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Abstract 

Activation volume (V*) is a fundamental parameter describing thermally activated flow 

processes in crystalline materials.  Its determination is fundamentally defined by the stress 

response to an instantaneous change in the inelastic strain rate. V* values were measured 

for polycrystalline nickel (Ni) and copper (Cu) nano-pillars, fabricated in-house by electron 

beam lithography and electroplating processes, using a new strain rate change test 

procedure developed for FemtoToolôs FT-NMT03, an in-situ nanomechanical testing 

apparatus. Pillars were compressed in a scanning electron microscope at temperatures of 

300  1 K operating the FT-NMT03 in displacement control at a base nominal strain rate 

of 0.004 s-1 with rate change factors of 1/4 or 1/10. The instrument response replicates the 

step-ramp rate change method developed previously at Queenôs for large-scale specimen 

testing. Continuous rate tests, which are typical in the literature, were also made to compare 

to rate change results. V* values for ¼ rate change tests on Cu were found to be 35.4  2.4 

b3 and 34.4  1.3 b3, and for 1/10 rate change tests, found to be 17.3  2.0 b3 and 29.9  

2.0 b3 with or without step-ramp compensation, respectively. V* for factor of four 

continuous rate tests on Ni were 2.4  0.1 b3 on average. V* values for 1/4 change tests on 

Ni were 28.3 ςȢφ b3, and 29.4σȢπ b3, and for 1/10 change tests on Ni were 27.6  1.3 b3 

and 21.0  ςȢυ b3 with and without steps, respectively. It was determined that step 

compensation did not significantly impact measurements with the FT-NMT03 compared 

to those made without compensation for low-factor rate changes, but for rate change factors 

of 10 or greater, tests without compensation underestimated V* enough to alter conclusions 

about rate-controlling mechanisms. This work validates the step-ramp method for V* 

determination and the uncertainty in data previously reported in the nano-pillar literature. 
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Chapter 1: Introduction 

1.1 Motivation 

The deformation behaviour of sub-micron specimens is an extensively researched topic, 

highly motivated by the push for smaller and smaller devices. Understanding the 

deformation behaviour of materials at the sub-micron scale can improve both 

manufacturing and performance of devices at the nano- and micro- scale, such as nano- 

and micro- electromechanical (NEMS AND MEMS) devices. The discovery of enhanced 

strength in sub-micron specimens is another source of motivation for understanding 

deformation mechanisms, as the governing mechanisms at small length scales differ from 

those in bulk materials [1].  

The rate at which deformation occurs in crystalline materials is dictated by the rate of 

dislocation movement, which is dependent on the bypassing of dislocations past energy 

barriers such as other defects [2-6]. The bypassing of dislocations past energy barriers is a 

thermally activatable process which can be characterized by the area swept out by the 

dislocation segment under applied stress to the point the configuration overcomes the 

obstacle with no further increase in stress, multiplied by the materialôs Burgers vector. This 

characteristic quantity, referred to as the activation volume, can be calculated from 

measurements made during a transient mechanical test. Discrepancies in the literature for 

reported activation volumes, specifically for pillar geometries at the micron and sub-

micron scale have been identified, indicating the need for a reliable way to measure these 

values. 
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1.2 Objective 

The following study investigates thermal activation in small volumes of material. The 

investigation focuses on materials with a face-centered cubic (FCC) crystal structure and 

relatively high melting point, enabling experiments to be performed at room temperature 

without significant recovery. 

The project will address discrepancies in measured activation volumes reported in the 

literature by conventional means of measurement such as constant strain rate tests and 

traditional strain rate change testing. 

1.3 Methodology 

The objectives of this study have been accomplished through research, experimentation, 

and collaboration in nanofabrication, testing module design, and small-scale mechanical 

testing. The thesis is separated into five main sections. Chapter 2 provides a review of the 

relevant literature to motivate the present research. Chapter 3 describes the experimental 

procedure used to complete the investigation and is split into two main sections describing 

the fabrication procedure and mechanical testing, respectively. Chapter 4 presents the 

results obtained through fabrication and testing, including nanopillar microstructure and 

data obtained from rate change experiments, including activation volumes. Chapter 5 

consists of an in-depth discussion of the results obtained and how they tie back to the theory 

and literature. The thesis culminates with Chapter 6, which lists the main conclusions of 

the study and recommendations for future research. 
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1.4 Contributions to Thesis 

All work, unless otherwise stated was done by the author.  The modification of the 

FemtoTool software to incorporate standard strain rate change capability was done by 

FemtoTool programmers with the authorôs guidance and collaboration through Dr. Justyna 

Szezko of FemtoTools AG.  The step-ramp method for strain rate change measurement 

was then developed and tested by the author.  
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Chapter 2: Background  

It is well known that plastic deformation of crystalline materials is a thermally activated 

process that relies on temperature and strain rate. The first suggestion of the existence of 

thermally activated deformation came from Becker [2] and Orowan [3], where it was 

proposed that the difference in flow between liquids and solids originates from flow units 

which exist on a much larger scale, as opposed to on the atomistic scale. This led to the 

notion that the rate of deformation is dictated by the bypassing of dislocations past 

obstacles in their slip plane via thermal activation. In later years, these theories were 

extended through work by Orowan [4], Kauzmann [5], Seeger [6], and others. Extensive 

studies were carried out in the field of thermal activation in the years following, much of 

which involved the experimental and theoretical investigation of single dislocations past 

obstacles [7]. 

The notion that the flow stress resulting from deformation of a metal could be separated 

into two distinct parts originated from the work of Cottrell and Stokes [8]. The flow stress 

was shown to be comprised of an irreversible component of flow stress, (also referred to 

as athermal stress by some authors [9]), †, and the reversible component (also called the 

effective or thermal stress [9]), †ᶻ. The irreversible stress originates from long-range 

interactions of dislocations with the microstructure, also known as long-range obstacles. 

