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ABSTRACT 

 

A new experimental method to characterize the mechanical properties of metallic 

nanowires is introduced.  An accurate and fast mechanical characterization of nanowires 

requires simultaneous imaging and testing of nanowires.  However, there exists no 

practical experimental procedure in the literature that provides a quantitative mechanical 

analysis and imaging of the nanowire specimens during mechanical testing.  In this study, 

a customized atomic force microscope (AFM) is placed inside a scanning electron 

microscope (SEM) in order to locate the position of the nanowires.  The tip of the atomic 

force microscope cantilever is utilized to bend and break the nanowires.  The nanowires 

are prepared by electroplating of nickel ions into the nanoscale pores of the alumina 

membranes.  Force versus bending displacement responses of these nanowires are 

measured experimentally and then compared against those of the finite element analysis 

and peridynamic simulations to extract their mechanical properties through an inverse 

approach. 

The average elastic modulus of nickel nanowires, which are extracted using finite 

element analysis and peridynamic simulations, varies between 220 GPa and 225 GPa.  

The elastic modulus of bulk nickel published in the literature is comparable to that of 

nickel nanowires.  This observation agrees well with the previous findings on nanowires 

stating that the elastic modulus of nanowires with diameters over 100nm is similar to that 

of bulk counterparts.  The average yield stress of nickel nanowires, which are extracted 

using finite element analysis and peridynamic simulations, is found to be between 3.6 
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GPa to 4.1 GPa.  The average value of yield stress of nickel nanowires with 250nm 

diameter is significantly higher than that of bulk nickel.  Higher yield stress of nickel 

nanowires observed in this study can be explained by the lower defect density of nickel 

nanowires when compared to their bulk counterparts. 

Deviation in the extracted mechanical properties is investigated by analyzing the 

major sources of uncertainty in the experimental procedure.  The effects of the nanowire 

orientation, the loading position and the nanowire diameter on the mechanical test results 

are quantified using ANSYS simulations.  Among all of these three sources of 

uncertainty investigated, the nanowire diameter has been found to have the most 

significant effect on the extracted mechanical properties.   
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1. INTRODUCTION 

 

Recent developments in nanowire manufacturing technologies have enabled 

researchers to control the nanowire growth and manipulate their electrical, mechanical 

and thermal properties (Lieber et al., 2006).  As a result, nanowires have been used 

successfully in various applications such as digitated nanocapacitors (Palusinski et al., 

2007), fiber optics (Brambilla et al., 2006), and solar cells (Tian et al., 2007; Law et al., 

2005; and Tsakalakos et al., 2007).  Due to their unique properties, nanowires offer a 

broad range of applications, especially in the fields of nano-electronics and computing 

technology.  Their nanoscale sizes enable manufacturers to fit millions of transistors on a 

single microprocessor, leading to a dramatic increase in their processing speeds.  Such a 

prospect may revolutionize the field and force the electronics manufacturers to alter 

today’s chip architecture significantly.  Therefore, mechanical characterization of 

nanowires becomes necessary in order to establish the feasibility of replacing current 

electrical, mechanical, and optical devices with nanowire integrated devices based on 

predetermined reliability requirements. 

While characterization of electrical and optical properties of nanowires has been 

studied extensively in the literature, mechanical characterization of nanowires still poses 

challenges to many existing testing and measurement techniques because of their small 

sizes.  Manipulation and installation of individual nanowires in a test setup becomes very 

challenging due to the same reason.  In this chapter, the methods of mechanical 

characterization of nanowires existing in the literature are first reviewed in detail.  
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Subsequently, the advantages and limitations of each method are discussed separately.  

Finally, the need for a new mechanical characterization method is explained.  

 

1.1 Review of Existing Mechanical Characterization Techniques for Nanowires 

There are various mechanical measurement methods in the literature that are used 

to characterize nanowires.  These methods differ from each other based the type of the 

mechanical property extracted and the equipment used during characterization.  In this 

work, existing techniques for mechanical characterization of nanowires in the literature 

are reviewed under three major categories each having a dedicated subsection.  These 

categories include 1) resonance of nanowires in electron microscope, 2) mechanical 

testing of a single nanowire via axial loading, and 3) bending of nanowires using atomic 

force microscope.  Other methods, which are not reviewed under these categories, are 

assessed in a separate sub-section at the end of this chapter.  

 

1.1.1 Nanowire Resonance in Electron Microscope  

Resonance method is developed by Heer et al. (1999) in order to characterize the 

mechanical properties of multi walled carbon nanotubes.  This technique relies on the 

resonant excitation of carbon nanotubes in a transmission electron microscope (TEM).  

During the experiments, a fiber composed of carbon nanotubes is attached to a gold wire 

which is mounted on an electrically insulated support.  This assembly is inserted in TEM 

provided that the fiber is about 5 to 20mm away from a counter-electrode.  When static 

potential is applied to the wire, the carbon nanotube becomes electrically charged and 
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bent toward the counter electrode.  Application of the alternating voltage results in 

dynamic deflection of the nanotube where the resultant resonance frequencies can be 

computed mathematically by Eq. (1.1). 

ρπ

β E
DD

L
v i

j

j )(
8

22

2

2

+=  (1.1) 

where D is the outer diameter, Di is the inner diameter, E is the elastic modulus, ρ is the 

density, and βj is a constant for the j th harmonic.  This equation is based on the 

Bernoulli-Euler analysis of cantilevered elastic beams and it is utilized to extract the 

elastic modulus of nanotubes by measuring their resonance frequencies and dimensions.  

Ruoff et al. (2002) uses resonance method for mechanical characterization of SiO2 

nanowires with the diameter range of 80 to 100nm in TEM.  Similarly, Wang et al. 

(2006) adopts this technique to obtain elastic modulus of WO3 nanowires with the 

diameter as small as 16nm.  They observe that the elastic modulus remains constant at 

diameters larger than 30nm, while it largely increases with decreasing diameters which 

are smaller than 30nm.  For the testing of nanowires, inner diameter term (Di) in Eq. (1.1) 

disappears and it takes the form shown in Eq. (1.2). 
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The usage of transmission electron microscope (TEM) in the studies described 

above allows investigation of the elastic deformation of nanostructures due to its high 

imaging resolution capability.  However, mechanical testing in TEM is not easy to 

perform since the specimen stage of TEM is limited to millimeter size (Zhu and 
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Espinosa, 2007).  The usage of scanning electron microscope (SEM) is advantageous 

compared to TEM because the size of the specimen stage is larger.  Zhu et al. (2006) 

performs resonance experiments by using SEM in order to quantify the size dependence 

of the elastic modulus in ZnO Nanowires.  Similar to the measurements in TEM, the 

measurements performed in SEM also reveals that the elastic moduli of nanowires and 

nanotubes increase dramatically as their diameter decreases.  This increase in the elastic 

modulus and mechanical stress can be explained by the decrease of the defect density at 

this scale (Wang et al., 2006) or the increase of the surface stiffening effect for the small 

nanowire diameter (Zhu et al., 2006), or both. 

 

1.1.2 Axial Loading of a Single Nanowire in Electron Microscope  

Mechanical characterization of nanowires and nanotubes can also be performed 

by axial loading of a single nanowire or a nanotube in an electron microscope.  Ruoff et 

al. (2000) uses a nanostressing stage for the characterization of tensile properties of 

multiwalled carbon nanotubes in SEM.  They attach a multi walled carbon nanotube 

between two AFM cantilever tips by using electron beam induced deposition (EBID).  

After the attachment is completed, the stiffer cantilever is actuated to apply tensile load 

on the nanotube until breakege.  The deflection of the softer cantilever attached to the 

nanotube is used to measure the load on the test specimen.  Lin et al. (2007) uses a 

similar method to characterize boron nanowires clamped on the AFM cantilever tips.  

However, they use a nanomanipulation system to apply compression load on the 

nanowires and the specimens are subjected to buckling instead of tensile loading in SEM.  
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Elastic moduli of nanowires are extracted by using the load exerted on the nanowire and 

the corresponding buckling deformation. 

Zhu and Espinosa (2005) use a nanoscale testing system based on micro electro 

mechanical systems (MEMS) for mechanical characterization of nanowires.  They utilize 

this system in SEM, and in TEM to characterize the deformation mechanism of 

nanowires under tensile loading.  Their system incorporates a capacitive sensor to 

measure the load electronically.  This way, the specimen deformation and failure are 

observed on a continuous basis while the applied load is measured independently.  A 

nanomanipulator, which has nanometer resolution in three orthogonal directions, is used 

to pick up, displace and mount the nanowire specimens on the test stage.  The nanowires 

are then welded on the test stage by depositing platinum layer using an electron beam 

induced deposition technique.  Nanowire strain is obtained by measuring the gap between 

the actuator and the load sensor.  The change in the gap size during tensile loading is 

considered as a nanowire elongation.  Hence, strain is computed as the ratio between 

increase in the gap size and its initial length.  As a result, elastic modulus of palladium 

nanowires is observed about 20 to 30% lower than that of polycrystalline palladium.  The 

lower modulus is explained by grain boundary relaxation and creep.  Yield stress of 

nanowires is also found to be significantly higher than that of nanocrystalline palladium 

in bulk form due to the lowered defect density in nanoscale. 

 

 

1.1.3 Nanowire Bending in Atomic Force Microscope  
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Atomic force microscope (AFM) is widely used for mechanical characterization 

because of its capability of the application and detection of the forces in nano-Newton 

range.  Lieber et al. (1997) uses AFM to determine mechanical properties of silicon 

carbide (SiC) nanowires and multi walled carbon nanotubes (MWCNTs) which are 

pinned over a substrate at only one end.  Nanowires or nanotubes are dispersed randomly 

on a substrate and then pinned to the surface by depositing a regular array of square pads.  

The nanostructures protruding from the square pads are then tested in AFM by exerting 

lateral load using the tip of the AFM cantilever.  Force versus distance curves are 

recorded at different positions along the length of the nanobeam.  Force and displacement 

data are used to determine the elastic modulus of the nanostructures.  The strengths of the 

SiC nanowires are observed to be substantially greater than those of bulk SiC structures.  

Paulo et al. (2005) uses an AFM to obtain the elastic modulus of single and double 

clamped silicon nanowires grown by using vapor-liquid-solid (VLS) method.  The 

nanowires are grown in microchannels and bending forces are applied using the tip of the 

AFM to deform the nanowires in normal force microscopy mode.  Similarly, Li et al. 

(2006) uses normal force microscopy mode of the AFM to obtain the mechanical 

properties of SiO2 nanowires by bending and breaking the nanowires via the tip of the 

AFM cantilever.  However, they prepare nanowire specimens by clamping them on the 

mechanical testing stage instead of growing the nanowires directly onto the substrate.  

