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ABSTRACT 

 

Due to their small physical and microstructural size, nanoscale materials show significantly 

different behavior compared to the bulk. Size effects studies on materials behavior, particularly at 

the nanoscale, has been a vigorously active area of research. The state of art is to characterize 

materials properties at individual domains, such as mechanical, electrical and thermal. Fundamental 

aspects of microstructure-properties relationship in these individual domains are relatively well 

understood. Nevertheless, experiments relating external stimuli, such as stress, temperature, 

electrical current, light, ion irradiation to structure and properties at the nanoscale remain 

challenging at this length-scale. From a fundamental perspective, small size should make materials 

more sensitive to stimuli compared to bulk. If this hypothesis is validated, one can envision facile 

tuning of microstructure to actively control materials properties. Such tunability would enhance 

performance in broader areas of electronics, energy conversion and sensors. This motivates us to 

experimentally investigate the stimuli-microstructure-property relationship at the nanoscale. 

The technical contribution of this research is a unique nanofabricated experimental setup 

that integrates nanoscale specimens with tools for interrogating mechanical (stress-strain, fracture, 

and fatigue), thermal and electrical (conductivity) properties as function of external stimuli such as 

strain, temperature, electrical field and radiation. It addresses the shortcomings of the state of the 

art characterization techniques, which are yet to perform such simultaneous and multi-domain 

measurements. Our technique has virtually no restriction on specimen material type and thickness, 

which makes the setup versatile. It is demonstrated with 100 nm thick nickel, aluminum, zirconium; 

25 nm thick molybdenum di-sulphide (MoS2), 10 nm hexagonal boron nitride (h-BN) specimens 

and 100nm carbon nanofiber, all in freestanding thin film form. The technique is compatible with 

transmission electron microscopy (TEM). In-situ TEM captures microstructural features, (defects, 
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phases, precipitates and interfaces), diffraction patterns and chemical microanalysis in real time. 

óSeeing the microstructure while measuring propertiesô is our unique capability. It helps identifying 

fundamental mechanisms behind thermo-electro-mechanical coupling and degradation, so that 

these mechanisms can be used to (i) explain the results obtained for mesoscale specimens of the 

same materials and experimental conditions and (ii) develop computational models to explain and 

predict properties at both nano and meso scales. The uniqueness of this contribution is therefore 

simultaneously quantitative and qualitative probing of length-scale dependent external stimuli 

effects on microstructures and physical properties of nanoscale materials. 

The scientific contribution of this research is the experimental validation of the 

fundamental hypothesis that, if the nanoscale size can cause significant deviation in a certain 

domain, e.g., mechanical, it can also make that domain more sensitive to external stimuli when 

compared to bulk. We have showed that mechanical properties of freestanding nanocrystalline thin 

films have higher sensitivity to elevated temperatures compared to bulk. The Youngôs modulus of 

nanocrystalline aluminum thin film is measured about 50% of the room temperature value at 65% 

of the melting temperature. The higher volume fraction of grain boundaries can be ascribed to this 

observation since the inherent disorder on the grain boundary atoms means they are more sensitive 

to the temperature. At the bulk scale, thermal conductivity of metals is not sensitive to mechanical 

strain. However, this may not be true for grain sizes below the electron mean free paths, for which 

mechanical deformation mechanism and volume fraction of grain boundaries are drastically 

different from the bulk. Our experimental results show strong mechanical strain-thermal 

conductivity coupling, thermal conductivity of Zr film with average grain size of 10nm dropped 

from 20 W/m-K to 13 W/m-K with a strain level of only 1.24 %.   

In this dissertation, we present a series of studies tied by the common thread of synergy of 

two or more stimuli. The first example is on pure metals, which need very high temperature (> 
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0.5Tm, where Tm is melting point) or stress (>sy, where sy is the yield stress) to change 

microstructure. In contrast, we present experimental evidence of about 100 times grain growth in 

nanocrystalline nickel at only 0.2Tm (Tm is the melting temperature) when accompanied with only 

0.2 sy ( sy is the yield stress) stress. This finding contradicts with the classical understanding that 

grain growth is a plastic deformation (>sy) mechanism. Interestingly, stressing the films by high 

stress (around sy) or temperature (0.5Tm) separately produce only insignificant grain growth. These 

results suggest that when synergistic, external stimuli can exert unprecedented influence over 

microstructure-properties in nanoscale materials. In a corollary study, we modeled nanocrystalline 

metals as a standard linear elastic solid and our experimental results on 100 nm thick (average grain 

size 10 nm) freestanding nickel specimens at temperatures from 300 to 425 K̄ support this 

hypothesis reasonably well.  The viscosity of solid nickel ranged from 3.3x1013 Pa.s to 1.5x1013 

Pa.s at these temperatures, which are about two orders of magnitude smaller than that expected for 

metals and are also less sensitive to temperature compared to bulk.  