Long-range obstacles, or athermal obstacles as they are often termed, commonly take on 

the form of large precipitates or second phase particles, or other dislocations on parallel 

slip planes [10]. The reversible stress stems from short-range interactions between 

dislocations and energy barriers, where the stress field is on the order of 10 atomic spacings 

[8, 10]. The reversible part of flow stress has been shown to be proportional to the total 
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flow stress by Cottrell and Stokes [8], and this proportionality has come to be known as 

the Cottrell-Stokes law. These short-range energy barriers, as first theorized by Becker [2] 

and Orowan [3], are generally small obstacles located on the slip plane, and may take on 

the form of clusters or precipitates, forest dislocations, or even a lattice resistance in some 

materials, also known as the Peierls-Nabarro stress [11-13]. Since these interactions 

between dislocations and energy barriers take place in such a small volume of material, the 

thermal vibration of atoms plays a key role in how these interactions occur, and whether 

dislocations will successfully bypass energy barriers under an applied stress [13]. As the 

temperature of deformation increases, the stress required to push dislocations past these 

obstacles decreases. Obstacles to dislocation motion are often referred to as being 

ñtransparentò to dislocations when they are easily overcome at elevated temperatures [8]. 

These processes of overcoming energy barriers are known as thermally activated processes, 

and they affect most temperature dependent properties of materials [13].  

There are different methods to determine the contribution of reversible flow stress to the 

total flow stress, such as through temperature or strain rate changes during a regular tensile 

(or compression) test, which will be discussed in a later section.  

The minimum Gibbs free energy required to move a linear dislocation segment of length, 

ὰ, and Burgers vector  of magnitude, ὦ, under an effective stress, †ᶻ, was determined by 

Schoeck [14], and Gibbs [15-17] to be: 

ɝὋ ɝὫ †ᶻὰ ὦ Ὠ         (1) 

where ɝὫ is the change in free energy associated with the atomic displacements occurring 

during activation, and Ὠ is the activation distance if activation occurs reversibly and at 
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constant temperature. The product ὰ Ὠ is also known as the activation area, ὃ, and is defined 

as the area swept by a dislocation between the stable and unstable configurations as it 

overcomes a short-range obstacle. Multiplying A by b of the material in question defines a 

geometric activation volume, V'. 

It was also shown by Gibbs [15, 17] that ɝὫ resembles a Helmholtz free energy 

ɝὫ ɝὟᶻ ὝɝὛᶻ ὝɝὛ        (2) 

where ɝὟᶻ and ɝὛᶻ are the changes in internal energy and internal entropy during 

activation, respectively, and ɝὛ is the change in entropy associated with the change in 

vibrational modes at the saddle point between the minima in potential energy [18].  

The plastic strain rate of a specimen deformed in tension is given by the Orowan 

relationship [19] 

 ”ὦὠÃÏÓ—ÃÏÓ         (3) 

where ”is the density of dislocations of type Ὥ with average velocity ὠ,  and — and   are 

the angles between the applied stress and the slip direction and the slip direction and the 

normal to the slip plane, respectively. The velocity of dislocations is represented by: 

ὠ   ὺÅØÐ          (4) 

where ὺ is the vibrational frequency, and   is the distance travelled after a ñsuccessfulò 

fluctuation.  

Assuming the moving dislocations are only of one type, the above expression for velocity 

can be substituted into Equation 3 to obtain: 
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 ” ὺÃÏÓ—ÃÏÓɮÅØÐ ḳÅØÐ      (5) 

which was used by Becker [2] and Eyring [20] to describe plastic deformation, and, in its 

simplest form, resembles an Arrhenius rate equation [9]. 

If Equation 1 is differentiated with respect to the effective stress, the following expression 

is obtained [9]: 

ᶻ ᶻ ὰ ὦ Ὠ †ᶻὦὰ ᶻ †ᶻὦɝὙ ᶻ .    (6) 

Since the lowest free energy state will always be adopted, ÄɝὋ π for all values of 

stress and temperature [16]. Thus, from Equation 1 [9]: 

ÄɝὫ †ᶻὰ ὦÄὨ †ᶻὦ Ὠ Äὰ π      (7) 

and accordingly, 

ᶻ †ᶻὰ ὦ 
 
ᶻ  †ᶻὦ Ὠ ᶻ  .      (8) 

The above can be rewritten in terms of partial derivatives [9]: 

ᶻ †ᶻὰ ὦ ᶻ †ᶻὦ Ὠ ᶻ       (9) 

and, from Equation 6 and Equation 9 

ᶻ ὦ ὰ Ὠ ὠ.        (10)  

If π , where † is the applied stress, then differentiating Equation 1 with respect 

to the applied stress yields an expression for the activation volume as obtained by Schoeck 

[14] 



8 

 

 ὠ         (11) 

If the logarithmic form of Equation 5 is differentiated with constant structure, ɫ: 

ᶻ
ȟ
ὠ ὯὝ ᶻ

ȟ
        (12) 

The activation volume can be normalized by b3 as: 

ὠᶻ ὠȾὦ          (13) 

Using the same measurable parameters, the strain rate sensitivity parameter, m, can be 

calculated from Equation 12 [21] 

ά
ᶻ

ȟ
         (14) 

Note that Equation 14 represents the engineering definition of the strain rate sensitivity, 

and the thermodynamic strain rate sensitivity, S, can be obtained by multiplying m by the 

absolute temperature. 

Equation 12 and Equation 14 can be applied for the experimental determination of the 

activation volume and/or strain rate sensitivity parameter, which is a proven method of 

quantifying the thermally activated contribution to flow stress of a material.  

The range of activations volumes attributed to specific dislocation mechanisms are listed 

below in Table 1, after Conrad [10]. It is obvious that one value cannot be attributed simply 

to one mechanism. 
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Table 1: Typical activation volumes for common dislocation mechanisms, after Conrad 

[10] . 

Mechanism Typical Activation Volume 

Overcoming the Peierls-Nabarro stress 10 ï 100 b3 

Dislocation intersection 100 ï 10000 b3 

Nonconservative motion of jogs 10 ï 100 b3 

Climb 1 b3 

 

The type of mechanical tests often used for experimental determination of activation 

volumes are called transient mechanical tests. Another common method of characterizing 

dislocation mechanisms is through direct observation by transmission electron microscopy 

(TEM) [13, 22] or numerical simulation. 