Normal force microscopy mode in AFM can be utilized for testing of nanowires with 

diameters above 100nm.  However, its application to smaller nanowires is questionable 

due to the reduced contact area between the AFM tip and the nanowire.  While the 
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application of normal force using AFM is quite cumbersome, application of lateral force 

to characterize mechanical properties of nanowires is less complex and can be 

successfully applied for testing of nanowires with smaller diameters.  Therefore, Boland 

et al. (2005) applies lateral forces on clamped gold nanowires by using AFM cantilever 

tip.  They measure the elastic modulus and yield stress properties of gold nanowires with 

different nanowire diameters which are as small as 40nm.  In their study, the elastic 

modulus of gold nanowires is found to be independent of the nanowire diameter.  It is 

also shown that the elastic modulus of gold nanowires is very close to the bulk scale 

value.  However, the yield stress of gold nanowires is dependent on the nanowire 

diameter.  An increase, which could be as much as 100 times higher than that of the bulk 

gold, is observed in the yield stress of gold nanowires as the diameter decreased.   

 

1.1.4 Other Techniques Used for Mechanical Characterization of Nanowires 

There are other methods developed for mechanical characterization of nanowires.  

These methods cannot be incorporated into the nanowire mechanical characterization 

techniques described above and hence, are discussed separately.  

The complexity of the application of axial force on a single nanowire or a 

nanotube results in development of alternative methods such as axial loading of multiple 

nanowires.  Dou and Derby (2008) fabricate gold nanowire forest with a mean diameter 

of 30, 60 and 70nm, respectively via electro-deposition using porous alumina templates.  

They apply compression loading on the gold nanowire forest by using a nanoindenter 

with a cylindirical punch and extracted stress and variation.  Analytical formulations are, 
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then, applied to obtain mechanical properties of individual nanowires using the results 

extracted from the testing of the multiple nanowires.  In their study, yield stress of 

nanowires of all sizes are found to be much greater than those of polycrystalline gold in 

bulk form. 

Nanoindentation technique is utilized by Li et al. (2003) in order to obtain 

hardness and elastic modulus of silver nanowires.  Berkovich diamond tip is used to 

image a single nanowire with the indenter tip placed on the wire to perform the 

indentation test.  Here, nanoscale indentations are performed at different indentation 

loads.  Elastic modulus and hardness characteristics of the nanowires are extracted using 

the force versus displacement curve where the contact area is described by Oliver and 

Pharr method (Oliver and Pharr, 1992).  Silver nanowires are found to have comparable 

hardness and elastic modulus values with those of the bulk silver.  

The use of atomic force microscope for bending of nanowires has been explained 

in the previous section.  Fernandez et al. (2000) utilizes atomic force microscope tip to 

form a nanowire column by pressing a gold-coated AFM cantilever tip against a gold-

coated coverslip.  Nanowire columns are formed between the AFM tip and the cover slip, 

and they are tested by applying extension and compression cycles using a piezoscanner 

which is connected to the AFM cantilever.  The nanowires are observed to be elongated 

and shortened in a quantized form due to the sliding of the crystal planes within the gold 

nanowires.  The sliding of these planes creates stacking faults that changes the local 

structure from face-centered cubic to hexagonal close packed.  These experiments 
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provide direct evidence for the mechanism underlying the plastic deformation of a 

nanowire. 

 

1.2 Challenges and Limitations of Existing Mechanical Characterization Techniques  

While mechanical characterization of nanowires using resonance method is 

straightforward, the mechanical property extracted from these experiments is limited only 

to the elastic modulus.  Therefore, the yield and failure stresses, deformation and defect 

initiation mechanisms of nanowires during the test cannot possibly be obtained by the 

aforementioned nanowire resonance method.  Furthermore, it requires realignment of the 

test setup for every tested nanowire, and hence introduces major sources of uncertainties 

to the system. 

Mechanical characterization of a single nanowire under axial loading requires 

significant amount of specimen preparation time due to the requirement of clamping of 

the nanowire specimens between the two AFM cantilevers.  As an alternative to the 

cantilever tips, Zhu and Espinosa (2005) uses microelectromechanical system (MEMS) 

based material testing stage (located in the electron microscope) to perform tension tests 

on the nanowires.  This relatively new method allows the observation of the nanoscale 

deformation of the nanowires and provides in-situ mechanical analysis under 

transmission electron microscope.  However, it also requires significant amounts of 

specimen preparation time and mechanical instability of the test setup is reported during 

fracture of brittle materials (Espinosa et al., 2009).  
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Bending of nanowires in AFM for mechanical characterization is advantageous 

over nanowire resonance method because it provides opportunity for measurement of 

yield and fracture stresses in addition to elastic modulus.  In addition, bending 

experiments using AFM require less specimen preparation and testing time when 

compared to the application of axial loading on a single nanowire.  Hence, bending tests 

have become one of the most commonly adopted techniques in the literature.  The 

application of normal force mode using AFM is quite challenging for bending of 

nanowires with diameters less than 100nm.  Lateral force microscopy can be used for 

mechanical testing of nanowires with smaller diameters.  However, commercial AFMs 

used to apply lateral forces to bend and break the nanowires are not capable of real time 

imaging of the nanowires during mechanical testing.  The imaging of the nanowire 

specimens during mechanical characterization allows the correct alignment of the 

nanowires according to the AFM cantilever tip and therefore, leads to increase in test 

accuracy.   

Applying compression load on multiple nanowires using a nanoindenter, 

performing nanoindentation on the nanowires located on a rigid substrate, and performing 

nanowire pulling experiments by using AFM tips comprise other test methods which 

have been utilized to obtain mechanical properties of nanowires.  However, these 

methods are not commonly adopted by researchers either because the extraction of the 

mechanical properties is rather difficult or these methods are limited to characterization 

of nanowires with certain sizes.  Testing of multiple nanowires by applying axial load 

using a nanoindenter reduces the complexity of the specimen preparation and the 
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characterization time significantly.  However, the extraction of mechanical properties of 

the individual nanowires from testing of the multiple nanowires involves significant 

uncertainty due to the physical interaction in neighboring nanowires during the testing.  

The nanoindentation technique, which is performed on the nanowires located on a rigid 

substrate, is a simple experimental procedure to perform.  However, the rigid substrate 

under the nanowires has significant effect on the test results, and needs to be incorporated 

into the calculations.  As the nanowire diameter decreases, the chances of misalignment 

and slipping between the indenter tip and the nanowire increase making the experiment 

more difficult.  Nanowire pulling experiments which are performed using atomic force 

microscope provide significant information about the plastic deformation mechanism of 

the nanowires under tension and compression loads.  Yet, in this method the nanowires 

are formed by pressing a metal coated AFM tip onto a metal surface and therefore, the 

size of these nanowires (both diameter and the length) cannot be precisely controlled.  In 

other words, it is limited to testing of nanowires with certain dimensions and certain 

materials since most of the rigid materials cannot be formed into nanowire columns by 

using this method.  

All of the previous studies on nanowire mechanical characterization have 

provided significant insight for mechanical characterization of nanowires.  However, 

there still exists a lack of an integrated mechanical testing procedure that can handle 

accurate and fast characterization of different nanowire types.  Therefore, there is a need 

for a new testing technique for mechanical characterization of nanowires which will 

provide coexistence of two components of the experimental analysis, namely imaging 
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and mechanical testing.  A custom AFM placed in an SEM chamber for improved 

visibility can satisfy this requirement. 

 

1.3 Summary and Objectives  

In this chapter, previous studies on mechanical characterization of nanowires are 

reviewed.  These studies are discussed under three major categories. A few other studies 

which cannot be incorporated into these categories are examined separately.  The 

limitations of these methods are analyzed, and the need for a new experimental testing 

technique which is capable of more accurate and faster mechanical characterization of 

nanowires is stated.  Summary of all of the previous studies investigated in this chapter is 

provided in Table 1.1. 

Based on the previous studies performed on nanowires and nanotubes, the lack of 

nanowire visibility, the difficulty in the specimen preparation (nanowire alignment, 

clamping etc.,) and the extraction of mechanical properties from experimental 

measurements are identified as three major problems faced by this line of research.  Real 

time imaging during the mechanical tests in commercial AFMs is limited due to the low 

magnification capability of the optical microscopes that commercial AFMs are equipped 

with.  In other words, the visualization of the nanowires during mechanical testing is not 

possible.  This hampers precise adjustment of the alignment of the nanowires according 

to the tip of the AFM cantilever.  Furthermore, the deformation mechanism of the 

nanowires can not be monitored during the testing due to the lack of sufficient imaging 
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system.  Hence, it is necessary to develop a new experimental testing setup in order to 

perform fast and accurate mechanical characterization of nanowires.   

One of the main objectives of this study is therefore, improving the existing 

experimental testing procedure in order to perform fast and accurate mechanical 

characterization of nanowires.  Besides, existing analytical formulations used to extract 

mechanical properties do not account for plastic deformation and commonly observed 

experimental imperfections.  Hence, extraction of mechanical properties using these 

formulations is very limited and numerical simulation techniques are required.  

Therefore, extracting mechanical properties, investigating major sources of experimental 

imperfections and understating of their fracture mechanism are the major objectives of 

this research. 

To this end, a viable solution for improving experimental characterization of 

nanowires involves performing bending experiments by using a customized AFM placed 

inside an SEM.  The AFM is placed inside the chamber of the SEM to gain the ability of 

nanowire imaging for correct alignment of the specimens and to monitor the deformation 

of nanowires during the testing.  

Finite element analysis, a suitable method to predict force and bending 

displacement variation, is used to extract the elastic modulus and yield stress of the 

nanowires through an inverse approach based on the experimental measurements.  Failure 

analysis of the nanowires is performed using recently developed numerical simulation 

technique called peridynamic theory.  This technique is employed for the prediction of 

nanowire failure and the extraction of fracture properties of the nanowires.      
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Table 1.1: Selected publications on mechanical characterization of nanowires  

 

 

 

 

Authors Year Characterization 

Group 

Specimen 

Type 

Areas of Improvement Limitations of the Technique 

Poncharal, P.;Wang, 

Z. L.; 

Ugarte, D.; 

Heer, W. A. 

1999 Nanowire 

Resonance 

Multi-Walled 

C-Nanotube 

• It is easy to perform  

• SEM and TEM can be used  

• Deformation mechanism can 

be investigated  

 

• It is limited to elastic modulus only 

• It requires special equipment (manipulator and electrical 

resonator) 

• Each nanowire test requires  nanowire probe re-alignment 

Dikin, D. A.; 

Chen, X.; 

Ding, W.; 

Wagner, G.; 

Ruoff, R. S. 

