.

Nevertheless, we may show some of the results that are showing depth dependency, and
rough calculations for contact conductance. The contact surface calculations for this
tip are also problematic due to the extreme obliqueness, so we will avoid to comment

on both Biot number considerations and doing square root area type calculations.

94



‘yde13 9ourjONpPUOd "SA AINSSA] : QT € NI

6T {ed) aunssaug 69T (ed) aunssaud 69T {ed) 2unssaud
1 0T 80 90 0 0 08T S271T 00T SL0 050 G20 ST o1 S0 00
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ro 0O Fo
F 00008
- 00000T 0 - 0000S
(=] [=]
2 - 00000T 3
= =
= 2
- 000002 5 L pooosT 3 - 00000T
. 3 B
® m F 000002 ..Mr
L oooooe 3, 3 L 000051
Z el Z
F 0000SZ
F 00000F L - 000002
° ° 00000€

95

{MW/M) 3dueIdNpUCD



The volume of the tip can be rounded to E-9 m?3, so the capaticance for this tip is
estimated as 1.89 E-3 J/K. Therefore, according to fit results of time constants that
were obtained with the tip, harmonic conductivity values and interface conductance
values were estimated. Due to the geometry, we just conducted least square fitting to

conic fin and modified constriction functions.

Table 3.5 : Summary of Time Constant Measurements with Berkovich-like Tip

Berkovich-like tip Mean (ms) Minimum (ms) Maximum (ms)
Contact Sequences

Aluminium 3994 36 564.4

Gold 423.1 326.1 704.3

Copper 986.9 854.5 1182

Separation Sequences

Aluminium 693.5 292.1 5444 4

Gold 591.5 419.3 730.5

Copper 625.1 762.4 1856

In Table 3.6, surface conductance estimations with mentioned ¢, parameter for the
truncated cone tip can be seen for the tilted berkovich-like tip also. The values seem to

be less than literature values with 1-2 order of magnitude less than the expected values.

Table 3.6 : Surface Conductance (Wm 2K~ 1) Estimations from Conic Efficieny Fit
Function’s ¢, Parameter for contacts of tilted berkovich-like tip (it is assumed that the
parameter is for pure interface of diamond-metal contact.)

Sample hcone
Al 5.5E+6
Au 6.7 E+6
Cu 9.9 E+7

In Table 3.7, harmonic conductivity calculations with the conic efficiency fit and
constriction fit are shown. The results show a tendency of being more than expected

harmonic conductivity values with 1-3 order of magnitudes.

To conclude the results of three-sided diamond tip, due to the lack of knowledge of
the exact geometry and contact area, we could not elucidate the contact parameters

through the constriction models.

96



“JUBISUOD AUWIT) SNSIAA peo] moys sydeid wonoq pue Queisuod awn snsioa yidop moys sydeid doj, (‘yuowrradxa JuaIopip e
syuasardar 10100 yoeq) sordures (13o7) nD ‘(e[pprw) ny ‘(Y3Su) v Yim dif, SYI[-YdIA0NIdg I0J SJUBISUOD W) $90UaNDas 1080 : I € IN3I

(Nw) peo
009 00s 00% 00E
i i i i

oog
i

- 058

- 006

- 0%6

r 000T

r 0S0T

F 00Tt

FOSTT

1983U0) N

(wn) yidaag
o1 8 ]

- 0c8

r 006

r 0%6

F 0001

r 0S0T

F00TT

F0STT

10B3U07) ND)

(sSW) JueISUOD Wil

(SlU) JUEISUOD WL

(Nw) peo
0ot 00g 00z 001
i i i i
a
- 00z
- 00E
* o
o
- 00t
® L ]
a
o ® - 00S
- 009
° - 00L
J2B1U0) Ny
(wn) yid=a
ot 6 8 fa 9 S t
1 1 1 1 1 1 1
Q
L 00z
- 00€
. o
e o
- 00t
L o
s]
- 00S
® 5
- 009
° - 00L
10B1U0)) hy

(sw) JuejsuoD awi|

(sw) Juejsuo) awip

(Nw) peo’
000T 008 009 00t 00Z
i i i i i
® L ]
- 00T
o
L 00z
® o
L 00g
o
® oo [ 00
. .
PRI - 005
ejuo) |v
(wn) yidaa
z1 01 8 9 z
1 1 1 1 1
. o
- 00T
o
- 002
® o
L 00g
¢ oot
o e 8
o ® o
- 005
™ o * .
15ejuo) |