2.1 Experimental Characterization of Dislocation Mechanisms 

2.1.1 In-situ TEM Deformation Experiments 

The first direct observation of moving dislocations under thermal stresses by transmission 

electron microscopy (TEM) was in 1956 by Hirsch et al. [23], using an accelerating voltage 

of 100 kV. Two years later, Wilsdorf performed one of the first in-situ TEM tensile tests, 

at an accelerating voltage of 100kV using a newly designed TEM testing apparatus [24], 

which is the pre-cursor to small-scale mechanical testing. Near the late 1960ôs, high voltage 

electron microscopes (HVEM) with accelerating voltage capabilities ranging from 600 ï 

1000 kV were developed. The higher accelerating voltage allowed much thicker samples 

to be imaged, thus reducing possible surface effects known to be prevalent in thin foil 
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samples. Many experiments were performed following this time period (c.f. [25]), but as 

of the 1980s, most in-situ TEM deformation experiments have been performed at 

accelerating voltages of 200 ï 400 keV, as HVEMs often produce radiation damage and 

can be difficult to operate. 

2.1.2 Transient Mechanical Tests  

Transient mechanical tests are performed by introducing a small change in the conditions 

of the sample or test at some point, known as a transient, and measuring the materialôs 

response [13]. While in-situ TEM deformation experiments allow the user to directly 

observe dislocations, a considerable amount of sample preparation is required [26], and the 

effects of image forces were difficult to neglect. The accessibility and ease with which 

transient mechanical tests can be performed makes them a commonly used characterization 

technique. Three types of transient mechanical tests are widely used to comprehend 

parameters that are otherwise inaccessible during constant strain rate tests, these include 

creep tests, stress relaxation tests and strain rate change tests. 

Creep Tests  

One of the transient mechanical tests commonly used to characterize thermally activated 

dislocation mechanisms is through a creep test. To perform a creep test, the sample is 

initially loaded as it would be during a regular stress-strain test, until a certain point in the 

test where the stress is kept constant and the strain is recorded with increasing time [13, 

27]. The variation of strain with increasing time will depend on the deformation conditions 

and the material being tested, for instance, strain may follow a logarithmic curve, which 

can be described as. 
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ɝ ÌÎρ          (15) 

where ὧ is a time constant, and ὠ is a volume. By fitting Equation 15 shown above to the 

creep curve, ὠ and ὧ can be determined. 

Stress Relaxation Tests 

Stress relaxation tests are another type of transient mechanical test commonly used to 

measure the thermally activated contribution to flow stress. To perform this test, a standard 

tensile test is interrupted by stopping the crosshead once some level of strain has been 

reached, and recording the resulting decrease of stress with time [28]. Similar to a creep 

curve, the shape of the stress relaxation curve will depend on the material being tested and 

the deformation conditions. The variation of shear stress with time may be logarithmic or 

non-logarithmic, with a logarithmic variation being widely reported, described by Equation 

16: 

ɝ†  ÌÎρ         (16) 

where ὠ is the apparent activation volume, and ὧ is a time constant.  

Strain Rate Change Tests 

In the traditional strain rate change test, sometimes referred to as the strain rate jump test, 

a constant strain rate tensile or compression test is interrupted by a sudden change in the 

strain rate for a period of time, followed by a change back to the original strain rate [29, 

30]. This test enables the activation volume to be determined: 

ὠ ὯὝ 
ȟ

         (17) 
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In Equation 17, Ὧ is the Boltzmann constant, Ὕ is the absolute temperature,  is the ratio of 

the two strain rates, and ɝ† is the resulting change in stress due to the change in strain rate. 

Transients resulting from a change in temperature versus a change in strain rate were noted 

by Basinski (1959) [31] to be comparable. Tests where temperature changes are undertaken 

tend to be less reliable than those involving strain rate changes, since changes in 

temperature cannot be done quickly, may invoke changes in the elastic modulus, which can 

cause changes in the irreversible portion of flow stress [32]. In addition, effects due to 

unloading like changes on the dislocation configuration cannot be avoided during 

temperature change experiments, since the test sample generally must be unloaded before 

performing a change in temperature [32]. 

One of the problems associated with the strain rate change test, however, is that the change 

in stress must be measured after an instantaneous change in strain rate, where the structure 

of the sample remains constant [30]. However, upon a reduction in strain rate (in a tensile 

test) an elastic unloading occurs due to relaxation in the testing apparatus, which increases 

the duration of time to reach the new strain rate. Kocks et al. (1981) [33] hypothesized that 

the transient resulting upon change of strain rate originates from dynamic recovery, since 

dislocations move into lower energy positions during recovery, leading to a change in the 

overall deforming structure. The stiffness of the testing systemôs influence during strain 

rate changes has been investigated and described by many groups. This leads to 

discrepancies in where the new value of stress should be measured [30]. Some groups 

choose to measure the new stress value once steady state has been achieved, while others 

choose the local maximum, i.e., the value of stress at the yield point (for increases in strain 
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rate), or the extrapolated value to the initial slope. These different approaches can impart 

significant differences in the resulting measured magnitude of stress change. 

After Z.S. Basinski first determined how a screw-driven tensile testing machine could be 

modified to perform precise strain rate changes in 1965, research by Saimoto, Champion, 

Jackson, and Foxall helped develop the modification, the details of which are explained at 

length by Champion et al. (1983) [34]. The test machine consists of an outer and inner rod, 

where the specimen is attached to a cage at the base of the outer rod housing, and the inner 

rod extends the specimen. An electromagnet is put inside the outer tube, so that when the 

load drop occurs due to the strain rate change, a portion of the outer rod shortens at the 

same time. This stiffens the system, ensuring the specimen does not elastically unload 

during the stress drop, and thus the true stress drop can be measured.  