2004 Nanowire 

Resonance 

SiO2 Nanowire • Resonance method is applied 

to solid nanowires for the 

first time in TEM 

• It is limited to elastic modulus only 

• It requires special equipment (manipulator and electrical 

resonator) 

• Each nanowire test requires  nanowire probe re-alignment 

Liu, K. H.; 

Wang, W. L.; 

Xu, Z.; Liao, L.;Bai, 

X. D.; 

Wanga, E. G. 

2006 Nanowire 

Resonance 

WO3 

Nanowire 

• Resonance method is applied 

to nanowires with diameter 

as small as 16 nm in TEM 

 

• It is limited to elastic modulus only 

• It requires special equipment (manipulator and electrical 

resonator) 

• Each nanowire test requires  nanowire probe re-alignment 

Chen, C. Q.; 

Shi, Y.; 

Zhang,  Y. S. ; 

Zhu,  J.; 

Yan, Y. J. 

2006 Nanowire 

Resonance 

ZnO Nanowire • Resonance method is applied 

to nanowires in SEM  

 

• It is limited to elastic modulus only 

• It requires special equipment (manipulator and electrical 

resonator) 

• Each nanowire test requires  nanowire probe re-alignment 

Yu,  M. F. ; Lourie,  

O.; Dyer, M. J.; 

Moloni, K.; Kelly, T. 

F.; Ruoff, R. S. 

2000 Axial Loading of 

Single Nanowire 

and nanotube 

Multi-Walled 

C-Nanotube 

• Tensional loading is applied 

on a single nanotube  

• Elastic and plastic properties 

can be extracted 

• Specimen preparation is challenging and time consuming  

• It is not applicable for testing of high number of specimens 

Lin, C.H.; 

Chang, M.;Li, X.; 

Deka, J.R. 

2007 Axial Loading of 

Single Nanowire 

and nanotube 

B  

Nanowire 

• Buckling loading is applied 

on a single nanowire and 

single nanotube 

 

• Specimen preparation is challenging and time consuming  

• It is not applicable for testing of high number of specimens 
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Authors Year Characterization 

Group 

Specimen 

Type 

Areas of Improvement Limitations of the Technique 

Zhu, Y.   

Espinosa, H. D. 

2005 Axial Loading of 

Single Nanowire 

and nanotube 

Pd  

Nanowire 

• MEMS device is developed for 

mechanical testing  

• In situ SEM and TEM analysis 

can be performed 

• Specimen preparation is challenging and time consuming  

• There is instability in the test setup prior to specimen 

failure  

Wong, E. W. 

Sheehan, P. E. 

Lieber, C. M. 

1997 Nanowire 

Bending in AFM 

Multi-

Walled 

C-Nanotube 

 

SiC 

Nanowire 

• Nanowire bending method is 

developed using AFM    

• Both nanowires and nanotubes 

are characterized by bending 

• There is significant effect of friction between substrate and 

the nanowires 

• Nanowires are not visible 

• Locating nanowires and performing alignment are time 

consuming 

Paulo, S.; Bokor, J.;   

Howe, R. T.; He, 

R.;Yang, P.; Gao, D.; 

Carraro, C.; 

Maboudian, R. 

2005 Nanowire 

Bending in AFM 

Si  

Nanowire 

• No substrate effect is observed  

• Normal microscopy mode is 

used in AFM 

• Nanowires are not visible 

• Locating nanowires and performing alignment are time 

consuming 

• Deformation and failure mechanism can not be 

investigated during testing 

Ni,  H. 

Li,   X. 

Gao, H. 

2006 Nanowire 

Bending in AFM 

SiO2 

Nanowire 

• Nanowires are clamped over 

trenches of substrates 

• Nanowires are not visible 

• Locating nanowires and performing alignment are time 

consuming 

Wu, B. 

Heidelberg, A. 

Boland, J. J.   

2005 Nanowire 

Bending in AFM 

Au  

Nanowire 

• Application of lateral cantilever 

loading in AFM 

• There is no nanowire size 

limitation  

 

• Nanowires are not visible 

• Locating nanowires and performing alignment are time 

consuming 

• Deformation and failure mechanism can not be 

investigated during testing 

Dou, R.; Derby, B.  2008 Other Methods Au  

Nanowire 

• It is easy to perform 

• There is no size limitation  

 

• It is hard to extract properties 

• Deformation effects in multi-wire testing increase 

uncertainty 

Li, X.; Gao, H.; 

Murphy, C. J.; 

Caswell, K. K. 

2003 Other Methods Ag  

Nanowire 

• It is easy to perform 

• No clamping is necessary 

• Sample preparation is simple 

• There is significant effect of rigid substrate on the 

deformation 

• It is hard to apply on small nanowires 

Marszalek, P. E.;  

Greenleaf, W. J.; Li, 

H.; Oberhauser, A. 

F.; Fernandez, J. 

M.Fernandez, J. M. 

2000 Other Methods Au  

Nanowire 

• Sample preparation is simple  

• Plastic deformation of crystal 

planes is clearly observed  

 

• It is limited to specific nanowire size 

• It is limited to specific materials 

• Nanowires are not visible  
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2. EXPERIMENTAL MEASUREMENTS USING A CUSTOMIZED ATOMIC FORCE 

MICROSCOPE 

   

  This chapter presents the design and operation principles of the customized AFM 

along with the details of the nanowire specimen preparation procedure.  The details of the 

bending experiments to obtain force versus displacement measurements to extract 

material properties are also provided in this chapter. 

 

2.1 Design Details of the Custom Atomic Force Microscope  

The experimental setup used for the mechanical testing of nanowires combines 

the mechanical testing capability of AFM with the imaging capability of SEM.  The 

concept of combination of the two microscopes and the schematic of the customized 

AFM located inside an SEM chamber is shown in Figure 2.1 below. 
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Figure 2.1: Experimental setup for the mechanical testing of nanowires 

 

The close-up view of the experimental setup is shown in Figure 2.2.  Main 

components of the setup are numbered in Figure 2.2 as follows:  

1. AFM head   5.  Piezoscanner 

2. Micromotor      6.  Mirrors 

3. Laser diode     7.  Manual control knobs 

4. Photodiode    

AFM head is the main body of the microscope and it is machined out of a single 

aluminum block using a computer numerical controlled (CNC) milling machine in high 

dimensional accuracy.  Technical drawing of the AFM head is given in Appendix A.  

SEM 

AFM AFM in SEM 
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Electronic components (micro motor, laser diode, piezoscanner and photodiode) are 

connected to a computer via National Instruments (NI) data acquisition boards.  NI’s 

Labview software is utilized in order to acquire photodiode signal and to control 

micromotor, laser diode and piezoscanner from outside of the SEM chamber.  In Labview 

software, front panel is used as the user interface and the actual graphical code is given in 

block diagram window.  The snap shots of the front panel and block diagram used for 

acquiring photodiode signals and to control piezoscanner are given in Appendix B.  
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Figure 2.2: Customized AFM design used for mechanical testing of nanowires 

 

The main difference between the commercial AFMs and the customized AFM 

used in this study is that customized AFM allows real time imaging of the nanowires 

during testing and hence leads to fast and accurate mechanical characterization of 

nanowires.  Rectangular opening at the top of the microscope shown in Figure 2.2 is used 

to image the nanowires during mechanical testing.  Therefore, SEM column is aligned 
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over this rectangular window of the customized AFM, and nanowires are located beneath 

this opening on top of the piezoscanner in order to establish SEM imaging of the 

nanowires during testing.  

 

2.1.1 Operation Principle of the Customized AFM 

The operation principle of the customized AFM used in this study is similar to 

that of the commercial AFMs.  Similar to commercial AFMs, the customized AFM 

shown in Figure 2.2 uses an optical detection system including a laser beam reflected on 

a photodiode in order to measure the deflection of the AFM cantilever during testing.  

The sectioned view of the customized AFM is given in Figure 2.3 (a) where the path of 

the laser beam between the laser source and the photodiode is sketched.  
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(b)   

Cantilever

Piezoactuator

Nanowires

Laser Beam

 

Figure 2.3: (a) Close-up view of the mechanical testing stage, (b) AFM cantilever detail 

 

After the laser beam leaves the laser diode source (see Part #3 in Figure 2.3 (a)), it 

is reflected by two mirrors successively prior to reaching the AFM cantilever.  The third 

reflection of the laser beam occurs at the back surface of the cantilever, and the reflected 

beam is directed to the final mirror before reaching to the quadrant photodiode.  The 

change of the deflection of the AFM cantilever during mechanical testing changes the 

location of the laser beam on the photodiode, and results in the change of the photodiode 

signal which is acquired continuously by a computer.  

Clamped nanowires are placed on top of the piezoscanner, which can move 

laterally in two directions (x, y) in nanoscale.  The nanowires located on top of the 

piezoscanner, and the relative position of the AFM cantilever are shown in Figure 2.3 (b).  

During the mechanical testing, the nanowires experience progressive deformation and 

finally breakage due to the applied lateral loading through the tip of the AFM cantilever. 
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2.1.2 Laser Alignment Procedure  

Precise positioning of the laser beam on the back surface of the AFM cantilever is 

critical for mechanical testing.  The laser alignment is performed by using an adjustable 

mirror and adjustment screws as shown in section view of the AFM design in Figure 2.4. 

 

Adjustable Mirror 

(Vertical  Alignment)

Adjustment Screw 

(Horizontal  Alignment)

Adjustable Mirror 

(Vertical  Alignment)

Adjustment Screw 

(Horizontal  Alignment)

 

Figure 2.4: Schematic of the laser alignment on AFM cantilever. 

 

Alignment of the horizontal position of the laser beam on the AFM cantilever is 

performed by using four adjustment screws (only two of them are shown in section view 

in Figure 2.4) which change the laser diode position horizontally.  Vertical adjustment of 

the laser on the cantilever is obtained by using an adjustable mirror that can rotate freely 

as shown in Figure 2.4.  The rotation of the mirror can be performed by using a worm 

gear mechanism (not shown in the figure) which moves the mirror in very small 
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increments allowing accurate alignment of the laser beam on the cantilever.  An optical 

microscope is utilized in order to check the position of the laser beam on the AFM 

cantilever.  During the alignment procedure, the optical microscope is located over the 

rectangular opening of the AFM.  Photodiode signal acquired continuously by the 

computer is also utilized during the laser alignment procedure in order to maximize the 

laser signal reflected from the cantilever on the photodiode. 