The second case study involved a novel concept of electro-graphitization that induces 

synergistic thermo-electro-mechanical fields to graphitize carbon nanofibers at around 800 ºC 

temperature and below 106 A/cm2 current density. In comparison, conventional graphitization of 

carbon nanofiber requires very high temperatures (> 2800 °C). A more convincing study on the 

pronounced role of stimuli on microstructure-properties is the transformation of amorphous 

materials to nano or microcrystalline form. This is because typically the energy barrier for this kind 

of transformation is very high, requiring extreme conditions to initiate such transformation. To 

pursue this, we studied 25 nm thick MoS2 and 10 nm h-BN films. Our in-situ TEM heating of these 

specimens indicated that such phase transformation can be induced to temperatures as low as 600 

C̄.  
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In the third study, we observed anomalous response of GaN microstructure to the externally 

applied electrical field at nanoscale. 90º domain switching in 100nm thick GaN film was observed 

at a 107 V/m electrical field, applied perpendicular to the polarization direction. No such switching 

was observed for thicker films. This anomalous behavior is explained by the nanoscale size effects 

on the piezoelectric coefficients of GaN, which can be 2-3 times larger than the bulk value.  

We also explored the sensitivity of nanoscale materials to photons and ions. With light 

radiation on monolayer MoS2 films, we observed very strong light-matter interaction (photo voltaic 

effects) without any apparent rectifying junctions. For bi-layers, no such effect was present, 

suggesting strong size effect in light-matter interaction. The photo-voltaic effect was observed to 

highly direction dependent in the film plane, which suggests that the oblique deposition 

configuration plays a key role in developing the rectifying potential gradient. We have studied ion 

irradiation effects in Zr thin films, showing significant grain growth (>300%), texture evolution, 

and displacement damage defects. Stress-strain profiles were mostly linear elastic below 20 nm 

grain size, but above this limit the samples demonstrated yielding and strain hardening. 

Experimental results support the hypothesis that grain boundaries in nanocrystalline metals act as 

very effective defect sinks. 

Since microstructures-properties in nanoscale are sensitive to external stimuli, structural 

stability or degradation of nanoscale materials due to over stimuli will be an important topic to 

study. To pursue this, we studied the degradation mechanism of graphene and WSe2/graphene 

heterostructure as a function of temperature and electrical current density. Our experimental results 

show that high temperature and current density can induce migration of foreign contaminants due 

to phenomena similar to thermo and electromigration and alloying with foreign elements leads to 

catastrophic degradation in crystallinity. 
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This dissertation presents experimental evidence of external stimuli effects on the 

microstructures-properties relationship at nanoscale. The technological aspect of this research 

impacts nanotechnology applications, like microelectronics, optoelectronics, energy conversion 

and sensors. However, it is also very fundamental in nature, and the new phenomena that are 

explored will enrich knowledge of material behavior and lay foundation for the future work on 

multi -physics of material at nanoscale. 
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Chapter 1  
 

Introduction  

1.1. Length-scale Effects on Materials Behavior  

It is well established in the literature that materials properties depend on the microstructural 

dimensions and features (grain size, dislocation density) [1]. A well-studied example is the Hall-

Petch effect, where materials strength (sy) is related to grain size (d) as,  

2

1

0

-

+= kdy ss      (1) 

Where s0 is the stress needed to move individual dislocations and k is a material dependent 

constant. Such phenomenological relationships are known to breakdown at or below a length-scale, 

where the materials physical dimensions are comparable to microstructural sizes [2]. Such 

breakdown is ascribed to completely different deformation mechanisms at the nanoscale.  Extreme 

dimensional confinements, predominance of interfacial phenomena and unique atomic 

configuration lead to unusual materials properties. The Hall-Petch relationship, for example, breaks 

down below 25 nm grain size. This is also the length-scale of interest in this dissertation. Criteria 

like deformation mechanism, energy distribution in the surface shell, high surface area to volume 

ratio are some of the underlying physics that explain the unusual behavior. Further motivation for 

this research comes from the observation that the explosive growth of the micro-electronics 

industry (and subsequently, nanotechnology) has ushered materials with even smaller length-

scales, highlighting the importance of such size effects of performance and reliability of modern 

devices. 
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Figure 1.1. Break down of scaling mechanics in the mechanical domain at grain sizes below 25 nm. 

