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Abstract 

 

The In situ Compression of Annealed Molybdenum Nanopillars 

in the Transmission Electron Microscope 

 

by 

 

Matthew Lowry 

 

Doctor of Philosophy in Engineering – Materials Science and Engineering 

 

University of California, Berkeley 

 

Professor Andrew Minor, Co-chair 

Professor J.W. Morris, Jr., Co-chair 

 

 

 The compression of focused ion beam (FIB) machined metallic pillars with submicron 

diameters offers a unique opportunity to explore dislocation behavior in a limited volume.  This 

data is of particular interest due to the recent observation of an apparent size effect in the 

compression of metallic pillars.  More specifically, metallic pillars with diameters on the order of 

microns and below have shown elevated yield stresses, elevated flow stresses, stochastic yield 

point fluctuations, and large strain bursts relative to the bulk.  By harnessing the resolution of the 

transmission electron microscope (TEM) and performing the compressions in situ in the TEM, it 

is possible to directly observe dislocation behavior during compression and thereby help to 

explain the source of the size effect.  Moreover, the results from in situ compressions can be used 

as a comparison point for theoretical models that also attempt to explain the dislocation behavior 

leading to the size effect. 

 

 Standing in the way of performing such compressions in situ in the TEM is the high 

density of defects imparted by FIB milling, in particular the high density of dislocations.  The 

dislocations are too dense to see individual dislocation behavior, limiting the utility of the TEM.  

This dissertation details efforts to remove dislocations from FIB-milled molybdenum by in situ 

annealing in the TEM, thereby unlocking the FIB as a sample preparation technique for in situ 

TEM studies of mechanical properties. 

 

 To that end, three classes of pillars were prepared from molybdenum by FIB-milling and 

subsequent in situ annealing in the TEM: as-fabricated pillars, fully annealed pillars, and 

partially annealed pillars.  As-fabricated pillars were simply milled and then directly compressed 

without any annealing.  The fully annealed pillars, on the other hand, were annealed such that 

nearly all dislocations were driven from the pillars, leaving either zero or a few isolated 

dislocations.  The pillars in the final class, those that were partially annealed, were annealed such 

that the dislocation density was reduced but a significant density remained.  Each class of pillar 
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displayed a distinct mechanical response under subsequent in situ compression in the TEM, in 

which load-displacement data was collected in tandem with visual data from the TEM. 

 

 It was found that as-fabricated pillars behaved much the same as ex situ tests performed 

by others, displaying the size effect already reported.  Moreover, the high density of defects 

made it difficult to interpret dislocation behavior, as it was not possible to discern the motion of 

individual dislocations.  On the other end of the spectrum, the fully annealed pillars behaved as 

pristine crystals, loading elastically until sudden catastrophic collapse.  Using a Hertzian 

analysis, it was found that fully annealed pillars sustained stresses approaching the ideal strength 

of molybdenum.  Finally, the partially annealed pillars behaved in an intermediate manner, 

displaying limited plasticity akin to fully annealed pillars when the dislocation density was low, 

and widespread plasticity corresponding to the size effect when the density was higher.  

Ultimately, it was found that through annealing, it is possible to explore dislocation behavior in 

pillars with a wide range of dislocation densities.  Moreover, the FIB can also be used in future 

studies of mechanical behavior in limited volumes without necessarily being limited by the 

initial dislocation density imparted by the FIB. 
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Chapter 1: Introduction 

 
 In order to fully understand a material, it is necessary to be able to describe its properties 

at all length scales, from the atomic level through the continuum level.  The goal of the 

multiscale modeling effort at Lawrence Livermore National Laboratory (LLNL) is to do 

precisely that, producing models that describe the behavior of materials at all levels.
1
  Atomistic 

models explore the behavior of small collections of atoms, producing predictions for data such as 

dislocation mobility. That data is then fed in to dislocation dynamics models, which can make 

predictions about phenomena such as yielding and work hardening at the scale of microns.  That 

information is subsequently fed in to crystal plasticity models that are able to predict 

polycrystalline constitutive behavior in samples on the order of millimeters.  Finally, using that 

constitutive behavior, the properties of continuum materials can more accurately be modeled. 

  

 One of the primary motivations for developing accurate theoretical models is the need to 

understand the properties of materials that are either inaccessible or unsafe to test.  Examples 

relevant to LLNL would include high strain rate applications and the efforts surrounding the 

Nuclear Stewardship Program.  However, despite the development of theoretical models, the 

relative importance of the work demands that the models be validated with experimental data.  

Moreover, complicated models often require experimental data as inputs.  As such, there is still a 

concerted effort to collect new experimental data from novel techniques.  This project represents 

one such effort, focusing on a particular set of phenomena operating at the dislocation dynamics 

scale known collectively as the “size effect.” 

 

 In essence, the size effect is the notion that a limited volume of material can have 

different mechanical properties than the bulk.  A publication by Uchic et. al.
2
 in 2004 brought up 

this question as a result of compression tests performed on Ni micropillars fabricated by focused 

ion beam (FIB).  Although the details will be left to the background presented in Chapter 2, it 

was found that in comparison to bulk Ni, the micropillars displayed the following four 

properties: 

 

1.  Yield strengths above that of bulk Ni 

2. Large fluctuations in the yield strength 

3. Flow stresses above that of bulk Ni 

4. Large strain bursts interspersed with periods of nearly elastic loading 

 

 The results of the work by Uchic et. al. could not immediately be explained, as it was 

largely assumed that the models of plasticity extended down in to the micron regime.  As such, 

these anomalous results presented an interesting opportunity for dislocation dynamics models in 

that the results could be used as a comparison point.  If the models could both predict the 

anomalous results and help explain their origin, the models could be considered a step further 

towards validation.  However, as mentioned before, experimental validation is always necessary.  

One potential tool to explore the size effect at a fundamental level is mechanical testing in situ in 

the transmission electron microscope (TEM). 