Saimoto and Basinski [35] predicted that, using a servo-controlled hydraulic testing 

system, a step ramp can be used during displacement control instead of the nullifying 

device described by Champion et al. (1983) [34], and this method was termed the ñstep 

ramp methodò. The details of the implementation of the step ramp method into the Instron 

8500 Series Materials Testing System are described at length by Carlone and Saimoto 

(1996) [36]. The basis of the technique is that during the test, when a rate change is desired, 

the user presses a key on the computer, at which point the computer calculates the position 

where the time between when the key on the computer was pressed and the next point is 2 

seconds, to allow time for the computer to determine the value of the new position [36]. 

Once the new position is known by the computer, the second waveform is calculated by 

the computer and the Instron is commanded to end the first waveform at the new position 

and begin the new waveform instantly while inputting an external step signal. The interval 
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during which the new rate is undertaken is set ahead of time by the user, and the initial rate 

is continued by the second waveform after this time interval [36].  An updated version was 

implemented to Gordezky and Diak for Instronôs 8800 controller [37]. A version was also 

implemented by Upadhyaya for a piezoelectric driven micro-indenter [38]. 

2.2 Small-Scale Testing 

It has now been well established that the strength of materials can be improved through 

grain refinement [39, 40]. Some of the first reports of a strength size effect due to specimen 

dimensions only were reported by Eisner [41] and Brenner [42], [43], where the tensile 

strength of whiskers, including silicon, copper, and silver whiskers was noted to increase 

to near the theoretical limit. Since then, many experiments have been undertaken to 

understand this so-called size effect, including those on single- and poly-crystalline 

materials. There are different length scales which dislocation mechanisms associated with 

dislocation processes such as motion, nucleation, pinning, storage, and multiplication are 

active over, thus it is imperative to gain an understanding of the mechanisms active over 

these different length scales to understand how devices with components on the micro-

scale will perform. In 2004 one of the first investigations into the size effect on the strength 

of micropillars fabricated through focused ion-beam (FIB) milling was performed by Uchic 

et al. [1] through compression testing. Pillars were FIB milled from pure Ni, Ni3Al-Ta, and 

a Ni superalloy, with diameters ranging from 0.5 ï 40 µm. The pure Ni pillars exhibited a 

strong size effect up to a diameter of 20 µm, whereas samples in the 20 ï 40 µm diameter 

range behaved similarly to bulk materials. Following this, numerous studies have been 

performed to further understand the size effect on strength, (c.f. [44-49]). 
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In addition to investigating the size effect on strength, many studies have been aimed at 

accurately measuring activation volumes in small volumes of material through transient 

mechanical tests [47, 48, 50-56]. The most used testing methods include continuous strain 

rate tests, where tests are performed at different strain rates on multiple samples, and strain 

rate change tests. The use of these two methods results in discrepancies in the reported 

activation volumes related to sample-sample variations and differences in the interpretation 

of deformation behaviour during rate changes. One of the main issues associated with 

small-scale testing is the need for highly force-sensitive testing apparatuses. The elastic 

compliance of the testing apparatus must be increased for more sensitive measurements, 

which leads to larger machine transients during rate changes. The transient effect is 

worsened with the use of load-controlled apparatuses.  

Activation volumes reported for several FCC pillars at ambient temperature with different 

micron and sub-micron specimen diameters are shown in Figure 1.  Note the order of 

magnitude scatter observed in reported activation volumes for Cu pillars. 
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Figure 1: Reported activation volumes in micron and sub-micron pillars of various FCC 

materials at ambient temperature. The determination method for each dataset is listed in 

the legend, where CSR refers to constant strain rate tests and SRC refers to strain rate 

change test. HEA refers to high-entropy alloy. Tests are stated to be performed at room 

temperature, or an unspecified temperature, both of which are assumed to be in the range 

of 295 to 300 K. 

Most activation volumes reported in the published pillar literature are obtained through 

constant strain rate tests performed on multiple samples, usually using rate change factors 

of 10 or higher. One of the thermodynamic requirements for activation volume 

measurements is that stress drops must be measured after an instantaneous change in strain 

rate, where the structure, ɫȟ remains constant, as shown in Equation 12 [14, 30]. The 

constant structure requirement invalidates any activation volumes obtained through 

constant strain rate testing or strain rate change tests where relaxation is allowed to occur 

during a strain rate change. 
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The following study investigates using the step-ramp method of measuring activation 

volumes in small volumes of material with pillar geometries using a commercial apparatus. 

The technique involves in-situ strain rate change experiments employing a compensation 

to nullify the relaxation which occurs in the testing apparatus following a reduction in strain 

rate. 
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Chapter 3: Experimental Procedure 

This chapter describes the experimental procedure used to complete this study. The 

procedure is split into three main sections, Fabrication, Mechanical Testing, and 

Characterization. The Fabrication section will cover the steps used to prepare metal 

nanopillars, including cutting and preparation of flat, low-defect containing substrate 

materials, patterning of substrates, and electroplating to grow pillars. The mechanical 

testing section will discuss the collaboration with FemtoTools to create the new strain rate 

change program, and the subsequent testing performed using the new program. The 

characterization section will give a brief overview of the scanning electron microscopy 

(SEM) imaging and focused ion beam (FIB) milling performed to characterize the as-

grown and as-deformed pillar microstructure. 

3.1 Fabrication 

3.1.1 Substrate Preparation 

Nickel (Ni) and copper (Cu) pillars were studied because both elements are FCC with well-

defined activation volume values from bulk measurements in Stage II at 300 K of 200-500 

b3 [57] and 1000-4000 b3 [58], respectively. Furthermore, the melting temperature of each 

is high enough for testing at ambient temperatures to be classified as low-temperature 

testing, as the homologous temperature, ὝȾὝ , is 0.17 for Cu and 0.22 for Ni, which falls 

in the low-temperature testing regime. Testing was performed in the low temperature 

regime to limit diffusion-controlled deformation mechanisms [7]. 