 

The conceptual foundation of this dissertation is based on the observation that breakdown 

of classical mechanics and physics also influences other (electrical, thermal, magnetic etc.) 

domains. Electrical properties of thin films and materials at small scale are observed to deviate 

from the bulk value, albeit at a different scaling of length (when electron mean free path is 

comparable to grain size or film thickness/width). Enhanced electron scattering at grain-boundary 

and surface are known to increase the electrical resistivity, is modeled by Mayadas and Shatzkes 

[3].  Size-dependent resistivity was observed and was found to increase with decreasing diameter 

of gold [4] and copper [5, 6] nanowires. As one goes towards smaller wire dimensions, the mean 

grain size reduces that increases the number of grain boundaries resulting in higher electrical 

resistivity. Figure 1.2 shows the variation of the electrical resistivity with width for gold and copper 

nanowires from the works reported in the literature. With the number of interconnects increasing 

consistently, this is already a major problem in state of the art transistors [7-9] .   
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Figure 1.2. Variation of electrical resistivity with width of nanowire in (a) Gold [4] and (b) Copper 

[5]. 

While the electron transport in thin films and one-dimensional nanostructures is studied 

very extensively, thermal (phonon) transport has come under investigation recently. When solids 

shrink to nanometer range, the thermal transport phenomenon by phonons is altered due to effects 

like phonon boundary scattering, modifications in the phonon dispersion relation and quantization 

of phonons. Thermal conductivity at small size scales is mostly observed to be lesser than the bulk 

value of crystalline solids due to enhanced boundary scattering of phonons. 

 

Figure 1.3. Variation of thermal conductivity of Silicon with temperature in (a) thin films [10] and 

(b) nanowires [11] 
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Figure 1.3 shows the trend of thermal conductivity of silicon with temperature in silicon 

thin films [10] and nanowires [11]. It is evident that from the figure that it is much lesser than the 

bulk value due to enhanced phonon scattering at grain boundaries and imperfections. For 

nanowires, the variation with temperature is found to be more significant at larger diameters. At 

smaller diameters, the thermal conductivity behavior deviates from the Debye T3 law which might 

be due to changes in the phonon dispersion relation. Computational studies based on Boltzmann 

transport equation (BTE) and Molecular Dynamics (MD) simulation [12, 13] are also used 

extensively to predict the thermal transport behavior in nano scale materials.  

1.2. External Stimuli Effects at Bulk and Smaller Length Scales 

The overarching philosophy of this dissertation is that if extreme length-scale effects can 

breakdown materials behavior in all physical domains, the same phenomenon can make the 

materials more susceptible to external stimuli compared to bulk. It is well-known that bulk 

materials, with exception of semiconductors or very special crystallographic structures, are not very 

responsive to light, heat, electrical current etc. 

For example, the elastic constant of bulk Cu, Ag and Au exhibit very weak temperature 

dependence up to 800 °K [14]. The youngôs modulus of micro-sized Ni, single-crystal silicon (SCS) 

and silicon carbide films (SiC) showed very little or no change from room temperature to 500°C 

[15, 16]. In the computational investigation, Li et al [17] reported that the thermal conductivity of 

bulk silicon and diamond changes appreciably at as high as 2% strain. Kuczynski et al [18] 

measured the strain sensitivity coefficients of electrical resistivity for metals and all were great than 

unit which indicated non-sensitivity of electrical resistivity to elastic strain. The phase change of 

Si from amorphous to crystalline through solid phase crystallization (SPC) method happened at 
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around 600 °C [19-21]. Meng et al [22] also reported crystalline to amorphous transformation in 

Zr-Cu-Al alloys induced by high pressure torsion.  