 Mechanical testing in situ in the TEM has advanced in the past decade as a result of the 

ability to acquire quantitative data in combination with the high resolution imaging offered by 
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the TEM.  Quantitative in situ mechanical testing in the TEM began with indentation
3-6

, but has 

since widely been used for compression
7-12

 and tension
13

, with current holders also able to 

perform electrical biasing, heating, and bending.  For this project, compressions are performed 

using a Hysitron Picoindenter, which records both load and deflection data as the compression 

proceeds.  The mechanical data is combined with the visual imaging from the TEM to produce 

stress-strain curves, which are then compared to the observed dislocation activity.  Movies of the 

dislocation activity, which were recorded by CCD, are also included. 

 

 Ultimately, the motivation and development of this project can be stated quite simply.  

Dislocation dynamics codes need experimental validation, but that requires a point of 

comparison.  One potentially interesting point of comparison is the size effect, as the exact origin 

of the size effect remains unknown and presents a complicated scenario for prediction.  An ideal 

tool to explore the underpinnings of the size effect is available in the form of mechanical testing 

in situ in the TEM, as stress-strain data can be combined with high resolution imaging to record 

dislocation behavior during compression. 

 

 This dissertation details the results of in situ compressions performed on several different 

types of molybdenum pillars.  As will be described in the following chapters, the sample 

fabrication process itself was found to be complicating factor.  As such, the project focuses on an 

in situ annealing process that overcomes those limitations, allowing for the production of pristine 

samples for testing.  Ultimately, the results lead to the observation of interesting dislocation 

behavior relating to the size effect, as well as the perhaps unexpected measurement of the ideal 

strength of a pristine crystal. 
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Chapter 2: Background 

 
2.1 The Size Effect 

 

 The size effect refers to the notion that a limited volume of material can have different 

mechanical properties than the bulk.  The size effect was studied extensively in the 1950‟s by 

Galt and Herring
14

, Brenner
15

, and others, as they performed mechanical tests on whiskers grown 

from a variety of materials.  Using several different growth techniques, including stress-induced 

growth
14,16

, growth from a super-saturated vapor
17

, growth by the reduction of halides
18

, and 

growth by precipitation
19

, they produced single crystal whiskers on the order of microns in 

diameter.  Upon testing under bending and tension, they found a significant increase in 

mechanical strength as the whisker diameter decreased.  They attributed the increase in strength 

to the relative perfection of the crystal, although at the time they were unable to confirm that 

experimentally. 

 

 The same observation was more recently made in other crystal systems and in 

nanowires
20-23

, but a new method to produce limited volumes for mechanical testing was 

discovered with the advent of the focused ion beam.  In the seminal work by Uchic et. al.
2
, the 

FIB was used to cut micropillars from single crystal Ni and Ni alloy, ranging in size from 40 µm 

to 0.5 µm in diameter.  The pillars were subsequently compressed with a flat diamond punch, 

using bulk samples of Ni and Ni alloy as references.  The results demonstrate four prominent 

features that have been the focus of recent investigations in to the size effect: 1) elevated yield 

strengths, 2) elevated flow stresses, 3) stochastic yield, and 4) intermittent flow. 

 

 In comparison to the bulk sample, there are obvious differences that become more 

pronounced as the pillar diameter gets smaller.  Although the 40 and 20 micron diameter pillars 

only show modest increases in yield strength, the 10 and 5 micron diameter samples show 

significant increases in yield strength, with some of the 5 micron diameter pillars yielding at 

nearly triple the value of the bulk.  Moreover, after the samples yield, they maintain an elevated 

flow stress, unlike the whiskers tested decades before
15

.  Noting the disparity in the yield 

strength of pillars with nominally the same diameter, Uchic described the yield as being 

stochastic in nature.  Finally, the strain behavior of the samples was characterized by large, rapid 

strain bursts interspersed with periods of nearly elastic loading.  Uchic postulated that these 

anomalous results were all explained by the fact that dislocation plasticity mechanisms, 

including storage, multiplication, nucleation, and pinning, all occur over characteristic length 

scales.  By reducing the dimensions of the compression samples, they became comparable in size 

or smaller than the characteristic lengths over which plasticity mechanisms operate.  As such, the 

mechanical properties of the pillars were postulated to be governed by the length scale of the 

pillars, which introduced new questions about the nature of dislocation mechanisms at the 

micrometer scale and below. 

 

2.2 Dislocation Starvation and the Influence of Pillar Size and Crystal Structure 

 

 Numerous tests on a variety of materials by several different research groups confirmed 

the results published by Uchic: the size effect was a general, reproducible phenomenon
24-31

.  The 
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initial tests spanned a range of pillar diameters from a couple hundred nanometers   to several 

microns, as well as testing materials with different crystal structures.  Although this research 

project focused exclusively on body centered cubic (BCC) molybdenum, the initial results from 

face centered cubic (FCC) materials provide a useful reference point as well as a framework 

from which the results of BCC compressions can be considered.  As such, the results from FCC 

pillars are briefly described. 

 

2.2.1 FCC Pillars 

 

 The explanations put forth in the literature to explain the size effect in FCC pillars 

centered on the concept of dislocation starvation.  The basic premise is that there are insufficient 

dislocations in the micropillars to carry plastic flow, meaning new dislocations must be 

nucleated.  Several groups found evidence of dislocation starvation during the compression of 

micropillars, including Greer and Nix
32

, Volkert and Lilleodden
28

, Budiman et. al.
33

, and others.  

However, the most direct evidence for dislocation starvation was provided by Shan et. al.
7
 

through the compression of Ni micropillars in situ in the TEM.  The experiment shows that upon 

compression, all the dislocations in a FIB-machined micropillar escape to the surface, a 

phenomenon they refer to as “mechanical annealing.”  A second compression of the same pillar, 

or in other words the compression of a dislocation-free annealed pillar, demonstrated elastic 

loading to stresses above the initial yield strength of the pillar.  That is to say, the annealing 

elevated the yield strength by forcing new dislocations to be nucleated. 