Electroplating practices are well-established for each material enabling a lithographic 

approach to pillar fabrication. Single crystalline substrates of Ni and Cu were used to 
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template the Ni and Cu pillar growth, respectively, to increase the chance of low-defect 

containing single crystalline pillars. For Ni pillar fabrication, previously grown [59] 12 mm 

long Ni rods with diameters of 6.3 mm and growth direction [001] were utilized as a 

substrate material. The rods were sliced into 1.5 mm thick discs using an electrical 

discharge machine (EDM), also referred to as a spark cutter. Copper substrates were 

selected and cut in a similar manner, however, the single crystalline copper rod utilized 

had a square face with side lengths of approximately 8.6 mm. Electron backscatter 

diffraction in the SEM (SEM-EBSD) was used to verify the orientation of each single 

crystal rod. Pole figures obtained are shown in Figure 2 and Figure 3, and specify a [110] 

orientation for the Cu crystal, and off-axis [100] for the Ni crystal. The scatter in other 

solutions obtained for the Ni single crystal may suggest the existence of sub-grains in the 

sample.  Both Ni and Cu single crystal orientations were chosen for their multiple slip 

behaviour in uniaxial deformation. 

 

Figure 2: Pole figures obtained via SEM-EBSD of Cu single crystal rod. EBSD was 

performed at an accelerating voltage of 25 kV and working distance of 15 mm. 
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Figure 3: Pole figures obtained via EBSD of Ni single crystal rod. EBSD was performed 

at an accelerating voltage of 25 kV and working distance of 15 mm. 

To facilitate EDM of the small crystals, they were bonded onto a longer holding rod using 

hot mounting wax, and a silver suspension across the joint to maintain electrical 

conductivity during machining. A damage-free substrate is required to grow virtually 

defect-free pillars. EDM cuts were done with a ServoMet, (Materials Research Ltd., 

Cambridge, England) using a cutting speed of approximately 0.5 mm/hr and Cu wire of 

thickness 0.1 mm, but surface damage in the form of roughness was visible to the naked 

eye after cutting. Damage was removed by mechanical and chemical polishing methods, 

starting with 120 grit paper, polishing on a lap wheel using a 1 µm diamond suspension, 

and chemically polishing on a solution-saturated linen cloth stretched over a glass polishing 

surface and polishing the samples in one-minute intervals. Chemical polishing of Ni 

samples was performed using a solution comprised of glacial acetic acid and nitric acid, as 

detailed by Fox US Patent 2680678A (expired) [60], and Cu samples were polished using 

Mitchellôs solution [61], which is comprised of a saturated solution of anhydrous copper 
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(II) chloride and polyethylene glycol. Detailed recipes for each chemical polishing solution 

are listed in Table 2. 

After chemical polishing, each sample was electropolished to remove any remaining 

deformation. The nickel samples were electropolished using the Struers A-2 solution. 

Initially, the Jean-Wirtz electropolishing system was utilized, but polishing in a beaker with 

electrodes and separate power supply was experimentally found to yield a more uniform 

surface. The beaker electropolishing system consisted of a beaker sitting atop a magnetic 

stirring plate with a spin bar. The solution was maintained at approximately -25°C by 

placing the beaker in a dry ice-filled Styrofoam vessel. Samples were suspended at the 

surface of the solution using ferritic stainless-steel tweezers affixed to a clamp set above 

the beaker. The nickel polishing was performed using a voltage of about 28 V in 30 second 

increments. The copper samples were polished in the same manner using an 

orthophosphoric acid polishing solution; however, the solution was kept at approximately 

-10°C, and polishing was performed at a current density of 0.8 A/cm2, corresponding to 

approximately 10 V. Each sample was rinsed in ethanol immediately after polishing and 

dried using a warm air dryer. Detailed recipes for each electropolishing solution are shown 

in Table 2. 
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Table 2: Detailed chemical polishing solution recipes for nickel and copper samples [60, 

61]. 

Solution Name Recipe Voltage 

(V) 

Current  

Density 

(A/cm2) 

Total 

Time 

(s) 

Temperature 

(°C) 

Nickel Chemical 

Polishing 

Solution 

65 mL CH3COOH 

35 mL HNO3 

0.5 mL 

concentrated HCl 

N/A N/A 60 Ambient 

Copper 

Chemical 

Polishing 

Solution 

(Mitchellôs 

Solution)  

CuCl2 sat. in 45 mL 

concentrated HCl 

5 mL polyethylene 

glycol 400 

N/A N/A 60 Ambient 

Nickel 

Electropolishing 

Solution (Struers 

A-2 Solution) 

20% distilled H2O 

70% ethanol 

2% butylcellosolve 

8% HClO4 

28 0.25 30 s -25 

Copper 

Electropolishing 

Solution 

60% 

orthophosphoric 

acid 

40% distilled H2O 

10 0.8 30 s -10 

 

An additional100 nm thick gold (Au) film was deposited on the single crystal substrates to 

improve polymer resist adhesion with the Cu and improve nickel electroplating on the Ni. 

While the purpose of the Au film was not explicitly to seed the electroplating growth, it 

will henceforth be referred to as a seed layer.  
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The Au seed layer was deposited through electron beam evaporation using a Thermionics 

3 kW Linear E-gun. Electron beam evaporation is performed by focusing a beam of 

electrons at a crucible containing the material to be deposited under high vacuum, causing 

the material to melt and eventually evaporate. The material vapor will then move from the 

crucible towards the substrate and deposit as a film. The gold deposition process for this 

study was performed at a rate of 1.3 Å/s and pressure ranging from approximately 

τ ρπ  torr to ρ ρπ  torr. Shown below in Figure 4 a) is the electron beam 

evaporator during deposition, where the Au-filled crucible is observed to be glowing. 

Copper substrates after being coated in Au are shown in Figure 4 b). 

 

Figure 4: a) Electron beam evaporator during deposition, b) three Cu substrates after 

being coated with 100 nm of Au. 

 

a) b) 
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3.1.2 Patterning 

Substrate surfaces were patterned in preparation for pillar growth (by electroplating) after 

they were cut, polished, and coated with a thin film of Au. The patterning process can be 

broken down into spin coating, electron beam lithography, and developing. All steps of the 

patterning process were performed in a class 1000 clean room. The target pillar dimensions 

a height of 1.25 µm and diameter of 500 nm, or a height to diameter aspect ratio of 2.5:1 

to coincide with typical geometries used for compression testing [50, 53]. 