In this dissertation, we hypothesize that the unusual behavior of nanoscale materials in 

various domains can be interpreted as pronounced effects of the stimuli (such as stress, temperature, 

and current) respective to these domains. For example, the extreme dimensional constraints on the 

generation, storage and motion of defects (vacancies, dislocations) as well as the abundance of 

surface and interfaces breakdown the scaling law of mechanical domain. However, these 

dimensional constraints also mean enhanced electron and phonon scattering.  Law et al [23] 

reported that characteristic length of various physical phenomenon for solids at room temperature 

like electron mean free path, phonon free mean path, the Fermi wavelength, the Debye length etc. 

all fall in the range of 1-50 nm. When the length scales of the sample specimen approach or lie in 

this range, there is an enhanced coupling between two or more physical domains. Such coupling is 

expected to manifest in pronounced effects of the external stimuli that are typically absent at the 

bulk. Existing works in the literature show the effect of mechanical strain, may be substrate induced 

or externally applied, on properties like thermal conductivity and electrical resistivity [24-27]. It is 

essential to understand this correlation for a reliable design of nano systems with their applicability 

increasing consistently. 

1.3. Objectives and Impacts of this Research 

The objective of this research is to experimentally validate the hypothesis that nanoscale 

materials are more sensitive to external stimuli compared to bulk. To achieve this, we have 

developed a versatile test bed that can measure multi-domain properties under controlled exposure 

to stress, temperature, current etc, as shown in Figure 1.4. This is a micro-electro-mechanical-

system based experimental setup with sensors, heaters and actuators integrated with the nanoscale 



6 

 

free standing thin film specimens as shown in Figure 1.4c. This device uses the thermal actuation 

technique where electrical current is passed through highly doped single crystal silicon actuator 

beams by using electrodes C-Cô in Figure 1.4c. These beams expand slightly in the direction of 

motion due to Joule heating [28], which applies mechanical load in the specimen. Biasing 

electrodes A-Aô or B-Bô or both in Figure 1.4c can generate different temperature fields in the 

specimen and current density can be applied to the specimen by biasing electrodes A-Bô in Figure 

1.4c. The setup is compatible with electron, infrared, and Raman microscopes to access the various 

stimuli and domains, especially transmission electron microscope. Real time microstructures, phase 

transformation, interfaces, defects with different stimuli can be visualized and recorded while 

material properties (thermal, electrical, optical, and mechanical) are measured. 

 

Figure 1.4. (a) MEMS device on fingertip (b) MEMS device accommodated in TEM holder for in-

situ TEM testing (c) SEM image of the MEMS device. 

 

In this dissertation, we have investigated the effects of various external stimuli on the 

microstructures and properties of different nanoscale materials. 

Chapter 2 of this dissertation presents the work on microstructural observation and 

deformation behavior of nanoscale materials and their properties under mechanical loading. The 

experimental results in section one suggest the inverse Hall-Petch behavior in nanocrystalline 
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zirconium and great sensitivity of mechanical properties to grain size. In section two, we observed 

the relaxation behavior of 100nm thick Ni thin films with average grain size of 10nm under 

mechanical stress. The results show that the viscosity of solid nickel is about two orders of 

magnitude smaller than that expected for metals and are also less sensitive to temperature compared 

to bulk. In section three, we studied the thermal conductivity of Zr thin films as a function of 

mechanical strain and found very strong mechanical strain-thermal conductivity coupling in 

nanocrystalline Zr thin film. 

In chapter 3, temperature or heating is studied as an external stimulus to influence the 

microstructures and properties of materials. Section one shows greater sensitivity of the mechanical 

behavior of nanocrystalline aluminum thin films to elevated temperatures compared to its bulk. The 

experimental results of section two on 25 nm thick MoS2 and 10 nm h-BN films implies that the 

phase transformation from amorphous to nanocrystalline or microcrystalline at nanoscale can 

happen at a much lower temperature than that at bulk scale. 

Chapter 4 and Chapter 5 highlights the major contribution of this dissertation: synergy of 

external mechanical, thermal and electrical field to actively tune the microstructures and thus 

properties. Chapter 4 shows unusually large grain growth of nickel thin films under low temperature 

and low stress synergy. Section one of chapter 5 shows remarkable microstructure change and 

properties improvement of carbon nanofibers with electrical current that induces synergistic 

thermo-electro-mechanical fields to graphitize carbon nanofibers at much lower temperature than 

conventional approach. Section two of chapter 5 shows that at nanoscale, electrical filed can cause 

90° domain switching in GaN thin film, which is not observed in the bulk scale.  