 

 Although dislocation starvation is generally considered to be at least one of the sources of 

the size effect, the exact reason for the starvation is not completely straightforward.  For the in 

situ pillars just discussed, which must be electron transparent and therefore ordinarily have 

diameters on the order of hundreds of nanometers, the presumption is that starvation occurs 

because dislocations are driven to the surfaces of the pillar.  Then, following starvation, new 

dislocations are nucleated at free surfaces.  However, that mechanism does not necessarily 

explain the size effect in larger pillars with diameters on the order of microns.  In that case, 

theoretical work involving dislocation dynamics simulations has postulated starvation as a result 

of dislocation source truncation
34-38

.  More specifically, nearby surfaces allow pinned 

dislocations to free one end, thereby creating single arm sources.  The critical resolved shear 

stress for a pillar depends on the length of those single arm sources, which means the flow stress 

of the pillar is inherently dependent on the size of the pillar.   Although this mechanism is 

plausible for larger pillars, it has not been completely reconciled with the starvation seen in 

smaller pillars.  In particular, the critical size at which the controlling mechanism changes from 

starvation to source truncation has not been determined. 

 

2.2.2 Differences in BCC Pillars: Multiplication vs. Starvation 

 

 At first glance, the data on the compression of BCC micropillars appears to be the same 

as for FCC, given that the size effect manifests itself qualitatively in nearly the same 

manner
12,25,27

. However, as has been pointed out by several studies
24,39-41

, there are differences in 

the results that are underscored by the fundamentally different dislocation behavior of BCC 

metals.  Brinckmann et al. 
39

 and Schneider et. al. 
24

 both point out that relative to FCC 

materials, BCC pillars with diameters larger than about 1 µm display far fewer discrete strain 
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bursts.  That is to say, BCC pillars on the order of 1 µm in diameter or greater tend to show 

smooth, continuous strain hardening, whereas FCC pillars of that size continue to show large, 

discrete strain bursts similar to the behavior of smaller pillars.  Moreover, both groups point out 

an apparently stronger dependence on size for FCC materials than for BCC materials.  One 

measure of the influence of the size effect is to determine the dependence of the yield strength 

with respect to the pillar diameter.  In that vein, the size effect is measured by equations of the 

form 

 

ζCRSS α d
x
  (2.1) 

 

where ζCRSS is the critical resolved shear stress at a particular strain, d is the pillar diameter, and x 

is calculated from the slope of the log-log plot of flow stress versus pillar diameter data.  In that 

form, x is essentially a measure of the strength of the size effect.  Compiling data from numerous 

sources, Schneider et. al.
24

 concluded that x ranges between -0.6 and -1.0 for FCC pillars, 

whereas it ranges between -0.22 and -0.45 for BCC materials.  As such, BCC materials have a 

weaker dependence on size.   

 

 Two different theories arose as to the source of the behavior seen in BCC pillars.  

Brinckmann et al.
39

attributed both the difference in flow stress size dependence and strain 

hardening to complex dislocation interactions, specifically focusing on the behavior of screw 

dislocations in BCC metals.  In particular, they cited a theoretical study (see section 2.2.3) that 

predicted enhanced residence times and multiplication for screw dislocations in BCC metallic 

pillars.  The result, Brinckmann postulated, is that BCC pillars do not undergo starvation as in 

FCC pillars, but rather harden due to dislocation-dislocation interactions.   

 

 Schneider et al.
25

, on the other hand, attempted to explain the discrepancy in flow stress 

size dependence by correlating the strength of the size effect with the relative discrepancy 

between the mobility of edge and screw dislocations.  That is to say, the slower the screw 

dislocations relative to edge dislocations, the weaker the size effect.  That correlation holds true 

for W, Ta, Mo, and Nb, with the values of x from Eq. 2.1 being -0.21, -0.38, -0.41, and -0.48, 

respectively.  Moreover, extrapolating to the case in which edge and screw dislocations move the 

same speed, as in FCC pillars, they found a dependence on diameter equal to x = -0.60, the same 

as found experimentally in FCC pillars.  Ultimately, the size dependence is thought to be a 

function of the relative motion of screw dislocations, not dislocation-dislocation interactions.  

More specifically, it is the lower mobility of screw dislocations in BCC metals, a result of the 

non-planar core in screw dislocations and the need to overcome high Peierls potentials.  

 

 Second, to explain the source of the strain hardening, Schneider et. al.
42

 performed tests 

in which FIB-milled molybdenum pillars were compressed, re-cut with the FIB such that all slip 

steps were removed, then re-compressed.  Interestingly, the pillars actually had a lower yield 

strength and displayed lower flow stresses the second time they were compressed.  That is to say, 

the first time the pillars were compressed, they displayed the size effect consistent with other 

tests, including strain hardening and bursts.  The pillars were then FIB-milled to remove all slip 

steps, which effectively reduced the pillar diameter by up to 35%.  Rather than increasing the 

strength, however, which would have been expected in a smaller pillar, the pillars actually got 

weaker.  Schneider et. al. took this to imply that the pillars were being starved of dislocations.  If 
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the strain hardening seen in the original compressions was due to dislocation-dislocation 

interactions, that strain hardening would have been “remembered” in the subsequent tests as the 

dislocation structure would still exist in the pillar.  As such, the pillar would have immediately 

returned to the original stress.  Given that the pillars that were re-cut with the FIB did not return 

to the original stress, but instead achieved a lower stress, the hardening must have been a result 

of starvation.  Upon re-cutting with the FIB, dislocations were introduced in to the previously 

starved pillar, effectively “resetting” the pillar and allowing for a lower stress.  This was 

compared to the behavior of a pillar that was loaded, unloaded, then immediately reloaded, in 

which the stress was “remembered” due to the pillar still being in a dislocation starved state. 

 

 In total, the arguments by Brinckmann et. al.
39

 and Schneider et. al.
24-25,41-42

 both attempt 

to explain the results seen in BCC pillars, but imply different mechanisms.  Brinckmann 

postulates dislocation-dislocation interactions that are supported by a theoretical model (section 

2.2.3).  Schneider postulates starvation implied by the behavior of multiple compressions, also 

combined with the observation that the size effect is the same in FCC and BCC pillars when 

accounting for the relative mobility of screw and edge dislocations. 

 

  2.2.3 Theoretical Dislocation Multiplication Mechanism Inherent to Sub-micron Pillars 

 

 In an attempt to explain the anomalous behavior associated with the size effect, 

Weinberger and Cai
43

 utilized molecular dynamics (MD) and dislocation dynamics (DD) 

simulations to determine the behavior of a single dislocation in a micropillar.  Interestingly, the 

simulations provided evidence for the possibility of a dislocation multiplication mechanism that 

is specific to sub-micron sized pillars and active in BCC metals but not FCC metals.  As such, 

the simulations provide a potential explanation for the differences seen in FCC and BCC pillars. 