 

2.1.3 Processing of Photodiode Signal  

A photodiode, which consists of four quadrants, is used to capture normal and 

lateral deflections of the AFM cantilever during mechanical testing.  Electrical signal in 

each quadrant of the photodiode is conditioned prior to acquisition by the computer.  The 

conditioning of the each quadrant signal is performed by using operational amplifier (Op-

Amp) elements.  The schematic of the conditioning process of the photodiode signals is 

provided in Figure 2.5 below. 
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Figure 2.5: Processing of photodiode signals 

 

The signal acquired from each photodiode quadrant is fed into an Op-Amp circuit 

with a feedback resistor.  Photodiode is used in the photoconductive mode at reversed 

bias voltage in order to achieve fast device response.  Op-Amp converts the current signal 

of the photodiode into voltage signal.  The voltage at the output channel of the Op-Amp 

is acquired by National Instruments PCI data acquisition cards and analyzed by Labview 

software.  The voltage corresponding to each quadrant of the photodiode is then filtered 

to remove high frequency noise by using a digital low-pass filter in Labview.  The 

filtered data are then summed, and differentiated to obtain the top-bottom and left-right 

photodiode signals.  Top-bottom signal is obtained by subtracting the total voltage signal 

extracted on the bottom quadrants (3+4) from the top quadrants (1+2).  Similarly, left-

right signal is obtained by subtracting the total signal on the right quadrants (2+4) from 
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that on the left quadrants (1+3) as shown in Figure 2.5.  Among the two signals, left-right 

signal is utilized to measure the lateral force, and top-bottom signal is utilized to measure 

the normal force on nanowires.  The usage of the photodiode signals to obtain mechanical 

properties is explained in mechanical testing section (see Section 2.4) in detail.  

 

2.1.4 Selection of the AFM Cantilever Type  

The selection of the type of AFM cantilever which is used to bend, and break the 

nanowires is significant in order to obtain accurate mechanical measurements.  The 

lateral stiffness of the cantilever must be selected based on the bending stiffness of the 

nanowire.  If the chosen cantilever has a low stiffness value, the force applied on the 

nanowire will be insufficient to bend or break it.  Similarly, the selection of a very stiff 

cantilever reduces the resolution of the experiment since the deflection of the cantilever 

will be very small during the bending process.  As explained previously, the change of 

the deflection of the cantilever results in the change of the photodiode signal, which is 

utilized to obtain the force exerted on the nanowire.  Therefore, the increase in the range 

of the deflection is preferred in order to have more accurate test results.  The shape of the 

AFM cantilever tip is as important as the stiffness of the cantilever for the selection 

process.  Standard AFM cantilevers have the tips located near the end section of the 

cantilever as shown in Figure 2.6 (a).  Therefore, the top view of the AFM cantilever will 

not provide the visibility of the exact position of the tip in SEM.  However, tip visibility 

is essential in order to establish the correct tip-nanowire alignment during the mechanical 

tests.  Hence, new generation tip-visible ATEC AFM cantilevers manufactured by 
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Nanosensors are utilized in this work in order to perform precise alignment between the 

nanowire and the AFM tip.  The SEM image of the tip of the ATEC cantilever is given in 

Figure 2.6 (b).  These cantilevers have tetrahedral tips that protrude from the very end of 

the cantilever.  The angle between the tip and the cantilever axis is less than 90 degrees 

and therefore, the exact location of the tip is visible from the top view in SEM where the 

correct alignment between the nanowire and the tip can be achieved. 

 

   a)    b)         

Figure 2.6: a) Standard AFM cantilever, b) ATEC AFM cantilever 

 

2.1.5 Piezoscanner Design and Operation Principle 

The nanowires are located on top of the piezoscanner as shown in Figure 2.2 and 

Figure 2.3 (b).  During mechanical testing, piezoscanner and the nanowires are moved 

towards the tip of the AFM cantilever until the contact is established.  Subsequently, the 

tip exerts bending force on the nanowires.  The piezoscanner is constructed based on the 

design introduced by Alexander (2003).  A piezoelectric disk commonly used for small 

sound generators, speakers and buzzers is utilized to build the scanner.  The piezoelectric 
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disk is made of two disks bonded together: one is a piezoelectric ceramic and the other is 

steel (see Figure 2.7 (a)).  The piezoelectric ceramic expands or contracts when an 

electric field is applied to it.  Therefore, the piezoelectric ceramic disk is divided into four 

equal quadrants (see Figure 2.7 (b)) and a metal post is attached at the center of the disk.  

Then, the opposing signed voltages are applied on the opposing quadrants to manipulate 

the changes in angle at the center of the disk as shown in Figure 2.7 (c) and Figure 2.7 

(d).  As a result, the post attached to the center of the disk moves laterally, and it allows 

scanning with nanometer resolution.  

 

 

Figure 2.7: a) Piezodisc Components b) Labeling of piezoscanner quadrants c) Scanning 

of the post in left direction d) Scanning of the post in right direction 
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The motion of the post is directly proportional to the length of the post and the 

voltage applied on the piezoceramic disk quadrants.  The voltage that controls the 

piezoscanner motion is supplied by the computer using Labview software.  However, 

maximum analog output voltage of the computer is limited to ±10 volts, and large scan 

ranges cannot be achieved.  In order to increase the computer output voltage and the scan 

range, an amplifier circuit with high voltage Op-Amps is used.  The circuit diagram of 

the amplifier circuit is given in Figure 2.8.  
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Figure 2.8: Circuit diagram of the piezoscanner 
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Two of the four high voltage Op-Amps are used to amplify the input signals and 

the other two are utilized to change the direction of the signal without amplification.  The 

gain in the amplifying part of the circuit is 4.5 and therefore, computer output voltage is 

amplified up to ±45 volts by using this circuit.  Electrical gain in the other two Op-Amp 

elements is -1 and therefore, they only change the direction of the amplified signal.  

Amplified signal and direction converted signal are then connected to the opposing 

quadrants of the piezoscannner.  As explained previously, the application of opposing 

voltages on opposing quadrants results in the scanning of the metal post located at the 

center of the piezodisk.  The piezoscanner constructed based on this design is shown in 

Figure 2.9.  Electrical connections on each quadrant are made by using silver paint.  

Metal washers, each with a diameter of 9/16”, are utilized at the top and the bottom sides 

of the piezodisk forming a base for the piezoscanner.  A metal post is attached over a 

small magnet on the center of the disk.  The length of the cylindrical metal post attached 

on the disk is 1.25”. 
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Figure 2.9: Piezoscanner used for mechanical testing of nanowires 

 

2.1.6 Calibration of Photodiode and Piezoscanner Signals 

The voltage applied on the piezoscanner and the voltage acquired by the 

photodiode need to be calibrated and converted into piezo displacement and cantilever 

deflection.  The calibrations of the piezoscanner and the photodiode voltages are 

performed by scanning the tip of the AFM cantilever over the calibration grid with 

known trench height and pitch.  In this study, Mikromasch TGZ-03 grid is utilized for the 

calibration process (see Figure 2.10 for a schematic of this grid).  
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Figure 2.10: Schematic of the calibration grating 

 

The variation of top-bottom photodiode voltage as a function of the piezoscanner 

voltage obtained during the scan of the AFM tip over the calibration grating is given in 

Figure 2.11.  The step height of the calibration grating is specified as 520nm by the 

vendor.  Therefore, the variation of the top-bottom photodiode voltage (y-axis) is 

converted directly into the cantilever deflection since the AFM tip is kept in contact with 

the surface during the scan.  As a result, normal cantilever deflection is equal to the depth 

of the trench (520nm) during scanning.  Similarly, the trench periodicity is given as 

3000nm by the vendor and therefore, the periodicity of the piezoscanner voltage (x-axis) 

in Figure 2.11 is converted into piezo displacement by using known periodicity of the 

trenches (3000nm).  The photodiode sensitivity depends on the laser beam intensity over 

the photodiode.  Therefore, the calibration of the photodiode needs to be performed for 

every new cantilever attached to the AFM.  However, piezo calibration depends only on 

the piezo disk material, and the length of the metal post which is attached to the piezo 

disk.  Thus, piezoscanner does not require frequent calibration unless piezoscanner is 

modified.  
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Figure 2.11: Variation of the photodiode and piezo voltages during calibration process 

 

The calibration factor of the piezoscanner is obtained as 0.65µm/V for the current 

system.  This piezo sensitivity is about an order of magnitude higher than that of most 

tube piezo scanners.  This larger displacement range per voltage allows the piezoscanner 

to scan larger area using much lower voltage values. 

 

2.2 Preparation of Nanowire Specimens 

There are various techniques for the fabrication of nanowires such as growing 

wires from gold seeds, chemical etching of a bigger wire or electroplating into porous 

membrane templates.  Among these, electroplating into porous membranes is 
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advantageous over the other methods due to its ability to produce multiple nanowires, 

high controllability, and the ease of the technique.  

 

2.2.1 Electroplating of Nickel Nanowires into Porous Alumina Membranes  

  Nickel nanowires are prepared by electro-deposition of metal ions into nanopores 

of the commercially available Whatman alumina membranes with 250nm pore diameter 

and 60µm thickness.  Pore structure and cross sectional area of the alumina membranes 

are shown in Figure 2.12 (a) and Figure 2.12 (b), respectively.  

 

 a)     b)  

Figure 2.12: a) Pore structure of Whatman alumina membrane b) Cross-sectional view 

 

  The experimental setup for the electro-deposition of the nanowires is shown in 

Figure 2.13 below.  Two electrodes are used for the deposition: carbon anode, and 

alumina membrane cathode.  The other components of the deposition setup are Teflon 

(PTFE) beaker with a sidehole and a power supply.  
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Power SupplyPower Supply

 

Figure 2.13: Experimental setup for nanowire electrodeposition 

 

  A thin layer (~250nm) of gold-palladium alloy is sputtered on one side of the 

alumina membrane as the contact layer onto which nanowires grow.  The side hole of the 

beaker is then patched with the alumina membrane having metal coated side facing out of 

the beaker.  Silicone polymer is used for sealing the surrounding of the membrane.  The 

beaker is then filled with Watts electrolyte solution (nickel sulphate (250g/L), 

nickel chloride (60g/L), and boric acid (45g/L)) and carbon anode is submerged into the 

solution.  The application of electric potential using the power supply results in 

deposition of nickel ions into the pores of the membrane cathode.  For the electroplating 

of nickel, the voltage between carbon anode and membrane cathode is set to 1.5 volts and 

the deposition duration is varied between 40 to 60 minutes resulting in the deposition of 

nanowires in different lengths.  This deposition technique yields high density fabrication 
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of metallic nanowires.  Different types of metals can be deposited with this technique 

(e.g. gold, copper, nickel), and the diameter and length of the nanowires produced can be 

controlled by changing the alumina membrane pore diameter, and the nanowire plating 

process parameters such as plating voltage and the time, respectively.  