Chapter 6 presents the work on the microstructure stability and degradation of nanoscale 

materials as a function of external temperature and electrical current. Experimental results show 

that high temperature can cause dramatic degradation of multilayer graphene or WSe2/graphene 
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heterostructure specimens. But with the assistance of current, the degradation starts at much lower 

temperature and the process is greatly accelerated. 

Finally, Chapter 7 shows the effect of external radiation. Section one studies the 

photovoltaic effect of MoS2 sample and we observed very strong light-matter interaction without 

any apparent rectifying junctions in monolayer MoS2 while no such effect was present in the bilayer 

sample, suggesting strong size effect in light-matter interaction. In next section, the mechanical 

behavior of nanocrystalline Zr thin films is explored as a function of ion irradiation doses. We 

observed increased grain size, grain boundary mobility and defects density in the microstructures. 

Our measurements shows that the Youngôs modulus is very sensitive to irradiation below about 15 

nm grain size and that strength and ductility are influenced by irradiation in a different manner than 

the bulk.   

The impact of this research can be profound for the design and development of next 

generation electronics, energy conversion and sensors where ever continuing miniaturization has 

pushed the materials dimensions even to single digit nanometer scale. We cannot extrapolate bulk 

behavior at this extreme length-scale and also, classical physics do not predict the hypothesized 

stimuli effects. However, multi-domain coupling and stimuli effects can be vital for performance 

and reliability of these devices. For example, strained silicon is used to enhance the electron 

mobility in MOSFETs [29-31]. Strain/stress effects on optical properties can be also be used for 

reducing the threshold carrier density and thus increasing the gain of laser diodes [25, 32, 33]. 

Recently, there are also great interests in using strains to tune the quality factor of nanowire 

resonators [34]. Strain/stress effects can also be used to enhance the performance of thermoelectric 

materials [35, 36], which is indeed a combination of strain/stress effects on electrical and thermal 

transport properties. There are also undesired effects of such stimuli-sensitivity in modern 

transistors, where miniaturization results in very high power dissipation densities [37] with 

complex interplay of temperature, stress and current.  
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Chapter 2  
 

Mechanical (Stress/ Strain) Effects 

Contents of this chapter are based on the following journal articles: 

¶ Baoming Wang, Vikas Tomar, Aman Haque, ñIn-situ TEM mechanical testing of 

nanocrystalline zirconium thin filmsò, Materials Letters, Volume 152, Pages 105-108, 

2015 

Author of this dissertation designed the experiment, performed the thin film 

and device preparation, experimentation, data analysis and manuscript writing. 

Aman Haque took part in experiment design, data analysis and manuscript 

writing. Vikas Tomar helped in the manuscript preparation. 

¶ Baoming Wang and Aman Haque, ñLow Temperature Viscoelasticity 

in Nanocrystalline Nickel Filmsò, Materials Letters, Vol. 188,  pp. 59-61, 2014 

Author of this dissertation designed the experiment, performed the sample and 

device preparation, experimentation, data analysis and manuscript writing. 

Aman Haque took part in experiment design, data analysis and manuscript 

writing. 

¶ Baoming Wang, Raghu Pulavarthy, Aman Haque, ñGrain size induced thermo-mechanical 

coupling in Zirconium thin filmsò, Journal of Thermal Analysis and Calorimetry, Volume 

123, Issue 2, pp 1197ï1204, 2016 

Author of this dissertation designed the experiment, performed the sample and 

device preparation, experimentation, data analysis and manuscript writing. 

Raghu Pulavarthy assisted in experimentation, data analysis and corresponding 
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manuscript writing. Aman Haque took part in experiment design, data analysis 

and manuscript writing. 

2.1 Mechanical Behavior of Nanocrystalline Zirconium Thin Films 

In this section, mechanical behavior of nanocrystalline zirconium thin films was 

investigated in-situ inside a transmission electron microscope (TEM). The yield stress measured 

for specimens with <10 nm grain size was around 450-500 MPa compared to the bulk value of 250-

300 MPa. Similar grain size effects are seen on fracture stress and strain of about 0.9 GPa and 1.5-

2% respectively. Using in-situ TEM, we demonstrate control of grain size in the specimens using 

the electro-migration stress and temperature. The experimental results suggest that the critical grain 

size for inverse Hall-Petch type relationship in nanocrystalline hexagonal close packed metals 

could be around 15 nm. 