 

 Within the model, a dislocation is inserted into a molybdenum pillar with a diameter d = 

36 nm.  Under a compressive stress of 9 GPa, the edge component of the dislocation quickly runs 

out of the pillar, leaving a straight screw dislocation.  The dislocation then travels through the 

pillar by single-kink nucleation from the surface.  Interestingly, however, the surface nodes on 

each end of the dislocation nucleate kinks on different planes, an effect attributed to the image 

forces from the nearby surfaces.  As the dislocation moves, the kinks propagate along the length 

of the dislocation.  At some point, the kinks on different planes meet, resulting in a loop that 

expands and eventually separates in to three separate dislocations.  In this manner, a single 

dislocation is multiplied in to three.  However, the mechanism only operated in BCC pillars, not 

FCC.  When the same simulation was run in an FCC pillar, the dislocation disassociated in to 

two partial dislocations bounded by a stacking fault, creating a planar structure.  That planar 

structure simply ran out of the pillar, offering no opportunity for multiplication.  The authors also 

noted that given the similarity in mobility for edge and screw dislocations in FCC metals, it is 

unlikely to ever find a long straight screw dislocation in the first place. 

 

 Continuing their analysis, Weinberger and Cai also found that multiplication in BCC 

pillars would only occur above a critical stress.  Beneath that stress, the loop formed during 

compression would simply run out of the pillar instead of splitting.  Combing MD and DD 

simulations, Weinberger and Cai found a relationship for critical stress for multiplication as a 

function of pillar diameter.  Although this multiplication mechanism has yet to be observed 
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experimentally, it provides a potential explanation for the differences between BCC and FCC 

pillars that is specific to pillars.  It allows for the starvation seen in FCC pillars, but explains why 

BCC pillars may or may not starve.  Moreover, it gives a numerical estimate for the stresses 

under which starvation will or will not occur, thereby allowing for comparison with experiment. 

 

2.3 The Effect of FIB-Induced Damage 

 

2.3.1 FIB-Induced Damage 

 

 As with any sample preparation method, it is necessary to consider what artifacts are 

introduced as a result of the FIB milling process, as well as how those artifacts affect mechanical 

testing.  In the case of FIB milling, the sample is being bombarded by high energy ions in order 

to cut the material.  Although a variety of different ions and energies can be used in a FIB,
44

 the 

standard setup for the milling of metallic pillars utilizes Ga
+
 ions accelerated through 30 keV.  

Essentially a point-and-shoot device, the accelerated Ga
+
 ions impact the target substrate and 

sputter away material, effectively cutting the desired shape.  However, the by-product of this 

process is the introduction of dislocations, vacancies, implanted Ga, and amorphous regions.
44

  

Although the exact amount and depth of damage is dependent upon numerous factors, including 

accelerating energy, angle of incidence, the chemical identity of the target, and the 

crystallographic orientation of the target, the damage is largely contained in the surface of the 

target material.
44

  Focusing on molybdenum, a Stopping and Range of Ions in Matter (SRIM) 

calculation performed by Shim et. al.
45

 for 30 keV Ga
+
 ions bombarding pure molybdenum at an 

incidence angle of 1° showed that the damage regime had a range of 5.4 nm and a straggle of 3.8 

nm, meaning the damage was primarily contained in the first 10 nm of the surface.  However, the 

calculations did show that the damage was detectable all the way down to approximately 20 nm.  

In terms of dislocation content, dislocation densities as high as 10
14

 m
-2

 have been observed in 

molybdenum pillars designed for in situ TEM testing.
12

  As for implanted Ga, the author knows 

of no results particular to molybdenum, but Auger electron spectroscopy results on FIB-

machined Cu have shown Ga concentrations of 20 at.% just below the surface and 2 at.% at a 

depth of 50 nm.
46

  Ultimately, considerable damage is expected in FIB-machined pillars, damage 

that is unavoidable with current milling techniques. 

 

2.3.2 The Role of FIB Damage in the Mechanical Testing of BCC Metals  

 

 As Shan et al.
7
 showed with the compression of Ni pillars, the dislocations induced by 

FIB-milling can be mechanically annealed out of at least some FCC metals.  However, given the 

differences in BCC metals mentioned above, combined with the theoretical mechanisms 

proposed by Weinberger and Cai
43

, it is not apparent that the same thing would happen in BCC 

metals. To help elucidate the effect of FIB damage in the mechanical testing of BCC metals, 

Shim et. al.
45

 compared the compression of pre-strained molybdenum alloy pillars with as-

fabricated FIB-machined pillars.  To do so, Shim started with nominally dislocation-free 

molybdenum alloy pillars prepared through a direction solidification process.  The sample 

preparation, first presented by Bei and George
47

 in 2005, involves the directional solidification of 

a NiAl-Mo eutectic alloy that creates [100] oriented fibers of 86Mo-10Al-4Ni (at. %) embedded 

in a matrix.  The fibers can be etched from the matrix, leaving free-standing Mo alloy fibers that 
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are nearly dislocation-free.  However, as done by Shim, the fibers can be compressed while still 

embedded in the matrix, producing fibers with a non-zero dislocation density. 

 

 In the work by Shim, fibers pre-strained to 4% and 8% displayed mechanical properties 

associated with the size effect seen in FIB-machined pillars.  However, dislocation-free fibers, as 

well as fibers pre-strained to 11%, showed entirely different behavior not associated with the 

compression of FIB-milled pillars.  Moreover, some initially dislocation-free fibers were 

subjected to FIB-milling then compressed, resulting in mechanical properties indicative of the 

size effect.  At the time, the exact dislocation density of the fibers subjected to a pre-strain was 

unknown, so a direct comparison with the dislocation density of a FIB-milled pillar was not 

possible.  However, Shim‟s results strongly indicated that the dislocations imparted by the FIB 

were affecting the mechanical tests of BCC pillars. 