  The nanowires deposited into the pores of the alumina membrane are then 

analyzed by using the in-house SEM (Hitachi S-650).  The section view of the alumina 

membrane, part of which is filled with the nanowires, is shown in Figure 2.14.  No 

metallic coating is applied on the specimen in order to allow charging process of the 

electrons, and to distinguish the metallic and nonmetallic components in SEM.  The 

charging is the process in which the electrons are trapped on the insulator regions during 

continuous scanning in SEM.  This process helps to distinguish the conductive layers 

(nanowires, and metal electrode) from the insulator regions (unfilled alumina membrane) 

during SEM imaging.  Therefore, in the images below, the part of the membrane filled 

with the nanowires and the part of the membrane without nanowires are distinctly 

observed.  The part of the alumina membrane, which is not filled, is imaged as the bright 

region in Figure 2.14.  The section of the membrane filled with the nanowires is seen in 

darker color in this figure. 
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Figure 2.14: SEM images of the nanowires in alumina membrane 

 

2.2.2 Clamping of Nanowires on Silicon Substrates   

  After the nanowires are electroplated into porous alumina membrane, sputtered 

gold-palladium layer on the membrane surface is etched in Aqua Regia solution (1:3 

volumetric mixture of HNO3 an HCl) and the membrane is dissolved in 3M NaOH 

solution for 1 hour.  Then, the nanowires are washed with distilled water, and dissolved 

in isopropyl alcohol in ultrasonic bath.  The vibration in alcohol bath induces the 

separation of the wires, and provides their homogenous distribution.  Nanowires 

dissolved in alcohol solution are then spread over a silicon substrate on which there are 

etched trenches with rectangular cross section (with depth of 5µm and with variable 

width ranging from 5µm to 11µm) as shown in Figure 2.15 (a) and Figure 2.15 (b). 
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a)    b)         

Figure 2.15: a) Trenches with variable widths on a Si substrate b) Trench cross section 

 

  Nanowires are randomly distributed over the silicon substrate.  After the 

evaporation of the alcohol, some of the nanowires are suspended over the trenches.  

Nanowires must possess the mechanical support and clamping necessary for bending 

tests.  Therefore, the nanowires suspending over the trenches are pinned on the silicon 

substrate by depositing platinum layer on the nanowires at the edges of the trenches using 

focused ion beam (FIB) tool.  A nickel nanowire welded to the substrate in FIB is shown 

in Figure 2.16 (a) and the welding detail is given in Figure 2.16 (b).  
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a)      

 b)  

Figure 2.16: a) Nanowire welded at both ends in FIB b) Welding detail 

 

2.3 Nanobending Experiments on Nanowires Using Customized AFM  

Mechanical testing procedure starts with the alignment of the laser beam on the 

AFM cantilever and the quadrant photodiode.  As indicated previously, the laser beam is 

aligned at the back surface of the AFM cantilever by using the position adjustable mirror 
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and adjustment screws.  Then, the alignment of the laser beam on the photodiode is 

performed by using the second adjustable mirror (Part#6 in Figure 2.3 (a)) and the 

adjustment screw (Part#7 in Figure 2.3 (a)) connected to the photodiode.  After the laser 

beam is positioned at the intended location of the photodiode, the nanowires located on 

the piezoscanner are aligned with respect to the AFM cantilever.  The AFM cantilever 

and nanowire axes are positioned parallel to each other, and the nanowires are centered 

according to the tip of the AFM cantilever by using the SEM stage adjustment knobs.  

Then, the AFM cantilever is lowered by using the micromotor (Part#2 in Figure 2.3 (a)) 

controlled by Labview software until the vertical position of the AFM tip is lower than 

the nanowire plane.  At this stage of the test, AFM cantilever and the nanowires are held 

side by side without touching each other.  The positions of the AFM cantilever and the 

laser beam on the photodiode at this instant are sketched in Figure 2.17 (a).  After the 

alignment is completed, the piezoscanner and therefore, the nanowire specimen are 

moved towards the AFM tip establishing the physical contact and causing the bending of 

the nanowires at the contact point with the AFM tip.  The lateral force acting between the 

nanowire and the AFM tip results in twisting of the cantilever and therefore, changes the 

position of the laser beam on the photodiode (see Figure 2.17 (b)).  The continuation of 

the piezoscanner movement and hence, the application of higher load causes the 

nanowire to fracture and the laser beam goes back to original non-contact position on the 

photodiode (see Figure 2.17 (c)).  In order to investigate the plastic deformation of the 

nanowires, the force is applied on the nanowires in several loading and unloading steps.  

The loading and unloading paths are compared and the effect of plasticity is captured. 
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Figure 2.17: a) Initial nanowire and tip configuration b) Nanowire bending and cantilever 

deflection during contact c) Configuration after nanowire fracture 

(a) 

(b) 

(c) 
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2.4 Force and Displacement Data Obtained from Loading and Unloading of the 

Nanowire Specimens  

The deflection of the AFM cantilever and the change of the position of the laser 

beam on the photodiode lead to a change of the photodiode voltage.  The change in the 

photodiode voltage can be related to the deflection of the cantilever by performing an 

appropriate voltage-to-displacement calibration procedure described in Chapter 2.1.6.  

Therefore, the change of the deflection of the AFM cantilever as a function of total 

piezoscanner displacement can readily be obtained during testing.  While the cantilever 

deflection versus piezo scanner displacement data are readily available after performing 

the test, this data must be converted into the data of force versus bending displacement of 

the nanowires in order to extract mechanical properties.  The force exerted on the 

nanowires can be obtained by multiplying the lateral deflection and the lateral stiffness of 

the AFM cantilever as given by Eq. (2.1) 

cantileverF k δ= ×                                                                                                               (2.1) 

where k is the lateral stiffness and δcantilever denotes the lateral deflection of the AFM 

cantilever.  As derived by Schwarz et al. (1996), the lateral stiffness of the cantilever can 

be expressed in terms of the dimensions and the shear modulus of the AFM cantilever as 

shown in Eq. (2.2). 

3

24 c

Gwt
k

L l
=                                                                                                                        (2.2) 

where G is the shear modulus of the cantilever material and w, t, Lc are width, thickness 

and the length of the cantilever, respectively.  The parameter, l denotes the length of the 



 

 

54 

tip of the AFM cantilever.  During the nanowire bending experiment, the displacement of 

the piezoscanner results in bending of the nanowire as well as the deflection of the AFM 

cantilever.  Therefore, in order to obtain bending displacement of the nanowire at the 

contact point, the deflection of the cantilever is subtracted from the piezo displacement as 

follows shown in Eq. (2.3). 

bending piezo cantileverδ δ δ= −                                                 (2.3) 

where δbending , δpiezo and δcantilever represent bending displacement, piezo displacement, 

and cantilever deflection, respectively.  By using Eqs. (2.1), (2.2) and (2.3), deflection-

piezo displacement data can be converted into force versus bending displacement data.  

A typical force versus piezo displacement data obtained in the bending 

experiments performed on nickel nanowires is shown in Figure 2.18.  In the first loading 

step, the piezo is displaced to load the nanowire without causing any significant nanowire 

deformation.  This step is followed by the unloading of the nanowire.  In the second 

loading step, displacement range of the piezoscanner is increased; therefore, the AFM tip 

applies higher level of bending force on the nanowire. The second loading step is also 

followed by unloading.  In the final loading step, the level of the force becomes sufficient 

to break the nanowire and therefore, a sudden drop in force occurs after the nanowire 

breaks.  The application of multiple loading and unloading steps helps in identifying the 

elastic and plastic deformation zones during mechanical testing of the nanowires. 
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Figure 2.18: Successive loading of the nanowire specimen 

 

A typical force and bending displacement data during first loading and unloading 

step is shown in Figure 2.19.  According to this figure, in the first loading step, nanowire 

deformation is purely elastic since the loading and unloading paths coincide.  In addition, 

the force and bending displacement variation is linear for the deformation which is less 

than the diameter of the nanowire.  This observation agrees well with the findings of 

Boland et al (2005).  
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Figure 2.19: Force and bending displacement variation during first load step 

 

The increase in the applied bending force level in the second loading step makes 

the force and bending displacement variation highly nonlinear.  A typical force versus 

bending displacement in the second loading step is shown in Figure 2.20.  According to 

this figure, the yield point of the nanowire is achieved, and the nanowire experiences 

plastic deformation during the bending experiment.  As a result, loading and unloading 

paths do not coincide and they show hysteresis.  
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Figure 2.20: Loading and unloading of the nanowire during second load step 

 

Force and bending displacement data for all three loading steps are shown in 

Figure 2.21. According to this figure, loading curves starts from the origin for the first 

and second loading steps. However, in the third loading step, loading curve starts at the 

bending displacement value which is equal to the residual bending displacement due 

plastic deformation in the second loading step. Loading is continued until nanowire 

fracture takes place at the maximum load.  
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Figure 2.21: Force and bending displacement data in successive loading steps. 

 

2.5 Concluding Remarks  

In this chapter, experimental procedure for mechanical testing of the nanowires 

using the customized AFM is described.  Firstly, the design details and the operation 

principles of the microscope are investigated by describing the individual components of 

the microscope.  Then, the specimen preparation process which involves the nanowire 

electroplating and clamping is explained.  Nanowires clamped over the trenches of a 

silicon substrate are then tested under bending loading using the tip of the AFM 

cantilever in SEM.  Multiple steps of loading and unloading are performed on the 

nanowires during bending tests, and force versus bending displacement data are obtained 
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during these steps.  Elastic and plastic deformation zones of the nanowires are observed 

by comparing the loading and unloading paths.  Loading and unloading data performed in 

the elastic zone coincides while showing hysteresis in the plastic zone.  

Force and bending displacement curves obtained experimentally are compared 

against those obtained using finite element analysis and peridynamic simulations.  

Mechanical properties are extracted from the matching comparisons.  The procedures 

used to extract mechanical properties are discussed in the following chapter.  
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3. EXTRACTION OF MECHANICAL PROPERTIES OF NANOWIRES 

 

This chapter describes the approach for extracting mechanical properties of 

nanowires using finite element analysis and peridynamic simulations.  Elastic modulus 

and yield stress are the mechanical properties of interest.  In the extraction procedure, 

elastic modulus and yield stress of the nanowires are input into the numerical simulations 

and force versus bending displacement predictions for nanowire loading and unloading 

curves are obtained.  These predictions are then compared against those obtained through 

experimental measurements, and the numerical values of elastic modulus and yield stress 

are extracted based on the degree of agreement referred to as an inverse approach.  