2.1.1 Objective and Motivation 

Zirconium is a strong and ductile metal with hexagonal close packed (HCP) crystal 

structure at room temperature. Its strength, resistance to corrosion and irradiation, high melting 

point and biocompatibility are attractive features for important applications in nuclear, aviation and 

surgical implant industries. Even though nanocrystalline materials exhibit higher yield strength and 

resistance to fatigue [38, 39], more comprehensive studies in the relevant literature considered 

ultra-fine (around 100 nm) grain sizes [40, 41]. These studies addressed the challenges in the 

nanocrystalline materials preparation through severe plastic deformation, surface mechanical 

attrition treatment or cryo-rolling [42, 43]. Such multi-modal grain distribution results in a 

unique combination of high strength and large ductility, e.g. a high ultimate tensile strength 
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of Ḑ658 MPa and large uniform elongation of Ḑ8.5% [44]. Micro-scale pillars have also been 

fabricated using focused ion beam machining [45, 46], which are then tested under compression to 

study role of grain size and pillar diameter.  

In this study we take a different approach, where sputtered thin films are patterned and 

integrated with micro-electro-mechanical system (MEMS) sensors and actuators, thereby limiting 

the test chip size to 3mm x 5mm. The electron transparent specimens are released from the silicon 

substrate, which allows us to perform mechanical tests inside a transmission electron microscope 

(TEM). In-situ TEM tests can reveal microstructural features, (defects, phases, precipitates and 

interfaces), diffraction patterns and chemical microanalysis in real time [47]. Integration of MEMS 

sensors allow mechanical stress and strain to be measured [48, 49]. The unique simultaneously 

quantitative mechanical properties and qualitative defect and microstructural visualization will lead 

to accurate and quick (direct observation based) modeling of nanocrystalline zirconium 

deformation. 

2.1.2 Materials and Methods 

Figure 2.1 shows our experimental setup, where the chip is mounted on a TEM specimen 

holder (Figure 2.1a). The holder itself is shown in Figure 2.1b, with electrical biasing (Figure 2.1c) 

for electro-thermal actuation of the test chip inside the TEM. A SEM image of the test chip is shown 

in Figure 2.1d, where details of the specimen, force and displacement sensors and actuators are 

provided. It also shows the electrical contact pads A-Aô and B-Bô for specimen heating and C-Cô 

for mechanical actuation. Figure 2.1e shows a schematic diagram of the device design, where the 

specimen is integrated with a flexure beam force sensor and a set thermal actuator beams. The 20 

micron deep and 10 microns wide thermal actuator beams expand due to Joule heating [28], which 

loads both the specimen and the force sensing beam. The force on the specimen can be obtained 
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from the force equilibrium diagram shown in Figure 2.1f. If the stiffness values of the force sensor 

and the specimen are kfs and ksp respectively, then the elongation and force in the specimen are 

given by,  
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where ŭ1 and ŭ2, are displacements in the thermal actuator and force sensing beams 

respectively and ə is the in-plane flexural rigidity of the force sensing beam. These displacement 

values can be read directly from the TEM images. The actuators operate below 100 C̄ for which 

infrared microscopy (Figure 2.1g) suggests no temperature influence on the specimen. 

 

Figure 2.1. Experimental setup, (a, b, c) front, side and rear ends of the in-situ electrical biasing 

TEM specimen holder respectively (d) zoomed view of the MEMS thin film tensile testing chip 

showing specimen, actuators and sensors (e, f) schematic representation and force equilibrium 

diagram of the test chip respectively [50] (g) infrared image of the test chip after actuation [51]. 
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It is important to note that the specimens are co-fabricated with the MEMS devices, so that 

specimen alignment and gripping issues are automatically achieved during nanofabrication. In this 

study, we fabricated 100 nm thick, 99.97% pure zirconium films as 100 microns long and 5 microns 

wide specimens. Figure 2.2 shows the TEM bright field image and selected area diffraction pattern. 

The average grain size of the 100 nm thick films is <10 nm.  

 

Figure 2.2. (a) Bright-field TEM image of the as-deposited specimen and (b) selected area electron 

diffraction pattern [51]. 