 

2.4 The Ideal Strength and the Compression of Initially Dislocation-Free Fibers 

 

2.4.1 The Ideal Strength 

 

 In short, the ideal strength is the maximum stress that an infinite, defect-free crystal can 

withstand without undergoing deformation.  Following the description of Morris et. al.
48

, a solid 

subjected to a shear stress is always at least metastable to deformation that will relieve that 

stress.  There are several deformation mechanisms that can be activated, including dislocation 

plasticity, twinning, fracture, and transformation induced plasticity.  Whichever mechanism 

activates first determines the ideal strength of the material. 

 

  Ultimately, the ideal strength of an infinite, defect-free crystal is determined by the point 

of thermodynamic, elastic instability.  As described by Morris and Krenn
49

, the condition of 

equilibrium for a solid with constant temperature and fixed boundaries is governed by the 

Helmholtz free energy, F: 

 

δF ≥ 0  (2.2) 

 

The condition of internal stability is therefore governed by the second derivative of the 

Helmholtz free energy, such that 

 
   

   
     (2.3) 

 

where ε is the strain on the crystal.  Eq. 2.3 states that the inflection point in the function F(ε) 

determines the instability point, which determines the maximum stress the crystal can possibly 

withstand.  The stress itself can be can be calculated as the first derivative of F(ε).   

 

 Although Eq. 2.3 governs the stress of elastic instability, mechanical deformation will 

ordinarily intrude in metals before reaching that stress.
48

  If there are any defects in the crystal, 

such as cracks or other stress concentrators, deformation will initiate heterogeneously at those 

defects at a stress below the ideal strength.  In the absence of any defects, however, dislocations 
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would need to nucleate homogeneously in the bulk, which would require a stress either very near 

or at the ideal strength. 

 

 Through the use of ab initio density functional calculations, it is possible to calculate the 

ideal strength in the limit of low temperature from first principles, as has been done for a variety 

of materials.
50-53

  The initial model of ideal shear strength first proposed by Frenkel is still cited 

as the basic model, in which the ideal shear stress is the stress required to slip two planes of 

atoms across one another.
54

 The shear stress took the sinusoidal form 

 

     
  

   
    

   

 
   (2.4) 

 

where τth is the ideal shear stress, G is the shear modulus, b is the burgers vector, and a is the 

spacing between planes.  Following that formulation, current estimates of the ideal shear strength 

for BCC metals take the form 

 

          
  

    
  (2.5) 

 

where γ is the shear strain.
55

  In the limit of small shear strain 

 

     
      

 
        . (2.6) 

 

In the limit of small shear strain, the ideal shear stress for BCC metals is approximately 1/9 the 

shear modulus.
48,55

  Interestingly, it has been shown that the exact plane on which the stress is 

resolved is not of primary importance.  Due to the symmetry of BCC metals around the <111> 

direction, the ideal strength is nearly the same for all three primary slip systems: {110}<111>, 

{112}<111>, and {123}<111>.
51,55

  Termed “pencil-glide,” each slip system reaches the same 

value of ideal strength at nearly the same shear strain, which is γ ≈ 0.17. 

 

 Brenner‟s work on whiskers
15,18

 is often used as a standard for comparison for 

experimental measurements of the ideal strength.  However, as Morris et. al.
48

 points out, 

Brenner‟s measurements never really got all that close to the ideal strength.  Morris notes that the 

deformation in Brenner‟s experiments on whiskers always appeared to initiate at the surface, 

which implies heterogeneous nucleation that should occur at stresses well below the ideal 

strength.  More recent experiments, however, have turned to nanoindentation to measure the 

ideal strength.
56-60

  The idea is that by sampling a small enough volume beneath the indenter tip, 

it is possible to probe a defect-free volume, although it is ordinarily impossible to confirm that 

the volume is defect-free before the test proceeds. 

 

 The first analysis of the stresses experienced during the contact of two bodies was 

actually performed by Hertz in 1882.  The basic premise is that when two bodies come in to 

contact, an elevated stress state is produced in both bodies near the point of contact.  In the case 

of nanoindentation, the elevated stress state near the contact point is the actual goal of the 

experiment.  By probing a defect-free volume, the contact stress necessary to initiate plastic 

deformation is a measure of the ideal strength, as dislocations will presumably nucleate in the 

bulk of the material.  Following the description by Johnson,
61

 the Hertzian analysis of contact 



 

10 
 

stress is a geometric argument combined with the techniques available to solve boundary-value 

problems for an elastic half-space.  In order to leverage those boundary-value techniques as well 

as the theory of elasticity, four assumptions are necessary: 

 

1. The surfaces are continuous and non-conforming 

2. The strains are small relative to the radius of curvature of the bodies 

3. Each solid is an elastic half-space, which implies the contact area is small relative to the 

dimensions and radius of curvature of the bodies 

4. The surfaces are frictionless 

 

Using those four assumptions, Hertz developed a general solution to the contact stresses 

experienced by two solids of revolution.  In short, he considered the relative displacement of the 

surface and the bulk of each body during compression, then mapped those displacements as a 

function of position and radius of curvature.  Hertz then proposed a pressure distribution that 

would produce that deformation map, and used the theory of elasticity to solve for the stress 

distribution within the contact partners.  It is found that the maximum stress is below the surface 

of the contact partners, which during nanoindentation would allow for homogeneous nucleation 

and an accurate measure of the ideal strength.  Despite being formulated more than 100 years 

ago, the Hertzian analysis of contact stress forms the basis for current analyses of 

nanoindentation. 

 

2.4.2 The Compression of Initially Dislocation-Free Fibers 

 

 As mentioned in Section 2.3, Bei and George
47

 used a directional solidification process to 

produce dislocation-free [100] oriented fibers of 86Mo-10Al-4Ni (at. %) embedded in a matrix.  

Moreover, through pre-straining while in the matrix, Bei et. al.
62-63

 was able to introduce various 

dislocation densities in to the fibers.  Subsequent compression of the fibers shed light on to the 

size effect and the role of FIB damage in pillars, as for the first time compressions were 

performed on samples not compromised by FIB damage. 