(sW) JueISUOD awil

(SLWU) JUEISUOD BWIL

97



“JUBISUOD W) SNSIOA peO[ MOUs sydei3 wonoq pue ‘yueisuod awn snsiaa yidop moys sydeis3 dof, (Juswnradxa Jua1opjip e sjuasardar
10709 yoey) sodwes (3j91) nD ‘(A[pprw) ny ‘(AYSL) [V Pim dif, oI[-Yd1A0Ia¢ 0] SIUBISUOD dwi saduanbas uoneredas : (g ¢ 2Ny

(Nw) peo
0S1 001 os 0
1 1

0S—

- oo8

r 000T

F00ZT

F 00¥T

F 0091

F 008T

uoneledas nd

(wn) yidsa

- 008

F 0001

F00ZT

F00¥T

F 0091

F 0081

uoneiedss n)

(sW) JueISUOD Wil

{sW) JueISUOD W]

(Nw) peo
00T &L 0§ 0
1 1 1 1
o] Lo
L 00z
L 00F
e § o009
-
- 008
° ® | ooot
uoneledas ny
(wn) yadaa
8 9 t z
1 1 1 1
o] L0
L ooz
e L 0o%
0o ¥ o ool 009
®
- 008
e - 0001

ucineiedas ny

(SW) JULISUOD BWIL

{sW) ULISUOD BWIL

(Nw) peo
00S 00F 00E 0Q0Z  0OI 0
1 1 1 1 1 1
L] L] -0
L
. el &
° - 000T
- 0002
- 000€
- 000F
- 0005
L]
uoneledss |y
(wn) yidag
ot 8 9 t z
1 1 1 1 1
L 0
[ 1]
L
ofoe 2 %
® - 000T
- 0002
- 000€
- 000F
- 0005
L]

uoneledas |y

(sW) JueISUOD Wil

{sW) Jue3su0D 2wl

98



Table 3.7 : Conductivity (Wm~'K~!) estimation from the average of fit parameters
for Al, Au and Cu with tilted berkovich-like tip, and comparison with literature by
using harmonic conductivity of diamond-metal couple.

Sample ksample kharmonic kl d kCone
Al 237 423.8 7750 2.19 E+5
Au 315 544.3 7447 3.02 E+5
Cu 385 645.7 3289 1.8 E+5

Still, we could obtain clear depth dependency in time constants, and with further
investigations and advances in the measurment and data analysis, we may measure

contact parameters of oblique shapes such as this tilted berkovich-like tip.
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4. CALCULATION AND SIMULATION RESULTS

To gain more comprehensive insights on the elastoplastic contacts, some analytical
solutions and finite element analyses are conducted. In this section, some important
results of calculations and simulations will be mentioned. Firstly, with help of
derivations for elastic contacts in the Introduction 1.3, different indenter shapes have
been investigated in the manner of area maximization and force minimization in the
elastic regime. After that, utilizing the mentioned Fin Approach in the Introduction
1.2.1, efficiency of different geometries have been investigated. In addition to
optimization sections, using a commercial FEA program (ABAQUS), several dynamic,
static, mechanical, thermal and coupled mechanical-thermal analyses of indentations
have been pursued and, some of the results will be provided in the two subsequent

sections.

4.1 Elastic Regime Shape Optimization of Indentation Contact Area

As mentioned in the Introduction (Ch.1), it is well known that elastic regime is a
very small portion of the indentation. However, except of the pile-up and sink-in
effects, shape of the indent is mostly determined by the elastic-geometry dependent
relations. Hence, we found precious to investigate with sole elastic calculations to gain
insight onto pressure optimization. For instance, the pressure optimization is crucial

for especially delicate TIM designs for electronic packaging.

Using the conical area function (eq. 1.9) (with B = tan®(Radius/Depth)) and the
force-displacement equation (eq. 1.44) an area optimization with respect to cone angle

is shown in graph [Figure 4.1].

Cone geometry and depth to force relation provides self-similar depth independent
area per force function as shown in the Figure 4.1. Results may seem obvious due to
the fact that while cone angle is being extended to 90° it will converge to a flat punch

which has the maximum same area over all the forces. This deduction and some other
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Figure 4.1 : Area to force ratio of different cone angles for elastic regime, material
properties are taken into account for diamond indenter and copper sample.
widely-used pointed and spherical geometries calculated with the corresponding area

and force relation in the elastic regime (shown in Figure 4.2).

The results of the calculations show pointed indenters become eventually more
efficient for the pressure optimization. Knoop shape with the highest cone angle
(77°) have the highest area per force while the cube corner with the cone angle of 42°
shows the lowest among the pointed indenters. Self similar geometries in the elastic
regime show a constant inverse pressure as can be expected from the equations at the

Introduction 1.3.