2.1.3 Experimental Results and Discussion 

In-situ TEM tests were performed on a set of ten as-deposited zirconium specimens, which 

was followed by calibration of the force sensor beam to ensure experimental accuracy. Figure 2.3a 

shows a typical stress-strain diagram, where yield stress is around 500 MPa and fracture stress and 

strain are about 900 MPa and 1.5% respectively. In comparison, the yield stress and fracture strain 

of bulk poly-crystalline zirconium is about 250 MPa and 40% respectively. The inset in Figure 2.3a 

is a zoomed view of the linear elastic part of the overall stress-strain diagram. The Youngôs modulus 

value was measured to be about 87.6 MPa, which validates the satisfactory calibration of the 
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procedure since the accepted value in the literature is about 90 GPa. The experimental results for 

the <10 nm grain size specimens show remarkable size effect when compared to the literature [40], 

especially in terms of plastic strain. For about 300 nm grain size [40], the observed plastic strain of 

15% overshadows our observation of only 1.5% strain for >10 nm grain size. Such size effect could 

also emanate from the specimen (bulk nanocrystal vs thin film nanocrystal), since thin films have 

orders of magnitude higher surface area compared to the bulk. As a result, thin film nanocrystals 

may show strain hardening (as suggested by out in-situ TEM experiments) but the dislocations may 

escape through the surface, leaving atomic scale defects in the surface to trigger fracture at very 

low strain. The very small value of the plastic strain in this study can also be explained by the 

appearance of relative large voids as shown in Figure 2.3b. It is well known that mechanical 

deformation is localized at the grain boundaries in nanocrystalline metals. In addition the strain 

incompatibility among neighboring grains of different crystallographic orientations may pronounce 

the grain boundary stress, creating voids at the grain boundaries.  

 

Figure 2.3. (a) Representative stress-strain diagram for nanocrystaline zirconium specimens 

measured in situ inside a TEM (b) nanoscale voids appears at the grain boundaries at the onset of 

fracture [51]. 
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 To study the effects of external stimuli (thermal, electrical, mechanical) on grain growth 

kinetics, we passed electrical current through the specimen using contact pads A-B in Figure 2.1d. 

The dc current creates mechanical stress (compressive stresses near anode and tensile stresses near 

cathode) and temperature fields in the specimen, which trigger the grain boundary diffusion 

processes. This is similar to electro-migration, except we applied one order of magnitude lower 

current density to avoid any damage. The results are shown in Figure 2.4 for various current levels 

and polarity. The highest temperature in the specimen is about 350°C, which is only 20% of the 

melting temperature, which suggests that synergy of multiple stimuli has stronger effects than a 

single stimuli.   

 

Figure 2.4. Grain growth as function of polarity and magnitude of dc electrical current passed 

through the freestanding specimen [51]. 
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The literature suggests decrease of strength below a critical average grain size, known as 

the inverse Hall-Petch relationship. This size is around 15 nm for most FCC metals [52]. Since no 

study exists for nanocrystalline zirconium, we attempted to grow the grain size to about 25 nm by 

passing a current at density of 0.5x106A/cm2 through the specimen for about 5 min. The 

microstructure and selected area diffraction pattern after grain growth are shown in Figure 2.5(a) 

and 2.5(b). Figure 2.5(c) shows a typical stress-strain diagram for average grain size of 25 nm. The 

yield stress is around 800 MPa, which is higher than the bulk (250 MPa) or 5-10 nm grain size (500 

MPa). This suggests inverse Hall-Petch relationship, however extensive experimentation is needed 

to substantiate this phenomenon. Unfortunately, the proposed electro-migration stress technique is 

difficult for more than 500% growth and largest grain size studies was about 50 nm. Interestingly, 

the measured yield stress was in the same range as the 25 nm grain sized specimens considering 

experimental error of about 7%. Therefore the suggested observation of inverse Hall-Petch 

behavior needs to be confirmed after  s that other factors, such as strain rate, temperature and grain 

size distribution may play role in the mechanical properties for this grain size range [52]. 

 

Figure 2.5. (a) Bright-field TEM image of specimen after 5 mins of current flow at 0.5x106A/cm2 

density (b) TEM selected area electron diffraction (c) Stress-strain curve [51]. 



17 

 

2.1.4 Conclusion 

We presented in-situ TEM mechanical test results for nanocrystalline zirconium thin films. 

The measured Youngôs modulus of as-deposited specimen with an average grain size 5-10nm is 

85-90 GPa which falls very close to the bulk value. In-situ TEM tests showed yielding around 400-

500 MPa and fracture strain around 1.5-2% strain. In comparison, ultra-fine grained zirconium in 

the literature shows yield strength of 500 MPa and 15% fracture strain. The measured yield stress 

of zirconium thin films with an average grain size 25 nm is about 60% higher than that of as 

deposited specimen with an average gain size of 5-10 nm, which suggests inverse Hall-Petch 

behavior in nanocrystalline zirconium. 