3.1.2.1 Spin Coating 

Spin coating is a technique used for spreading a thin, even layer of a solution onto a flat 

substrate by spinning the surface at a high speed for a pre-determined duration of time. The 

final thickness of the thin film depends on the spin speed, spin duration, solution viscosity, 

and substrate type. Spin coating can be used for multiple applications where thin uniform 

films are required, but it is commonly used to apply resists onto substrates for lithographic 

purposes. 

Prior to spin coating, substrates were sprayed with N2 gas to remove loose debris 

accumulated after gold deposition. Substrates were then placed on a vacuum chuck inside 

the spin coater, and the center of the sample was carefully lined up with the axis of rotation 

of the spin coater to ensure film uniformity. Once the substrate was lined up, the vacuum 

system was turned on to hold the sample in place during resist application and spin coating. 

Spin curves provided by MicroChem Corp.© were utilized prior to the beginning of 

fabrication to determine the optimal resist type and spin speed, using a target film thickness 

of 1.25 ï 1.50 µm to accommodate pillar growth to 1.25 µm. A 950K molecular weight 

PMMA solution of 9% solids in anisole was chosen (designated 950PMMA A9). The spin 
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recipe used consists of an acceleration step of 500 RPM/s up to 4000 RPM, followed by 

30 seconds at 4000 RPM, and then a deceleration step of 500 RPM/s down to stationary, 

and was developed for a target film thickness of 1.5 µm [62]. The resulting film thickness 

using the 1.5 µm film recipe was approximately 1.25 µm, so this recipe was used for all 

subsequent spin coating. The spin coating apparatus used in this work shown in Figure 5 

is a Laurell spin coater, with clockwise or counterclockwise rotation, RPM capabilities 

from 1-12,000 in steps of 1 RPM and accuracy within 0.1 RPM, and a maximum 

acceleration of 30,000 RPM/s. The spin coater can coat samples up to 160 mm in diameter 

or square samples 100 mm by 100 mm. 

 

Figure 5: Laurell spin coating apparatus. 

3.1.2.2 Electron Beam Lithography 

Substrates were patterned via electron beam lithography (EBL) using a Raith Pioneer 

SEM-EBL, hereafter referred to as the Raith. The beam spot size for the Raith is 2.5 nm, 

and all patterning was performed at an accelerating voltage of 30 kV. Patterns made using 

the Raith are written as a series of dots separated by a user-defined distance referred to as 

the step size, which should generally be an integer factor of the feature size. For instance, 
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the step size should be 50 nm for 500 nm features [63]. The step size should be no greater 

than 1/5 of the minimum feature size [63]. If an area is written as a series of lines, patterning 

occurs as follows: a line is written by patterning a spot, then the beam is deflected by the 

step size distance, and another spot is patterned. Once the whole line is patterned, the beam 

is blanked and the next line is started below the first, at the end point of the first line. 

Curved features such as circles are patterned by curved lines, where the first line is the 

outer edge of the circle, and subsequent lines are written inside the first point, with each 

circle sharing a center point [64]. 

The dwell time required to fully penetrate the resist without overexposing and causing 

features to be larger than desired must be determined prior to patterning features. The beam 

dwell time is dictated by the dose energy, which is specified by the user in units of ‘ὅȾὧά ȟ 

and beam current, which is measured prior to patterning. The required dose energy depends 

on resist type/thickness and substrate, and generally must be determined experimentally 

using a dose array. A dose array is an array of the same pattern repeated using different 

dose energies relative to some base dose energy. A base dose energy of 1000 µC/cm2 was 

chosen based on previous usersô experience with similar film thicknesses [65]. Sufficient 

focus must be obtained before patterning to improve pattern resolution. For the purposes 

of patterning for pillar growth, microscope focus was deemed sufficient if features half of 

the critical dimension, i.e., the diameter, can be resolved. The microscope beam was 

focused at the substrate surface as opposed to resist surface to ensure the beam reached its 

narrowest point inside the resist, rather than reaching its narrowest point before entering 

the resist and widening inside the resist. Beam widening in the resist lowers the resolution 

of EBL. Pillar diameters of 500 nm, 750 nm, and 1 µm were patterned to determine the 
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optimal dose and diameter combination, with a separate dose array for each diameter. Each 

six-by-six pillar array is contained in its own 100 µm by 100 µm writefield with 15 µm 

spacing between pillars. The dose array layout is shown below in Figure 6, where 1.0 refers 

to 100% of the base dose energy, 1.2 refers to 120% of the base dose energy, and so on. 

 

Figure 6: Example of a single dose array layout. Note that three dose arrays, each with a 

different pillar diameter, were patterned on one substrate. 

The optimal dose was determined to be 1600 µC/cm2 for Cu samples and 1200 µC/cm2 for 

Ni samples, each for a pillar diameter of 500 nm and height of 1.25 mm. 

The final patterning layout consists of four groups of 16, six by six pillar arrays, for a total 

of 2304 pillars patterned per substrate. 

1.0 1.2 1.4 

1.6 1.8 2.0 

2.2 3.0 4.0 
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3.1.2.3 Developing 

PMMA is a positive-tone electron beam resist, so the regions of PMMA which were 

exposed to the electron beam during lithography underwent dissolution via the breakdown 

of chemical bonds. These regions were subsequently washed away during a process 

referred to as developing. Developing was performed by immersing the substrate vertically 

in a solution of 1 part methyl isobutyl ketone and 3 parts isopropanol (IPA), a commonly 

used developing solution for PMMA, for 60 seconds. This was performed in an ultrasonic 

bath to gently agitate the sample and ensure all exposed regions of PMMA were removed. 

After developing, the sample was rinsed for 30 seconds in isopropanol, then dried using N2 

gas. 

3.1.3 Electroplating 

Electroplating is an electrolytic process of depositing metal onto a surface. This is 

performed by placing an anode and cathode into an electrolyte bath and applying an 

electrical potential, causing negatively charged ions to move to the anode and positively 

charged ions to move to the cathode, which deposits as a thin film of metal. The electrolyte 

bath recipes used in this work are listed in Table 3.  
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Table 3: Electroplating bath recipes for Cu and Ni plating. 