One can also deduce that flat punch becomes less efficient than Knoop, Vickers and
Berkovich after indentation depth exceeds the 10% of the radius, while 25% of the
radius for the Cube Corner. In addition, for the spherical indenter, when the indentation
depth exceeds about 5% of the radius, Knoop shape becomes more efficient, and this
ratio is 10% for the Berkovich and the Vickers shapes. We avoid to make comparison
for the cube corner to spherical indenter cases for two reasons. First, elastic equations
for spherical indentation need to have high radius to depth ratio to be valid. Second,
it is obvious that even 1 um is a big extension for the elastic regime, so intersection

at about 3-4 um of spherical and cube corner may not be that correct. However, we
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Figure 4.2 : Area vs Force graph (top), and depth dependency of area per force
(bottom) for different indenter geometries and for pure elastic behavior.
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mentioned a sharp conic tip with 30° half cone angle at the simulations with plastic

deformations included.

4.2 Elastic Regime Shape Optimization of Fin Efficiency for Indentations

After several shape optimization in the manner of area versus force calculations, the
direct thermal contribution of the increased area by indentation is calculated by the
presumed gradient (in Section 1.2.1) which decreases the effectiveness of the heat

transfer channel.

These calculations had been made similar with the fit functions in the Results
section. Therefore, we put an inverse spreading resistance (conductance) from
diamond tip to copper sample multiplied by efficiency along the indenter determined

by diamond-copper interface and diamond conductivity (and also conic half angle).

The results presented at the Figure 4.3 calculated for a base radius of 10 um and
a constant interface conductance of 1E+10. Results show a rapid saturation for
cylindrical (flat punch) case up to 10 um while conical fin also shows fast decreasing

in the efficiency, but it is not saturated.

The results presented at the Figure 4.4 calculated for a base radius of 2 um and
a constant interface conductance of 1E+10. Results show a rapid saturation for
cylindrical (flat punch) case up to 2 um while conical fin also shows fast decreasing in

the efficiency, but it is not saturated completely up to 10 um.

The two different base radius results show that increasing the cylinder radius provides

an increasing saturation depth as can be expected.

A total efficiency calculation trial had been made also along conic half angles that is

made by multiplication of inverse pressure efficiency and fin efficiency for cone.

In Figure 4.5 results are shown for sharp to wide cones, and as can be expected, wider

cone angles show more efficiency both for the inverse pressure and the heat rate.
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Figure 4.3 : Change of the efficiency (top) and heat rate (bottom) of the heat transfer
channel for constant conductance 1E+10 W /(m?K) with respect to depth while the
diameter of the beginning of the extension is kept constant 10 um for cylinder (blue),
and cone’s (orange) half angle is 60°.
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Figure 4.4 : Change of the efficiency (top) and heat rate (bottom) of the heat transfer
channel for constant conductance 1E+10 W /(m?K) with respect to depth while the
diameter of the beginning of the extension is kept constant 2 um for cylinder (blue),
and cone’s (orange) half angle is 60°.
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Figure 4.5 : Total efficiency (inverse pressure to heat efficiency multiplication)
calculation for conic angles.

4.3 Elastoplastic Simulations of Indentation

Beyond the elastic regime, we conducted FEA simulations to investigate plasticity
effects on area optimization. Indentations of different tip geometries are simulated on
copper with 2D Axis-symetric Dynamic-Explicit solver. Indenters are modeled as rigid
bodies with different geometries due to the fact that diamond behaves as a rigid brittle
body on metallic indentations with owing about 1 order of magnitude higher elastic

modulus than copper (130 GPa and 1220 GPa, copper and diamond respectively).

From the simulations, wider angle cone (near Berkovich equivalent half cone angle 70°
to a sharp half cone angle 30°) seems more efficient in the area optimization manner
with indentation depth. Even though spherical punch seems to be more efficient at the
beginning as shown in the calculations also, Berkovich equivalent cone tends to catch
spherical area up to 2-3 um. In addition, at the 1 um Berkovich becomes more efficient

for the inverse pressure.