2.2 Low Temperature Viscoelasticity in Nanocrystalline Nickel Films 

Metals typically do not exhibit viscoelastic deformation. However, grain size effects can 

render grain boundaries in nanocrystalline metals viscous. Modeling the nanocrystallites as linear 

elastic elements embedded in a viscous network of grain boundaries, the overall response of 

nanocrystalline metals can be viscoelastic even at lower temperatures. To investigate this 

hypothesis, we measured viscoelastic response of 100 nanometers thick freestanding nickel films 

at temperatures up to 425 K. Experimental results show about two orders of magnitude lower 

viscosity compared to the bulk, suggesting that diffusion enhanced mobility of grain boundary 

atoms may be responsible for such pronounced viscoelasticity. 

2.2.1 Introduction 

Thin films are prevalently used in micro-electronic and micro-electromechanical (MEMS) 

systems [53]. Reliability of these devices, particularly those involving dynamic loading such as 
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resonators, is influenced by time dependent behavior of the thin films [54]. Typically, metals do 

not show viscoelasticity; they are viscoplastic only at higher temperatures  [55]. Nevertheless, thin 

films exhibit significant deviation from bulk behavior, attributed to their smaller grain size (on the 

order of the film thickness), larger surface area over volume ratio and most importantly, different 

defect structures [56]. The literature contains evidence of lower relaxation times for metal thin films 

even at ambient temperature [57-59], which suggests that viscosity of these solids decrease with 

grain size. However, these studies involve plastic deformation and whether size effect can induce 

viscoelasticity in metals is yet to be established, which motivates the present study. We propose a 

hypothesis that size effect enhanced atomic mobility of the surface and grain boundary atoms may 

lead deformation that is time sensitive yet reversible. Accordingly, we envision a model where the 

glassy crystal interiors are embedded in viscous grain boundary matrix that become more rubbery 

and damped due to increased temperature sensitivity. In this paper, we present preliminary evidence 

of viscoelastic deformation of nanocrystalline nickel films at room and elevated (up to 425 K) 

temperatures to support this hypothesis.  

2.2.2 Experimental Details 

Figure 2.6a shows the experimental setup, where a micro-electro-mechanical system 

(MEMS) device integrates a freestanding thin film specimen, an electro-thermal actuator and a 

microheater to apply uniaxial tensile stress and temperature on the specimen respectively. The 100 

nm thick, 99.99% pure Ni films were first evaporated on a silicon-on-insulator wafer and then co-

fabricated with the MEMS device. The as-deposited grain size was about 10 nm. Details of the 

MEMs fabrication processing are given in [60]. The electro-thermal actuator and heater were 

calibrated for various values of input current using an infrared microscope with 0.1oK resolution.  
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Figure 2.6. (a) Scanning electron micrograph of the MEMS device integrating a freestanding thin 

film specimen with microheaters, force sensors and electro-thermal actuators (not shown), (b, c, d) 

schematic rendering of the force sensor and specimen before, during and after a step loading [61]. 

 

Figure 2.6b schematically shows the force sensor beams (with total stiffness, K) and the 

specimen gauge section (marked as A-B in Figure 2.6a) in form of a standard linear solid [62]. The 

characteristic equation for a three parameter standard anelastic (Zener) solid is given as, 

Ὁ Ὁ ‐ Ὁ‐ „ „     (1) 

Here, E1 and E2 are the glassy and rubbery moduli and h is the viscoelastic damping 

coefficient of the material. As shown in Figure 2.6c, a step displacement of x0 is applied at time t 

= 0 by supplying a step voltage on the actuator, which is kept constant for rest of the experiment. 

The displacement of the actuator end of the specimen (point B) is accommodated instantaneously 

by the force sensor beam, giving rise to initial stress s0 = K x0/A, where K is the stiffness of the 

force sensing beam and A is the cross-sectional area of the specimen. This step displacement is also 

accommodated by the E1 and E2 components of the Zener solid, giving rise to instantaneous strain 

in the specimen, e0  = s0 /(E1+E2). For time t >0, the specimen relaxes and so does the force sensor 




















































































































































































































