Elastic modulus changes the nanowire stiffness. Therefore, nanowire loading curve is 

affected primarily by the elastic modulus.  However, yield stress determines the level of 

plastic deformation, and unloading curve is affected significantly by the yield stress of 

the nanowire.  Elastic modulus and yield stress values that give the best match between 

the force curves obtained experimentally and using numerical simulations are the 

optimum values of these properties.  In order to quantify how well the two curves match 

with each other, a search algorithm for elastic modulus and yield stress is utilized.  This 

algorithm minimizes the sum of the residuals between the experimental and the predicted 

force curves in order to obtain the optimum values of elastic modulus and yield stress.  In 

addition to elastic modulus and yield stress of the nanowires, an important fracture 

mechanics property, energy release rate is obtained based on the peridynamic 

simulations.  In order to obtain energy release rate, critical stretch is determined by 
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comparing the values of fracture force and displacement measured experimentally against 

those obtained in peridynamic simulations.  Then, critical stretch is related to energy 

release rate using an existing relationship.  

   

3.1 Finite Element Analysis (FEA) Simulations used for Extraction of Mechanical 

Properties of Nanowires 

Three dimensional finite element simulation of the nanowire bending experiment 

is performed by using ANSYS software.  Nanowire is clamped at both ends by defining 

displacement boundary conditions at these locations.  Nanowire model is meshed by 

using 10 node tetrahedral elements as shown in Figure 3.1 (a).  The detail of the elements 

used in meshing is shown in the partial nanowire model given in Figure 3.1 (b).  

 

(a)  
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(b)  

Figure 3.1:  a) Finite element discretization of nanowire b) Partial nanowire and element 

detail 

 

  Elastic-perfectly plastic material model is used to capture plastic deformation 

during bending process.  As shown in Figure 3.2, material shows linear elastic behavior 

prior to yield point, and beyond this point, stress is equal to the yield stress of the 

nanowire.  Elastic-perfectly plastic material model requires three material properties to be 

specified in the numerical simulation of the nanowire bending deformation.  These are 

elastic modulus, Poisson’s ratio and yield stress of the nanowires. 
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Figure 3.2: Stress-strain variation for elastic-perfectly plastic material model 

 

  Bending deformation of the nanowires is obtained by applying diplacement 

boundary condition on the node which is located at the midpoint of the nanowire, and this 

displacement is increased at every time step.  Reaction forces are calculated at the 

support points and summed to obtain the bending force applied at the midpoint of the 

nanowire.  Force and bending displacement variation is not obtained for only loading but 

also for unloading of the nanowire as well.  Loading and unloading curves obtained from 

ANSYS simulations are compared against those obtained experimentally, and the 

mechanical properties are extracted from the matching comparisons.  In order to find the 

optimum elastic modulus and yield stress values that give the best match between the two 

data, least squares method is implemented in a search algorithm.  ANSYS simulations are 

performed for various combinations of nanowire elastic modulus and yield stress, and 

corresponding force versus bending displacement curves are obtained.  The force curves 
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are then compared against the experimental data, and the sum of the residuals in force 

values is calculated according to Eq. (3.1) below. 

2

1

( ( ) ( ))
n

Ex i ANSYS i
i

S F Fδ δ
=

= −∑                                      (3.1) 

where δi represents bending displacement, and FEx and FANSYS are the corresponding force 

values obtained in bending experiments and ANSYS simulations, respectively.  The 

search for optimum mechanical properties is continued until the minimum sum of the 

residuals is obtained.  A typical force versus bending displacement relation obtained by 

ANSYS simulation, and its comparison with the experimentally obtained force and 

bending displacement data is shown in Figure 3.3.  Force and bending displacement of 

nanowires obtained in ANSYS simulation agrees well with the experimental data in both 

loading and unloading curves.  
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Figure 3.3: Comparison between force versus bending displacement data obtained 

experimentally and by using FEA simulation 

 

3.2  Peridynamic Simulation of Nanowire Bending Experiments  

While finite element analysis can be used successfully in order to analyze elastic 

and plastic deformation of materials, it is not applicable to predict failure initiation due to 

excessive deformation.  Recently, Silling (2000, 2007) developed a new method called 

Peridynamics, (PD), and it is suitable to investigate the failure initiation.  The details of 

the peridynamic theory can be found in the literature.  In the peridynamic simulations 

with the Emu code (Silling, 2000), the nanowire is modeled in three dimensions.  Here, 

the clamping conditions are applied by using displacement boundary conditions at the 



 

 

66 

edges of the nanowires.  AFM tip is modeled as a conical shaped penetrator using the half 

cone angle and the length of the AFM tip given by the vendor.  The model of the AFM 

tip and the nanowire clamped at both ends are shown in Figure 3.4.  

 

 

Figure 3.4: Peridynamic model of the nanowire and the rigid penetrator 

 

During the simulation, the rigid penetrator is moved towards the nanowire and 

contact is established between the nanowire and the penetrator.  After the initial contact, 

rigid penetrator deforms the nanowire based on the mechanical response according to the 

microplastic material model described in Figure 3.5. 

 



 

 

67 

 

Figure 3.5: Bond force and bond stretch variation in microplastic material model 

 

In this material model, the bond force increases linearly as a function of bond stretch, and 

it exhibits yielding as the bond stretch exceeds the yield stretch (sy).  Here, the parameter 

c, defines the stiffness of the peridynamic bond prior to yielding.  The bond continues to 

yield until the bond stretch achieves the critical stretch value (scr).  At this instant, the 

bond is broken permanently, and there is no physical interaction between the material 

points.  This material model permits compressive forces to result in deformation and 

yielding of the peridynamic bonds. However, it does not permit bonds to fail under 

compression as shown in Figure 3.5.  For specified values of these material parameters, 

peridynamic simulations are performed to obtain variation of force versus bending 

displacement data.  Optimum values of elastic modulus and the yield stress of the 

nanowires are obtained using the least square method described in the previous section 

(see Section 3.1).  Therefore, elastic modulus and yield stress values that give the best 

match between the experimental data and the peridynamic simulations are extracted as 

sy 

c 
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the mechanical properties of the nanowires.  A typical force versus bending displacement 

data obtained in peridynamic simulation and the comparison with the experimentally 

obtained force versus bending displacement relation is shown in Figure 3.6.  According 

to this figure, force and bending displacement variation of the nanowires obtained in 

peridynamic simulation agrees well with the experimental data in both loading and 

unloading curves. 
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Figure 3.6: Comparison between force versus bending displacement data obtained 

experimentally and by using peridynamic simulation 

 

  Peridynamics is particularly useful for the analysis of material failure.  Therefore, 

in addition to elastic modulus and yield stress, fracture related mechanical properties can 
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also be extracted by using this method.  As described previously, critical stretch (scr) 

defines the maximum value of the stretch prior to the failure of the peridynamic bond.  

Energy release rate of a material is related to critical stretch according to Silling and 

Askari (2005) as shown in Eq. (3.2). 

05

9
cr

G
s

kδ
=                          (3.2)  

where G0, k, and δ are energy release rate, bulk modulus, and the horizon length, 

respectively.  Energy release rate is the energy dissipated during fracture per unit of 

newly created fracture surface area.  Energy release rate is an important property to 

quantify fracture toughness of a material because the energy that must be supplied to a 

crack tip for it to grow must be balanced by the amount of energy dissipated due to the 

formation of new surfaces.  Therefore, if the critical stretch of the nanowire is known, 

energy release rate can be extracted using Eq. (3.2), and susceptibility of the nanowire to 

the fracture can be quantified.  In order to obtain critical stretch of the nanowires, force 

and bending displacement curves obtained from peridynamic simulations using various 

critical stretch values are compared against those obtained experimentally.  The critical 

stretch value which predicts the fracture of the nanowire at the experimentally obtained 

fracture load and fracture bending displacement is the critical strecth value extracted for 

the nanowire.  A typical comparison between the force versus bending displament curves 

obtained experimentally and using peridynamic simulations is provided in Figure 3.7.  

Maximum force point where the nanowire fracture occurs is marked on the same figure.   
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Figure 3.7: Comparison of fracture forces and bending displacements obtained 

experimentally and by using peridynamic simulation 

 

3.3 Concluding Remarks  

In this chapter, the procedures to extract mechanical properties of the nanowires 

are described in detail.  There are two different techniques described to extract 

mechanical properties of the nanowires.  Experimentally obtained force versus bending 

displacement data is compared against those obtained via finite element analysis and 

peridynamic simulations.  Mechanical properties of the nanowires are extracted through 

an inverse approach.  The values of these properties are discussed in the next chapter. 
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4. RESULTS 

 

In this chapter, the values of the mechanical properties and the possible reasons in 

their variations are discussed along with the important sources of experimental 

uncertainties.  The effects of nanowire orientation, loading point, and nanowire diameter 

on the mechanical properties are quantified by using ANSYS simulations.  Nanowire 

failure mechanism is investigated by using peridynamic simulations and the results 

obtained in the simulations are compared against the SEM images of the nanowire 

specimens fractured in nanobending experiments. 

 

4.1 Elastic Modulus and Yield Stress of Nickel Nanowires  

Figure 4.1 shows a typical force versus bending displacement data obtained from 

bending experiments and its comparison against that predicted by finite element analysis 

and peridynamic simulations.  
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Figure 4.1: Comparison of experimental data against finite element analysis and 

peridynamic simulations 

 

Total of four bending experiments are performed on nickel nanowires with 250nm 

diameter.  Numerical values of elastic modulus and yield strength extracted through an 

inverse approach from each test are presented in Tables 4.1 and 4.2, respectively.  