Interestingly, sharp conic shows more efficiency for the inverse pressure calculation
from the elastoplastic simulation results. A number of 8 um? per mN at the 1 um for

Berkovich and Spherical Punch can be estimated, while for the sharp cone (30° half
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cone angle) at the 4 um of indentation, it is about 10 um? per mN. Even though the
indentation depths are different for the two conic half angles, we expect self similarity
for the conic shapes, so they should behave same along all the depths. Furthermore,
from the graphical results, we deduced that the pile-up effect makes more efficient the
sharper one. Therefore, these results show especially for the highly plastic materials at
micro scale, it is important to include plasticity effects for the optimization of pressure.
The efficiency increase due to pile-up is also important for the thermal efficiency.
Because, pile-up means area yield above the base of indenter that is different from
the fin approach that just includes the area efficiency after the base. Nevertheless,
we have not made further investigations on this issue due to being more focused on
the consistency of the experiments with general area efficiency functions, and we left

more comprehensive investigations for next studies.

4.4 Thermal Simulations of Contact Resistance and Channelling

In addition to dynamic-explicit simulations, coupled-static/quasi-static analyses are
conducted by using ABAQUS to clarify simultaneous heat transfer and indentation
effects. Moreover, to understand channelling/fin behavior, several only heat transfer
simulations have been run on indents at different depths and conductivity to

conductance ratio.

Firstly, to check whether ABAQUS simulation provides the spreading resistance within
the studied dimensions and materials, we had conducted heat transfer analysis by

putting several uniform temperature boundaries with different radii.

In Figure 4.8 the resistance calculation results from the simulation of temperature
boundary is demonstrated. Moreover, to see clearly the constriction resistance holds
in that regime of 5 um radius, inverse resistance (conductance) is calculated, and is
shown at the bottom graph of Figure 4.8. The slope of the conductance graph should
show (Eq. 1.14):

m = 4k 4.1)

The calculation of the slope has given about 1539, and the conductivity can be found

as 384.75 Wm~!K~! which is very close to given value of 385.
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Therefore, results show, we can investigate the constriction issue with our

axis-symmetric 200 pm radius copper model.
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Figure 4.8 : (top) Spreading resistance change with radius and (bottom) inverse

resistance (conductance) with respect to radius of temperature boundary on the
copper sample.

Coupled indentation and heat transfer simulation results on bulk copper with diamond
indenter had been pursued too (Figure 4.9). However, coupled analysis consumes
much more time and storage with little help on the our area efficiency investigations
especially for the cylindrical cases, so we had tried to simulate several instances of the

contact without deformation analysis.

Hence, ABAQUS simulations had been made for channelling by creating many contact
instances of cylindrical penetrations. Using those simulations, we reached to similar
results of cylindrical fin efficiency by calculating the total (from top of the tip to bottom
of the sample) and spreading (from the contact to bottom of the sample) resistances

(Figure 4.10).
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E+10, (top) Spreading Resistance, (bottom) Total Resistance.
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Results show a saturation behavior after 3 pum which can be seen also from the
calculation of cylinder fin efficiency with the same 2 um diameter in the Figure 4.4.
Moreover, even the spreading resistance that is calculated from the contact of the tip
of the flat punch to copper shows an ongoing decrease, total resistance seems to be
saturated with the gradient along the tip. This result shows that how important the
gradient can be while trying to increase the area and decrease the constriction by

pushing the tip into sample.

Furthermore, we investigated the conductivity ratio effect on the spreading and total

resistances along a 20 um cylinder tip inside a copper specimen by changing the tip’s

conductivity.
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Figure 4.11 : Spreading (top) and total (bottom) resistance change with respect to

conductivity ratio ks /Ksampie Using surface conductance as E+10.

The conductivity ratio of tip to sample is made by holding the sample conductivity
of copper and the tip-sample interface conductance same, while changing the

tip conductivity from 1% to 100 times of the sample’s conductivity. For the
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metal-diamond interface about the value of E+10 can be found in different studies.
Therefore, we show here change of effectiveness of the gradient while changing
the conductivity of diamond contacting through 20 pm indent. Interestingly, here
increase of the conductivity increases the spreading part of the resistance while the total
resistance decreases. Total resistance tends to be saturated at about 50 times higher
conductivity is given for the tip part. Up to the saturation region, we see rapid decrease
in the gradient along the tip, after the conductivity becomes 10 times of copper,
spreading resistance resistance becomes comparable in total resistance. Therefore, we
can see for a constant high surface conductance of interface, spreading effect begins to

suppress the total conductance after gradient is overcome for the indented contacts.
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S. CONCLUSIONS

Thermal Contact Conductance (TCC) of single microscale junctions under high plastic
deformation have been investigated in this thesis. Experimental analysis of the thermal
contacts has been conducted with home-made indenter-thermal junction setup while
analytical and FEA calculations have been made for different perspectives of the

contacts of indentation.