 

 Upon compression, dislocation-free fibers loaded elastically until sudden, catastrophic 

collapse at approximately 9 GPa.  Bei postulated that since the fibers were dislocation-free, 

dislocations had to be nucleated at the surface prior to widespread plasticity.  The need to 

nucleate dislocations also explains why the yield stress reached 9 GPa, which is approximately 

half the calculated ideal strength of molybdenum.  This behavior stands in stark contrast to the 

lower yields and strain-hardening seen in FIB-fabricated Mo pillars.
12,24,26

  However, fibers 

strained to both 4% and 8%, which effectively introduced dislocations, did display the properties 

associated with the size effect.  The fibers pre-strained to 4% displayed the elevated yield, 

stochastic yield, strain bursts, and intermittent flow associated with FIB-milled pillars.  

Subsequent TEM analysis by Phani et. al.
64

 showed that the dislocation density in 4% pre-

strained fibers varied from pillar-to-pillar, which they reasoned was the source of the stochastic 

behavior.  In particular, they found that the 4% pre-strained fibers varied in dislocation density 

from 1.8 x 10
12 

m
-2

 to 2.7 x 10
13

 m
-2

.  Moreover, the dislocations were found to be distributed 

inhomogeneously throughout the fibers.  Phani concluded that the scatter in strengths and flow 

behavior could be explained by the varied dislocation densities, as there are few enough 

dislocations in the fiber such that the mechanical behavior is sensitive to the exact nature and 
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distribution of the dislocation ensemble.  Pushing the pre-strain to 11% and 16%, however, once 

again made the mechanical behavior deterministic.
63-64

  The average dislocation density of the 

16% pre-strained fibers was determined to be 4.4 x 10 
13

 m
-2

, which resulted in behavior similar 

to that of the fibers pre-strained to 11%.  For the 11% pre-strained fibers, they all loaded to 

approximately 1 GPa then displayed smooth, stable, continuous strain hardening.  It was 

concluded that the behavior was characterized by the bulk-like collective motion and interaction 

of the dislocations without any nucleation. 

 

 In total, the work by Bei et. al.
62-63

, Shim et. al.
45

, and Phani et. al.
64

 straddled the line 

between the starvation behavior proposed by Schneider et. al.
42

 and the multiplication behavior 

proposed by Brinckmann et. al
39

 and Weinberger and Cai.
43

  In the as-fabricated fibers, the result 

of total dislocation starvation was observed.  In the 11% and 16% pre-strained fibers, dislocation 

interactions appeared to dominate.  At the intermediate strains of 4% and 8%, both starvation and 

interactions appeared to come in to play.  However, given that the experiments were all done ex-

situ, it still remains for direct observation of the dislocation mechanisms at work. 
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Chapter 3: Experimental 

 
3.1 Overview of Process 

 

 The overall goal of the sample preparation process is to produce single crystal 

molybdenum nanopillars that can be annealed and compressed in situ in the TEM.  To that end, 

there are four primary steps in the process.  First, a 3mm disk of single crystal molybdenum is 

cut from a bulk sample.  Second, the FIB is used to mill-out nanopillars on the edge of the disk.  

Third, the disk is transferred to a commercially available Gatan heating holder compatible with 

the JEOL 3010 In situ TEM, wherein an anneal of the nanopillars is performed.  Lastly, the 

sample is transferred to a Hysitron Picoindenter compatible with the JEOL 3010 In situ TEM, in 

which the annealed nanopillars are compressed while simultaneously gathering both load and 

displacement data.  Each of these steps will be discussed in turn, as each step has specific 

requirements on sample geometry and sample handling that allow for the sample to be 

transferred between microscopes. 

 

3.2 Production of Molybdenum Disks 

 

 The initial step in the sample preparation process is to produce a sample with a form 

factor that is compatible with both the FIB and the two TEM holders.  The requirements are that  

the nanopillars must be accessible to the FIB ion beam from two perpendicular directions, the 

nanopillars must be accessible to the flat diamond punch in the Picoindenter, the nanopillars 

must be exactly aligned in the Picoindenter for uniaxial compression, and the overall sample 

must fit in a standard TEM holder for annealing.  The selected form of the sample, as seen in 

Figs. 3.1 A and B, is a modified form of the standard 3mm disk used for TEM samples.  The 

sample is first modified in that two parallel chords are cut from the circular area, leaving parallel 

flats with a selected surface normal crystal orientation.  Second, rather than being approximately 

100 microns thick, the sample is polished such that it is approximately 30 microns thick, a 

restriction designed to keep FIB milling times down.  The steps used to produce a sample with 

that form factor from a bulk chunk of molybdenum are detailed below. 

 

 The initial bulk molybdenum was provided by Lawrence Livermore National Laboratory 

(LLNL).  The bulk samples were bars of nominally pure single crystal molybdenum cut by 

electrical discharge machining, each with a different orientation aligned to the long axis (c-axis).  

Slices were cut from the bulk molybdenum such that the c-axis was normal to the edge of the 

slice, thereby creating a flat edge with a known orientation.  Two different orientations were 

selected:         , which is a single slip orientation under compression, and [100], which is a 

multiple slip orientation under compression (see Appendix A for relevant Schmid Factors).  In 

terms of processing, the bulk samples were decarburized and annealed in order to start with 

samples as free of defects as possible.   
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Fig. 3.1: (A) Top view of the modified 3mm disk.  (B) Side view of the modified 3mm disk after having been 

polished down to 30 microns thickness. 

  

 The decarburization was performed in an oxygen atmosphere of 2.42 x 10
-6 

torr for 790 

hours at a temperature of 1845 °C, while the subsequent anneal was done at 2330 °C for 24 hours 

at a pressure of 1.1 x 10
-11 

torr.  Fig. 3.2 shows a representative TEM sample taken from the bulk 

molybdenum, demonstrating that the bulk molybdenum consisted of large swaths of dislocation 

free material bounded by a few isolated dislocations. 

 

 The first step in the sample fabrication process is to cut the bulk molybdenum in to sheets 

400 microns thick.  Although thinner sheets would be ideal (given that they must be polished 

down to 30 microns), it was found that thinner sheets had a tendency to bend.  The cutting is 

done with a Struers Accutom-50 using a SiC blade; the blade rotation speed is 3000 rpm and the 

cutting speed is 10 microns per second.  As mentioned before, the sheets are cut such that one of  

A 

B 



 

14 
 

 
 

Fig. 3.2: Representative TEM sample of the bulk molybdenum.  After annealing and decarburization, the bulk 

molybdenum consisted of large swaths of dislocation free material.  The dislocation free areas were much larger 

than the pillars that were ultimately formed, indicating that all the dislocations in a pillar were the result of pillar 

fabrication. 