.  
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Table 4.1: Numerical values of elastic modulus of nickel nanowires 

 Extraction Method 

Test Number FEA Analysis (GPa) Peridynamic Simulation (GPa) 

1 200 205 

2 255 260 

3 235 240 

4 190 195 

Average 220 225 

 

As shown in Table 4.1, finite element analysis simulations predict the elastic 

modulus variation between 190 GPa to 255 GPa with an average of 220 GPa.  Elastic 

modulus of the nickel nanowires extracted by peridynamic simulations are very close to 

those extracted from finite element analysis simulations where they predict the modulus 

between 195 GPa to 260 GPa with an average of 225 GPa.  The comparison of the elastic 

modulus values extracted in four experiments using two extraction methods is provided 

in Figure 4.2. 
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Figure 4.2: Elastic modulus of nickel nanowires 

 

In the literature, the elastic modulus of bulk electroplated nickel varies in the 

range of 190 GPa to 236 GPa (Maijad et al., 1999; Namazu and Inoque, 2006; and Mazza 

et al., 1996).  Therefore, elastic modulus of the nickel nanowires extracted from finite 

element analysis and peridynamic simulations are comparable to bulk scale elastic 

modulus of nickel.  This observation agrees with the previous findings on nanowires with 

diameters over 100nm (Zhu et al. 2006; Boland et al., 2005; and Boland et al., 2006).   
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Table 4.2: Numerical values of yield stress of nickel nanowires 

 Extraction Method 

TestNumber FEA Analysis (GPa) Peridynamic Simulation (GPa) 

1 3.5 3.9 

2 4.7 5.0 

3 3.3 3.8 

4 3.1 3.9 

Average 3.6 4.1 

 

  As shown in Figure 4.2, yield strength of nickel nanowires extracted using finite 

element analysis simulations varies between 3.1 GPa to 4.7 GPa with an average value of 

3.6 GPa.  Yield strength values predicted by peridynamic simulations are between 3.8 

GPa to 5.0 GPa with an average of 4.1 GPa.  The comparison of yield stress values 

extracted in four experiments using two extraction methods is shown in Figure 4.3. 
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Figure 4.3: Yield stress of nickel nanowires 

 

Yield stress of bulk electroplated nickel published in the literature varies within 

the range of 278 MPa to 930 MPa (Namazu and Inoque, 2006; Ebrahimi et al., 1999; and 

Thompson and Saxton, 1972).  This range is much lower than the average value of yield 

stress of nickel nanowires.  Higher yield stress of nickel nanowires is consistent with the 

previous studies on metallic nanowires.  Boland and co-workers have found that yield 

stress of gold nanowires is 100 times higher than that of bulk gold (Boland et al, 2005).  

Higher yield stress of nanowires can also be due to lower defect density in nanowires 

compared to bulk scale materials (Boland et al., 2005; and Boland et al., 2006).  
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4.2 Uncertainty Analysis in Nanobending Experiments 

Mechanical properties extracted through an inverse approach by combining 

measurements and simulations possess deviation.  Standard deviation in elastic modulus 

values extracted using finite element analysis and peridynamic simulations is 30 GPa.  

The ratio of standard deviation to the average elastic modulus leads to 14% maximum 

uncertainty for the measurements.  Similarly, standard deviations in yield stress values 

extracted using finite element analysis and peridynamic simulations are 0.72 and 0.57 

GPa, respectively.  The ratio of standard deviation to the average yield stress leads to 

19% maximum uncertainty.  In order to establish the repeatability of the test procedure, 

the uncertainties in the experimental measurements need to be investigated and 

minimized.  In this chapter, major sources of experimental uncertainties are analyzed.  

The effects of nanowire orientation, loading point, and nanowire diameter on the test 

results are also quantified. 

 

4.2.1 The Effect of Nanowire Orientation on Mechanical Properties  

In numerical simulations of nanobending experiments, nanowires located over the 

trenches of the silicon substrate are assumed to be perfectly aligned on these trenches.  In 

other words, nanowires are assumed to be clamped perfectly perpendicular to the trench 

axis where the orientation angle between the nanowire and the trench axis is 90° in the 

calculations.  However, in reality this perfect alignment can not be obtained for every 

nanowire specimen tested.  Therefore, it is expected to obtain misalignment angle of 

nanowires up to 10° due to the limitation of controlling nanowire orientation during 
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specimen preparation.  Nanowires with larger misalignment angles are disregarded 

during nanowire clamping procedure, and they are not used in the bending experiments.  

The effect of misalignment angle of the nanowires on the test results is investigated by 

ANSYS simulations.  Nanowires are modeled in ANSYS using 0°, 5°, and 10° of 

misalignment angles, and the effects of these angles over nanowire deformation, force 

and bending displacement data are described.  Figure 4.4 shows the deformed shape of a 

nanowire at maximum load step modeled with maximum (10°) misalignment angle.  The 

change of color in the figure represents change of the magnitude of deformation. 

 

 

Figure 4.4: Nanowire deformation for maximum (10°) misalignment angle 
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Force and bending displacement data are obtained for 0°, 5°, and 10° 

misalignment angles, where the results are compared in Figure 4.5.  Based on these 

results, maximum misalignment angle (10°) results in the increase of nanowire stiffness 

for the initial loading steps when compared to perfectly aligned nanowire (0° 

misalignment angle).  However, nanowire force and stiffness are less than the perfectly 

aligned case at higher levels of loading.  For the misalignment angle of 5°, the bending 

force is similar to the perfectly aligned case at the initial loading steps, yet greater for 

higher levels of loading.  Therefore, a specific trend does not appear to exist between the 

misalignment angle and the nanowire bending force.  
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Figure 4.5: Effect of misalignment angle on force versus bending displacement data 
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In order to quantify the effect of nanowire orientation on the mechanical 

properties of the nanowires, force curves shown in Figure 4.5 are compared against the 

experimentally obtained force bending displacement data.  Elastic modulus and yield 

stress of the nanowires are obtained using the inverse approach described in Chapter 3.1.  

Deviation in elastic modulus and yield stress of the nanowires due to maximum 

misalignment angle (10°) are observed to be 6% and 5%, respectively. 

 

4.2.2 The Effect of Loading Position on Mechanical Properties  

Another source of uncertainty in the experimental procedure is the variation of 

loading position of the AFM tip on the nanowire during mechanical testing in SEM.  The 

AFM tip is aligned to the midpoint of the nanowire prior to mechanical testing by 

performing visual inspection in SEM.  The accuracy of finding the exact midpoint of the 

nanowire is limited by the resolution of the SEM used.  In the experiments performed, 

maximum of 750nm variation of loading position from the midpoint of the nanowires can 

be expected.  Therefore, nanowire bending simulations are performed by using ANSYS 

for loading positions of 250nm and 750nm from the midpoint of the nanowire.  The 

effects of off-centered loading on nanowire deformation, force, and bending displacement 

data are investigated.  Figure 4.6 represents unsymmetrical deformation of the nanowire 

loaded at the distance of 750nm from the midpoint.  Deformation in this figure is 

obtained at the maximum load step prior to unloading.  Color scale represents the 

intensity of stress distribution over the nanowire.  As observed in this figure, the 
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maximum stress is observed at the loading zone and at the neighboring locations of the 

clamped regions. 
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Figure 4.6: Unsymmetrical deformation of nanowire at the maximum loading step 

 

Force and displacement responses of the nanowires loaded at 0, 250nm, and 

750nm distances from the midpoint of the nanowires are compared in Figure 4.7.  

According to this figure, maximum loading distance to the nanowire midpoint (750nm) 

results in the increase of nanowire stiffness for the initial stages of loading when 

compared to the nanowire loaded at the exact midpoint.  However, bending force on the 
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nanowire for off-centered loading cases diminishes for later stages of loading.  For the 

case of nanowire loading at 250nm from the midpoint, the bending force is similar to the 

perfectly aligned case of loading for the initial loading steps, but bending force becomes 

lower for higher levels of loading.   
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Figure 4.7: Effect of loading point on force versus bending displacement data 

 

The effect of loading position on the mechanical properties of the nanowires is 

quantified by comparing force curves shown in Figure 4.7 against the experimentally 

obtained force versus bending displacement data.  Elastic modulus and yield stress of the 

nanowires are obtained for this imperfect loading condition and compared with the 

properties extracted for the perfect nanowire loading.  Deviation in elastic modulus and 
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yield stress of the nanowires due to maximum loading distance to the nanowire midpoint 

(750nm) are observed to be 6% and 5%, respectively. 

 

4.2.3 The Effect of Nanowire Diameter on Mechanical Properties  

Variation in nanowire diameter also causes uncertainty.  Nanowire diameter is 

controlled by pore size of the alumina membrane template used in the electroplating 

process.  However, not all pores of the membrane have exactly the same diameter (see 

Figure 2.12).  Average diameter of nickel nanowires fabricated in alumina membranes is 

measured as 250±10 nm in SEM.  The average nanowire diameter is used in the 

numerical simulations to extract mechanical properties of the nanowires.  However, the 

standard deviation of 10nm in the diameter of nickel nanowires has an effect on the 

mechanical properties.  In this section, the effect of uncertainty of nanowire diameter on 

mechanical test results is investigated.  Nanowire bending simulations are performed in 

ANSYS using different nanowire diameters within the standard deviation measured.  

Force and bending displacement data are obtained by varying the diameter of the 

nanowires.  Nanowire diameter is varied between 240nm to 260nm, and the results are 

compared in Figure 4.8.  According to this figure, increase in nanowire diameter clearly 

increases the bending force making the nanowire stiffer.  In order to quantify the effect of 

nanowire diameter on the mechanical properties of the nanowires, force curves shown in 

Figure 4.8 are compared against the experimentally obtained force bending displacement 

data.  Elastic modulus and yield stress of the nanowires are obtained using the inverse 
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approach.  Deviation in elastic modulus and yield stress of the nanowires due to 

maximum variation in nanowire diameter are observed to be 13% and 11%, respectively. 
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Figure 4.8: Effect of nanowire diameter on force versus bending displacement data 

 

Table 4.3 summarizes the numerical values for the effects of the major sources of 

uncertainties in the experimental analysis.  Among all three sources of uncertainty, 

nanowire diameter has the most significant effect on the mechanical properties.  

Therefore, in order to reduce the uncertainties in the experimental analysis and establish 

repeatability, nanowire diameter must be accurately measured.  In Chapter 5, a procedure 

to reduce the uncertainty due to the variation in nanowire diameter is discussed.  
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Numerical values of uncertainties determined in this section agree well with the standard 

deviation measured in the mechanical properties described in the previous section.  It is 

worth noting that one or more of the uncertainties can coexist in an experiment, and it can 

further increase the uncertainty values.   

 

Table 4.3: Effects of uncertainty sources on mechanical properties 

 
Effect of Nanowire 

Orientation 

Effect of Loading 

Point 

Effect of Nanowire 

Diameter 

Deviation in Elastic 

Modulus (%) 

6 5 13 

Deviation in Yield 

Stress (%) 

5 5 11 

 

 

4.3 Failure Prediction and Energy Release Rate of Nickel Nanowires  

Peridynamic simulations are performed to investigate nanowire failure.  Figure 

4.9 (a-c) represent the evolution of the yielding zone in nanowire followed by nanowire 

fracture as shown in Figure 4.9 (d).  Yielding starts at the nanowire midpoint and at both 

nanowire end locations close to the clamped portions where maximum stresses are 

achieved.  However, nanowire failure is observed at the midsection of the nanowire (see 

Figure 4.9 (d)).  
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Figure 4.9:  a) Yielded fraction at time step=2500 b)Yielded fraction at time step=20000  

c) Yielded fraction at time step=40000  d) Yielded fraction at time step=77500   

 

SEM image of the nickel nanowire fractured in bending experiment is given in 

Figure 4.10.  As predicted by peridynamic simulations, the nanowire is fractured at the 

midsection where bending force is applied by the AFM tip.  