Nickel Plating Solution (Wattôs Bath) [66] 290 g/L NiSO4 Ͻ 6H2O 

50/L g NiCl2 Ͻ 6H2O 

35/L g H3BO3 

10 L deionized H2O 

Copper Plating Solution [67] 200 g/L CuSO4 Ͻ 5H2O 

53 g/L H2SO4 

1 g/L dextrin 

1 L deionized H2O 

 

Electroplating for both materials was performed in a fume-hood using a 400 ml Pyrex® 

beaker with a stir bar to maintain uniform flow of the plating bath. The Ni plating bath was 

heated to 55°C prior to plating using a temperature-controlled Corning hot plate, while Cu 

plating was performed at room temperature. Plating bath temperatures were chosen based 

off of work done by Sedore [66] and Ray [67] using the same bath recipes. Samples were 

suspended in the plating bath using ferritic stainless steel tweezers, which were connected 

to the negative terminal of an Agilent E3620A Dual output DC power supply (0 ï 25 V, 0 

ï 1 A). The anodes used for Cu and Ni were a polycrystalline 99.99% Cu helix, and a 

99.99% Ni polycrystalline rod, respectively. The electroplating setup for Ni is shown below 

in Figure 7. Note that the Ni rod was inserted into the bath prior to starting plating. 
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Figure 7: Beaker electroplating apparatus for nickel. 

Several trials were performed to determine the plating conditions necessary to obtain the 

desired pillar height to resist thickness. The current density plays a significant role in 

plating rate, and was kept low to achieve slow, controlled growth. The first plating trials 

were performed using a current density of approximately 525 mA/cm2 on un-patterned 

samples. Initially, the same voltage as in the first plating trials was used to plate a patterned 

sample, but this resulted in overgrowth of pillars due to a process commonly referred to as 

mushrooming. Mushrooming occurs after the thickness of plated metal reaches the surface 

Ni anode 
Stainless 

steel 

tweezers 

Patterned 

Ni substrate 
Electroplating 

solution 

Corning hot 

plate/stirrer 
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of the resist, and growth starts occurring in the lateral as well as vertical directions, as 

shown in Figure 8 for Cu pillars.  

 

Figure 8: Array of mushroomed Cu pillars. Note that plating objects are missing from 

some locations. 

 

A current density of 15 mA/cm2 has been reported to produce single-crystalline structures 

during electroplating of Cu using a copper sulfate bath [68], and was found experimentally 

to result in  slow, controlled growth. Based on the plateable area on each substrate, the 

current required to achieve a current density of 15 mA/cm2 for the objects to plate was too 

low to be resolved using the available power supply, which had a current resolution of 1 

mA. To combat this, a dummy sample was bonded to the patterned substrate, which 

increased the plateable area and allowed a higher current to be used. Once the area to be 

plated and current required was determined, the necessary plating time to achieve a certain 

thickness was determined by using the number of moles of metal deposited per unit time. 

A sample calculation is shown below: 
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Half reaction at cathode: ὅό ςὩ ᴼὅό  

Target mass of deposit: ὺέὰόάὩὨὩὲίὭὸώάὥίί ρȢςτ ρπὫ 

Current input: πȢπρχ ὃ 

πȢππρςτ Ὣ ὅό

ρ

ρ άέὰ ὅό

φσȢυυ Ὣ

ς άέὰ Ὡ

ρ άέὰ ὅό

ωφτψυ ὅ

ρ άέὰ Ὡ

ρ ὃϽί

ρ Ὡ

ρ

πȢπρχ ὃ
ςςς ί  

Additional plating trial details can be found in Appendix B. 

A complete list of pillar tests used in this work including the pillar naming convention and 

type of test are shown in Appendix A. The pillar naming convention, or designation, refers 

to order of testing, for instance, Cu-03-01 refers to the first Cu pillar tested in the third Cu 

pillar testing session. The pillar designations alone do not provide information regarding 

the type of test performed.  In total, results from testing 39 Cu and 19 Ni pillars are reported 

in this work. 

3.2 Mechanical Testing 

3.2.1 FemtoTools Collaboration 

Mechanical testing was performed using FemtoTools AG FT-NMT03, a commercially 

available, in-situ nanomechanical testing apparatus, and will hereafter be referred to as the 

FemtoTool. The FemtoTool can be used for a variety of small-scale tests, including 

uniaxial compression or tensile tests, nanoindentation, and fatigue testing. Tests can be 

performed in load-controlled or displacement-controlled mode, and it is suitable for use 

under vacuum conditions. All FemtoTool testing was performed under displacement-

controlled mode in a SEM at ~ 300 ± 1 K. The FemtoTool can utilize different force 

sensors, known as FT-S Microforce Sensing Probes, depending on testing requirements. 
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The FTôS20,000 Microforce sensing probe has a force range of +/- 20,000 µN, with a force 

resolution of 0.05 µN. Actuation is performed using a piezoelectric transducer, with a fine 

actuation range of 0.05 nm to 25 µm, and coarse actuation from 1 nm to 21 mm.  

 The home page for the software user interface is shown in Figure 9, with each clickable 

box representing a different testing module. Full specifications for the FemtoTool in the 

configuration used are listed in Appendix C. 

 

 

Figure 9: Main menu for FemtoTool Software Suite. 