Contacts that are created by penetration of a tip into a sample rather than the
mostly studied case of flattening asperities of metallic contacts have been expected to
demonstrate a temperature gradient along the tip which is analogous of the well-known
fin efficiency. Therefore, we unified the disc constriction resistance picture of the
contacts with cylindrical and conical pinned fin efficiency functions as explained in

detail in the Introduction 1.2.1.

Experimental results have demonstrated a good agreement in the behavior of the time
constant measurements with efficiency functions. Moreover, constant conductance
(inverse area fit), modified disc constriction (inverse depth fit), and fits of efficiency

functions for the square root area rather than the depth solely have been tried.

The TTC results as well as fits of TTC to aforementioned functions in average show
contact conductance ranking from the lowest to highest as Al, Cu and Au. However,
just taking into account the harmonic conductivity picture of constriction is not enough
with the highly plastic indented contacts. Especially, about two times higher hardness
of copper from gold may be resulted in more conforming gold-diamond contact, so

lower TTC values are obtained for the experiments with gold.

Moreover, the direct surface conductance estimations with area fit revealed average
values in the order of E+4 with a general contact area to overall area ratio of 1%
for the diamond tip. These results seem to comply with the values of the literature.
Moreover, with help of the efficiency fit functions, we could estimate indirect interface

conductance for the diamond-metal interfaces. The results show very high values of
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conductance varying with the used fit function from E+8 to E+13 for cylindrical to
conic efficiency functions respectively. These results also comply with the results in

the order of magnitudes both calculation and experimental studies of the literature.

In addition, calculation and simulation results have shown that gradient occurs
and becomes effective for the indented microscale junctions with high interface
conductance. Therefore, we emphasized that inclusion of efficiency function in the
thermal contacts of indentation is an accurate approach, and fitting experimental results

of TTC has simulation and analytical calculation supports.

Beyond providing support for the establishment of the mentioned efficiency picture for
contacts, the simulation and calculation results had been tried to find the most effective
indentation contact depth and shape. Elastic regime calculations show that wider cone
angle is generally more effective for both the pressure minimization and the thermal
gradient decrease. However, when plasticity was included in the simulations, the
sharper cone was found more effective for the pressure case due to pile-up occurrence.
It seems also can be helpful for the thermal issue due to obtaining more contact
area above the base of contact surface, so the micro scale engineering of the thermal

contacts should be evaluated with these high plasticity effects.

In addition, we found that before the spreading resistance starts to suppress the
conductance of the contact pairs, the gradient occurrence should be overcome with the
varying conductivity simulations of the perfectly conforming cylindrical indentation.
Thus, for the creation of the surface extensions for increasing the thermal contact
conductance, the effect of gradient occurrence on the tip should not be underestimated

especially for high quality interfaces as being in the diamond and metal.

To conclude, we have seen the fin similarity can be, and should be used in the
interpretation of the thermal contacts of indentation. The single asperity in the
micro scale has been investigated with this unique approach, and novel oscillatory
experimental design. Even though this study consists of diamond-metal contacts,
proposed experimental procedure can be applied for any contact pairs, and can be
compared with the literature. The pursued data analysis is focused on providing

reliable single thermal time constant for contact or separation sequence of the contact.
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However, with help of improvements of the temperature measurement resolution,
we may extract each cycle of contact rather than average of many quasi-steady
state contact cycles at different indentation depth. Furthermore, with the mentioned
improvements the (slow) indentation parts and (square wave) impact effects of the

experiments would be also deduced for the thermal contact conductance estimations.

Consequently, there are several issues that are left to ongoing research works. Firstly,
the indenter should be more accurate and machine compliance should be decreased
to simultaneously measure the mechanical properties accurately. More importantly,
the indentation depth should be known more accurately which is mostly dependent
on the problems of the machine compliance. Secondly, the thermal measurement part
of the setup would be developed with more precise devices or as mentioned in the
Experimental Setup (Chapter 2) with direct measurement through diamond. The setup
has no control on the tip temperature yet, and its temperature is just determined by
thermal balance between the medium and contact to the sample, after a certain level
of indentation, obtaining resolvable data becomes impossible as can be seen in the
Experimental Results section (Chapter 3). This problem can be solved partially by
putting a cooler on the tip as near as possible, but there will be eventually a limit to
measure through this procedure and setup. However, just for a thought experiment,
putting all the tip with a cooler on it and embedding in the sample, then, measuring
temperature directly through the tip (i.e. via NV centers of Diamond tip) may give
some results for the sake of contact resistance measurements. Indeed similar situations

have been shown via ABAQUS simulations (Chapter 4).
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