 

a) b) 

c) d) 
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Figure 4.10:  Fractured nickel nanowire 

 

It is also observed from Figure 4.10 that the top portion of the fractured nanowire 

is slightly longer than the nanowire piece clamped at the bottom side.  Besides, the 

symmetry in the orientation of the fractured pieces of the nanowire is lost during failure.  

This could be explained due to the imperfections in the experimental procedure such as 
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variations in nanowire orientation and loading point as described earlier.  In order to 

understand the effect of loading point on the nanowire failure, nanowire loading position 

is offset by 750nm away from the midsection of the nanowire in peridynamic 

simulations.  Nanowire failure for this configuration is given in Figure 4.11.  It is obvious 

from this figure that, experimentally observed unsymmetrical failure of nanowire is 

captured by peridynamic simulations given in Figure 4.11.  Therefore, peridynamic 

simulations can predict the nanowire failure in a realistic way under perfect experimental 

test conditions or experiments that involve imperfections such as off-centered loading.  In 

other words, failure mechanism of the nanowires can be better understood by using this 

versatile simulation technique. 

 

Figure 4.11:  Nanowire fracture predicted by peridynamic simulation 
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In addition to failure prediction, peridynamic simulations can also be used to 

obtain quantitative information for the fracture properties of the nanowires.  Critical 

stretch that represents the maximum bond elongation prior to fracture and corresponding 

energy release rate which is used to define susceptibility of the nanowire to fracture are 

given in Table 4.4.  According to this table, average critical stretch and energy release 

rate obtained in four tests are 0.08 m/m and 399 J/m
2
.  Energy release rate of the 

nanowires is higher than that of ceramic and polymer materials and is comparable to that 

of metals.  

 

Table 4.4: Critical stretch and energy release rate of nickel nanowires 

TestNumber Critical Stretch(m/m) Energy Release Rate (J/m
2
) 

1 0.05 132 

2 0.13 986 

3 0.07 264 

4 0.07 214 

Average 0.08 399 

 

4.4 Concluding Remarks 

In this chapter, mechanical properties of nickel nanowires with 250nm diameter 

are extracted by using two different simulation methods.  Average elastic modulus of 

nickel nanowires extracted using finite element analysis and peridynamic simulations are 

220 GPa and 225 GPa, respectively.  The elastic modulus of bulk electroplated nickel 
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given in the literature (between 190 GPa to 235 GPa) is found to be comparable to 

findings of this study.  This observation agrees with previous findings on nanowires with 

diameters over 100nm.  

Average yield stress of nickel nanowires extracted using finite element analysis 

and peridynamic simulations are 3.6 GPa and 4.1 GPa, respectively.  The average value 

of yield stress of nickel nanowires obtained in four tests is significantly higher than the 

bulk nickel yield stress given in the literature.  Higher yield stress of nickel nanowires 

observed in our analyses can be explained by lower defect density of nanowires 

compared to bulk scale materials. 

Deviation in mechanical properties of nickel nanowires is investigated by 

analyzing major sources of uncertainties in the experimental procedure.  The effects of 

nanowire orientation, loading position, and nanowire diameter on the mechanical test 

results are quantified by using ANSYS simulations.  Among all three sources of 

uncertainty investigated, nanowire diameter is found to have the most significant effect 

on mechanical properties.  Therefore, in order to reduce uncertainties in the experimental 

analysis and establish repeatability, nanowire diameter must be accurately measured. 

Peridynamic simulations are utilized to predict nanowire failure, and the results 

are compared against the SEM images of the nanowires fractured in bending 

experiments.  Failure predictions by using peridynamic simulations are found to be in 

agreement with experimental observations.  Average critical stretch and energy release 

rate obtained in four tests are 0.08 m/m and 500 J/m, respectively.  Energy release rate of 

the nanowires is found to be comparable to that of metals.  
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5. FINAL REMARKS AND FUTURE WORK 

 

Today’s nanomechanical research on one-dimensional nanostructures is still in its 

infancy due to difficulty of manipulating and testing these structures with current 

experimental testing techniques.  The mechanical testing using the customized AFM with 

improved imaging capability proposed in this research allows us to perform fast and easy 

characterization of these structures in an electron microscope.  

Implementing finite element analysis to extract elastic modulus and yield stress of 

nanowires is preferred over existing analytical formulations since it reflects the effect of 

plastic deformation on the force measurements.  Besides, these analyses help us quantify 

the important sources of uncertainties, and therefore, the repeatability of the mechanical 

measurements can be established.  Peridynamic simulations used in our analyses predict 

the failure mechanism, and fracture properties of nanowires can be obtained.  The 

improvements achieved in experimental procedure and implementing numerical 

simulation techniques in mechanical characterization can lead to the development and 

characterization of new materials with superior properties without any size or shape 

restrictions.  

Future work of this study involves extending the mechanical characterization 

research to the nanowires with various dimensions and materials and application of the 

customized AFM in electronics.  In this study, only nickel nanowires with 250nm 

diameter have been characterized.  New nanowire specimens with different nanowire 

diameters, and from different materials will be prepared and mechanically characterized 
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for the extension of nanowire mechanical characterization research.  In addition to nickel, 

various other metals can be formed into nanowires by using electroplating process such 

as copper, gold, and silver.  As described in Chapter 4.2, one of the major sources of 

uncertainty in the experimental procedure is the variation in nanowire diameter.  

Commercially available Whatman alumina membranes utilized in nanowire specimen 

preparation have non-uniform pore sizes as shown in Figure 2.12.  Therefore, in order to 

establish the confidence in repeatability of the experimental procedure, new membranes 

with less variation in the pore size need to be fabricated.  Two step anodization process of 

an aluminum foil can be used to prepare alumina membranes with uniform pore size and 

distribution.  This way, the uncertainty in the experimental procedure can be reduced.  In 

addition, the diameter of the pores can easily be controlled by changing the process 

parameters such as anodization voltage and type of the electrolyte used in the anodization 

process.  The membrane with 20nm pore size is fabricated by using this method and the 

pore size and the cross sectional area images of the membrane are shown in Figure 5.1 (a) 

and Figure 5.1 (b) below.  The pore size and distribution of the fabricated alumina 

membrane are quite uniform as shown in the same figures. 
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a)   

 

b)   

Figure 5.1: a) Pore structure of the 20nm alumina membrane b) Cross-sectional view 
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Application of the customized AFM described in this work is not limited to only 

mechanical measurements of nanowires.  It can be used for any other application where 

commercial AFMs are utilized.  In addition, because of its capability of high resolution 

imaging during nano-manipulation, it can be used in specific applications where 

commercial AFMs cannot be used due to their insufficient imaging capabilities.  A 

possible future application of the customized AFM is on electrical characterization of 

through silicon vias (TSVs).  

The main advantage of through silicon via technology is that there is no need to 

modify the original chip layout for accommodation of wires to establish contacts.  Power 

supply contacts are obtained inside the silicon wafer by directly etching it.  Testing of 

TSV structures is one of the major challenges up to date for the development of higher 

quality TSV structures.  Today’s probe technology used for the testing of TSV quality 

can be applied to a minimum pitch of 35µm and makes significant scrub marks on the 

surface in order to achieve a proper electrical contact (Marinissen, 2010).  Recently, 

contact-free wafer probe technology has also been developed based on capacitive (Kim et 

al., 2009) or inductive coupling (Moore, 2007, and Marinissen, 2009).  While this 

technology has the inherent advantage to not cause any scrub marks, it still needs to scale 

down in order to probe smaller sized TSVs.  Therefore, testing of TSVs with micro-sized 

pitch requires new testing methods using much smaller probes than what current 

technology offers.  Previously described customized atomic force microscope located 

inside SEM chamber can be utilized for testing the quality of TSVs by modifying the 
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experimental setup for electrical characterization.  Experimental setup used to 

characterize TSVs is shown in Figure 5.2 (a) and Figure 5.2 (b).  
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Figure 5.2:  a) Initial position of AFM tip and TSV b) Tip-TSV position at contact 

 

Therefore, a conductive AFM probe is connected to a circuit which involves a 

power supply and a resistor.  Before the tip of the probe touches the via pad, the circuit is 
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open and no current flows on the resistor in the circuit.  Scanning electron microscope is 

used to image the target TSV and micromotor is utilized to move the probe tip towards 

the via.  During the contact of the probe and the via, the circuit is completed, and the 

current flows through the resistor.  This current flowing on the resistor is continuously 

acquired by a computer, and the conductivity of the TSV is observed.  In addition to the 

point by point analysis, scanning of the surface can be performed by using a 

piezoscanner.  Here, two dimensional conductivity map of the surface can be obtained at 

high resolution. 

One of the main advantages of this experimental setup is that it allows fast 

characterization of TSVs due to simultaneous imaging of the vias during testing.  High 

imaging resolution of scanning electron microscope allows imaging of micro/nanoscale 

sized vias which would be impossible with the current testing techniques.  Besides, the 

ultra-sharp tip of the atomic force microscope cantilever provides electrical 

characterization of the vias in nanoscale with high spatial resolution.  The cantilever 

stiffness used for characterization of the vias can be chosen such that there will be no 

scratch marks or deformation on the sample surface which is one of the major problems 

of current via testing techniques.  In addition to high resolution and damage-free testing 

of the vias, the proposed experimental setup also allows characterization of multiple vias 

using a piezoscanner.  The scan range of the piezoscanner used to perform the 

experiments determines the limits of the characterization.  The piezoscanner which is 

capable of larger scanning area can be used to characterize higher number of vias 

distributed on larger areas.  
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APPENDIX A: FIGURE OF CUSTOMIZED AFM TECHNICAL DRAWING 
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Figure A.1: Technical drawing of AFM head for machining
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APPENDIX B: FIGURES OF LABVIEW SCREENSHOTS  
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Figure B.1: Labview front panel for data acquisition 
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Figure B.2: Labview block diagram for data acquisition 
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Figure B.3: Labview front panel for piezoscanner control 
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Figure B.4: Labview block diagram for piezoscanner control 
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