 

Through collaboration with FemtoTools, a new program was implemented into an 

upcoming software release to perform strain rate change tests. The goal for the new testing 

program was to allow users to input rate changes at predefined locations during a uniaxial 
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compression or tensile test, with the option to include compensation steps so to stiffen or 

relax the system, depending on the direction of the strain rate change, as per the step-ramp 

method described in Chapter 2. Since the displacement steps cannot occur at the same time 

as a rate change due to the sequential control utilized by the FemtoTool, the new testing 

module allows users to prescribe small displacement steps using a fast acceleration directly 

before a rate change to nullify the relaxation or stiffening resulting from a strain rate 

change. The machineôs response time was evaluated to determine if the new program can 

replicate the step-ramp method. Locations where strain rate changes occur are prescribed 

using displacement of the Piezo-electric tip. The user interface for the new program is 

shown in Figure 10. The Visualization tool plots the displacement versus time relationship 

for input strain rate segments prior to beginning the test as shown in Figure 10. 
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Figure 10: Graphical user interface of strain rate change test inputs for FemtoTool 

Software version 2.4.4.1. 
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Figure 11: Visualization tool window. The visualization tool shows the strain rate- and 

displacement-time waveforms to ensure rate change segments have been correctly inputted 

prior to performing the test. 

The precision of the FemtoTool was explored by observing the displacement of the probe 

over time during a rate change using a high data acquisition rate of 5000 Hz. The 

FemtoTool software can collect a maximum of 1000000 data points, so only one rate 

change was performed during this test. All subsequent testing was performed using the 

default data acquisition rate of 100 Hz to reduce computational requirements. 

3.2.2 Continuous Strain Rate Experiments 

Once the new strain rate change test module was implemented, compression tests were 

performed on Cu and Ni nanopillars. All pillars were compressed with a 5 µm diameter 
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flat-tipped probe inside the FEI FEG-Nova NanoSEM. Substrates were fixed to 12 mm 

SEM stubs using a small drop of a colloidal silver suspension, at least 24 hours prior to 

testing to ensure the silver suspension had adequate time to dry. The FemtoTool requires 

SEM stubs with a stub length of 6 mm and diameter of approximately 3.14 mm. The 

FemtoTool testing rig mounted on the SEM stage is shown in Figure 12. 

 

Figure 12: FemtoTool mounted inside the SEM in preparation for in-situ testing. 

The first step in pillar testing is to find contact with the surface and determine the substrate 

stiffness. The ñFind Contactò command is used to bring the measurement probe to the 

substrate surface prior to performing a ñSimple Indentationò test. The indentation test 

measures the reference stiffness, i.e., the stiffness of the measurement chain, which 

includes the FemtoTool stage, stub, dried colloidal silver, substrate, and FemtoTool force 

measurement probe. Find Contact was repeated at the beginning of each testing session, 

but the measured reference stiffness values were not used in the instrument control, but 

instead an artificially high value was used so that the instrument displacement values were 
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raw and uncorrected. After performing the simple indentation test, uniaxial compression 

tests were performed on pillars. A variety of different tests were performed to understand 

the behaviour and limitations of the FemtoTool, in addition to the deformation behaviour 

of pillars. Constant nominal strain rate tests were performed on Cu and Ni pillars at  = 

0.016 s-1,   = 0.004 s-1, and  = 0.001 s-1, which are factor of four of the intermediate rate. 

The strain rates throughout the test are calculated based on the initial height of the pillar. 

All specimens were deformed until a true strain of approximately 50%, and then unloaded. 

3.2.3 Rate Change Experiments 

Strain rate change tests were performed on Cu and Ni pillars first using factor of 4 down 

changes (referred to as 1/4 changes) from a base strain rate of   0.004 s-1, which means 

the test begins at a strain rate of 0.004 s-1, followed by a brief decrease in the strain rate to 

0.001 s-1 at a predetermined point in the test, specified by the displacement of the probe. 

Rate change tests were first performed uncompensated, then steps were added directly 

before down-changes. Compensation steps were prescribed in the negative direction, i.e., 

away from the pillar. The exact step magnitude required for rate changes was determined 

through trial and error by evaluating pillar responses to steps of different magnitudes. 

Different pilar responses are discussed in the Results section. The rate change behaviour 

of pillars during compensated and uncompensated 1/10 rate changes was explored once 

repeatable results during 1/4 changes were obtained.  All tests were performed at 300°1 K 

in ambient SEM chamber environment. All normal stresses were converted to shear 

stresses using the Taylor factor, M, of 3.  
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3.2.4 Characterization 

As-grown and deformed Cu and Ni pillar microstructures were characterized via scanning 

electron microscopy (SEM) and focused ion beam (FIB) milling. FIB milling was done to 

reveal the pillar cross-section down below to the seed layer and single crystal substrate. All 

samples were first imaged using the Raith Pioneer operating at 10 kV to determine the best 

pillars for testing. Later, several representative pillars were imaged and sectioned without 

using a protective coat in a Zeiss Crossbeam 550L SEM/FIB. The methodology for the 

Crossbeam 550 L was to first find the pillar by SEM at 2 kV, followed by FIB milling 

using a beam current of 50 pA and 30 kV, and imaging again by SEM.  
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Chapter 4: Results 

This chapter presents the research results and is divided into four parts.  The first part 

describes the Cu and Ni pillars in grown and deformed geometries and microstructures.  

The second part presents the rate dependent stress-strain behaviour of the nano-pillars and 

the effect of the step-ramp compensation method on the strain rate change response.  The 

chapter culminates by reporting the experimentally determined activation volumes (V*) for 

the nano-pillars. 

4.1 Pillar Microstructure 

The microstructure of as-grown and deformed pillars were characterized using the Ziess 

550 L Crossbeam SEM/FIB. An example of a Ni pillar array is shown in Figure 13. 

Representative micrographs of a single as-grown Cu pillar are shown below in Figure 14. 

Measurements of as-grown pillars indicate the electroplating growth rates for patterned 

substrates were 0.31 µm/min for Cu and 0.22 µm/min for Ni. All Cu pillars imaged were 

found to have a taper of approximately 11°, while Ni pillars had a lesser taper of 8°.  
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Figure 13: SEM micrograph of an as-grown 6 x 6 Ni pillar  array, taken with InLens 

detector at 2 kV, 36° tilt. Some locations did not plate pillars. Note that the image aspect 

ratio has been corrected for tilt by stretching 24% vertically. 

 

Figure 14: SEM micrograph of as-grown Cu pillar, taken with InLens detector at 2 kV, 36° 

tilt. Note that the image aspect ratio has been corrected for tilt by stretching 24% vertically. 
















































































































































































































