 

the edges is normal to the desired crystallographic direction, either [100] or         .  After 

cutting, the next step is to polish the sheets using SiC paper and a disk grinder, finishing the 

polish with Struers 4000 grit paper (5 micron mean abrasive particle size).  Each sheet is 

polished such that its thickness is reduced from 400 microns to less than 40 microns, otherwise 

subsequent milling times in the FIB will be onerous.  However, it was found that if the sheet 

becomes much thinner than 30 microns it will begin to fold over on itself, making the sheet 

unusable.  Once the sheet is polished, a mechanical disk punch is used to punch out a disk from 

the edge of the sample that has the proper crystallographic orientation.  The result, as can be 

interpreted from Fig. 3.1, is a modified circular 3mm disk with a single flat of known orientation.  

The next step before FIB milling is to cut a second flat parallel to the first, thereby creating two 

parallel surfaces as seen in Fig. 3.1.  This can most easily be accomplished by attaching the disk 

to a glass slide with Crystalbond and then making a parallel cut in the Accutom-50.  However, 

with a very steady hand and a sharp pair of scissors, the second flat can actually be cut by hand.  

In either case, the final disk size should be about 60% the size of a 3mm disc, making the sample 

large enough to handle but small enough such that the flats are clearly visible when inserted in to 

the heating holder.  Finally, the sample is cleaned by rinsing in sequence with acetone, methanol, 

and water, and then finally dried with nitrogen gas. 

 

3.3 FIB Milling of Nanopillars 

 

 Once a truncated molybdenum disk is complete, it is inserted in to a custom stub 

designed to hold the disk for both milling in an FEI 235 Dual Beam FIB and for indentation in 

the Picoindenter.  The standard stub, which was developed by both Hysitron and NCEM for use 
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in the Picoindenter, is essentially a clamp in which the top and bottom pieces are held together 

by a screw (see Fig. 3.3).  A 3mm disk is inserted between the two pieces, and then the screw is 

tightened to hold the disk in place.  However, with that design, there is no precise way to remove 

the disk and reinsert it with the exact same orientation.  Given the process for this experiment, in 

which the pillars are removed from the stub for annealing and then reinserted for compression, it 

is necessary to have a method to align the disk in the stub.   The reason is that pillar alignment in 

the stub is critical when performing an in situ compression, as misalignment will lead to 

significant deviation from uniaxial compression and will often cause bending.  The solution to 

this problem is a slight modification of the standard stub, wherein a small ledge is cut in the top 

piece of the stub (see Fig. 3.3).   

 

 
Fig. 3.3: (A) Side view of the stub used for milling and indentation.  The ledge cut in to the top portion is clearly 

visible and allows for repeatable alignment of a 3mm disk with a flat.  (B) Angled view of the stub, showing the 

screw for tightening the clamp as well as the screw hole for attachment to the Picoindenter. 

 

A 

B 



 

16 
 

 Rather than having a simple clamping action in which the sample is free to rotate until the 

clamp closes, the ledge provides a particular orientation.  One of the flats cut in to the truncated 

3mm disk can be aligned to that edge, providing an alignment that is both simple and repeatable.  

Moreover, given that the crystallographic orientation of the flats is known, the axis of the pillars 

is now also known.  In this manner, the truncated 3mm disc can be removed and inserted as 

necessary without losing alignment of the pillars for compression. 

 

 
 

Fig. 3.4: 45° FIB mount designed to allow for milling from two different directions to cut nanopillars. 

 

 In conjunction with the original stub, NCEM also created a 45° FIB mount that is to be 

used with the stub (see Fig. 3.4).  The combination of the 45° FIB mount and the stub allows for 

Ga
+
 ion milling both normal to the surface of the 3mm disk and normal to the edge of the disk.  

In this manner, pillars of the proper orientation can be milled out of the edge of the disk.  Once 

the sample is inserted in to the stub, the stub is rigidly attached to the 45° FIB mount with carbon 

paint.  The sample is then milled from two different directions: normal to the surface of the disk, 

then normal to the edge of the disk.  The first step, milling normal to the surface of the disk, is 

done to provide a flat edge and clear away any surface roughness generated during the cutting of 

the sample (see Fig. 3.5).  Although the two flats on the truncated 3mm disk are meant to be 

parallel, there is ordinarily a bit of error in that as a result of the cutting process.  However, the 

flat that was the side of the original bulk sample has a known orientation, so that can be placed 

against the flat in the stub.  In turn, the flat being milled here can be milled parallel to the stub 

itself.  As a result, the milled flat has eliminated most of the orientation error from the cutting 

process. 
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Fig. 3.5: Truncated 3mm disk with flat milled on one edge.  The flat is milled such that it is parallel to the back 

edge, which has a known orientation and is pushed against the flat of the stub. 

 

 Once a flat edge has been cut, the 45° FIB mount is rotated within the FIB such that 

pillars can be milled from the new flat.  The first step is to use a large ion beam current to cut 

away the bulk of the material, leaving a ridge as seen in Fig. 3.6 A.  The ridge is cut down to 

approximately 5 microns in width, at which point the base pillars are defined by making annular 

cuts.   The centers of the base pillars are located such that they are at least 7 microns apart, 

ensuring plenty of space between the pillars for the Picoindenter tip during compression.  A set 

of base pillars cut from the ridge is shown in 3.6 B.  Lastly, a series of annular cuts using 

sequentially smaller Ga
+
 ion currents is used to mill the tips of the base pillars down to 

approximately 100nm in width, with all the milling done at 30 keV and the final thinning 

performed at a current of 10 pA.  The final result, as shown in Fig. 3.6 C, is a series of 100nm 

wide pillars set upon base pillars of molybdenum, aligned for in situ compression and with a 

known pillar axis.   The only correction that is often required is that the milling process 

frequently results in long, thin pillars with an undesirable height to width ratio of 5:1 or worse.  

In order to obtain a desirable aspect ratio for compression, such as 2:1 or 3:1, the sample is 

rotated back to its original position in the FIB and the pillars are cut to the appropriate length for 

a given width.  In doing this, care is taken to minimize visualization with the ion beam, as it will 

very rapidly mill away the pillar.  Usage of the ion beam can be minimized by carefully aligning 

the ion beam with the electron beam, thereby allowing for either „blind‟ milling or usage of a 

single ion beam scan. 
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Fig. 3.6: (A) Intermediate step in the pillar milling process.  A flat ridge with a normal of known orientation has 

been cut.  (B)  Subsequent step in the milling process.  Eight base pillars approximately 1.5 microns in diameter 

have been cut from the ridge.  (C)  Close-up of the tip of a base pillar, showing a final pillar to be compressed in 

situ.  The final pillar is approximately 100 nm in diameter and is cut down to an aspect ratio of approximately 3:1. 

  

 

A 

B 

C 
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 It should be noted that the milling process is a sputtering process, which means 

redeposition is always an issue.  Although the pillars must be at least 7 microns apart, this 

minimum distance can lead to significant redeposition during the milling of consecutive pillars.  

This problem can most easily be overcome by leaving some barrier between pillars, such as a 

pillar that is not cut.  Also of note is that during the annular milling, it is easy to mill away the 

base of the pillar while attempting to reduce the width.  The result is that the pillar extends down 

in to the base, although it cannot be seen by the FIB or in the TEM.  This issue becomes more of 

a problem as the width of the pillar is reduced to below 200nm, which was necessary to maintain 

electron transparency in this case.  That problem can be overcome by reducing the width in 

multiple steps, giving rise to the „layered cake‟ appearance seen in Fig. 3.6 C.  Although 

ultimately time consuming, it is the most straightforward solution found.  Another solution that 

has been employed, such as by Lee et. al.
65

, is the usage of a substrate that does not mill as 

readily as the material of interest.  However, that method requires growth of the material on to a 

substrate, which precludes the testing of bulk crystals.  Ultimately, by optimizing the number of 

annular cuts, the depth of each cut, and the beam current used, it is possible to avoid the issue of 

milling away the base. 

 

3.4 In situ Annealing of Nanopillars in the TEM 

 

 Once the pillars have been cut, the molybdenum disk is removed from the stub and 

placed in to a commercially available Gatan heating holder.  The entire disk is heated within a 

crucible in the holder tip, with the holder itself cooled by an open loop water heat exchanger.  

The temperature of the crucible is continuously monitored by a thermocouple.  The shape of the 

modified 3mm disk (see Fig. 3.1) has been designed such that the pillars are located in what 

would be the center of a standard 3mm disk.  As such, the pillars are within the uncovered region 

in the tip of the heating holder.  If the pillars had simply been cut on the edge of a standard 3mm 

disk, they would not have been within the visible region in the heating holder.  Although the 

sample preparation is somewhat more complicated, it alleviates the need for a specialty heating 

holder. 

 

 The in situ annealing is done in a JEOL 3010 TEM, with the temperature being ramped 

from an ambient temperature of approximately 25°C to a final temperature of about 1000 °C 

over the course of around 10 minutes. Given that each pillar has a different dislocation structure, 

as well as a slightly different diameter, the exact final temperature and the anneal time changes 

with each experiment.  Moreover, as there is a change in the shape of the pillar concurrent with 

the removal of dislocations, it is necessary to monitor both the shape of the pillar as well as the 

dislocation content when deciding how long to anneal and at what temperature to stop. 

 

 The general process of performing an anneal is as follows.  First, the temperature is 

quickly ramped from ambient to approximately 600 °C.  There is no visible change in pillar 

shape or dislocation content during this initial heating so it can be performed relatively quickly, 

over the course of about two minutes.  The primary difficulty during the initial heating is actually 

in trying to keep the pillar in the field of view, as asymmetries in the construction of the holder 

cause asymmetric expansion of the holder tip during heating.  The result is that the pillar 

constantly move out of the field of view and must be translated back in to place.  After passing 

above 600 °C, the temperature is ramped more slowly at a rate of approximately 50 °C/min.  
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This allows for time to observe both changes in the shape of the pillar as well as changes in the 

dislocation content, as will be discussed in Chapter 4.  Upon reaching completion of the anneal 

somewhere around 1000 °C, the pillar is quenched by turning off the heating source and 

allowing the temperature to return to ambient. 

 

 Lastly, a final note regarding the annealing of molybdenum: if there is significant carbon 

contamination in the microscope, a sacrificial pillar or equivalent surface must be selected.  

During the initial heating steps, up to about 600 °C, the electron beam of the TEM initiates 

electron beam induced deposition.  Although not referenced in regards to TEM work, the 

electron beam induced deposition of carbon (as well as other materials) is a technique known and 

employed in microfabrication.
66

   In this case, however, the deposition is detrimental, as the 

pillars become covered in amorphous carbon which interferes with the subsequent compressions.  

Fortunately, however, for the conditions in this TEM, the deposition appears to stop at a 

temperature of around 600°C.  As such, a sacrificial pillar or surface can be observed until the 

deposition appears to stop, at which temperature the pillars can safely be observed. 

 

3.5 In situ Compression of Nanopillars in the TEM 

 

 After completion of the annealing step, the partial 3mm disk is returned to the stub used 

for FIB milling (see Fig. 3.3).  The stub is directly inserted in to the Picoindenter for in situ 

compressions in the TEM, which means the alignment of the 3mm disk in the stub is of critical 

importance.  Once the 3mm disk is inserted in to the stub, there is no further opportunity for 

alignment of the pillars to ensure uniaxial compression.  As such, the 3mm disk is inserted in to 

the stub and aligned along the same flat as used before, ensuring minimal rotation of the disk and 

pillars.   Care must be taken when tightening the screw for clamping, as the disk can accidently 

rotate or shift.  Once the sample is securely placed within the stub, the entire stub is inserted in to 

the Picoindenter for compression. 

 

 The compressions are performed using a Hysitron Picoindenter outfitted with a flat 

diamond punch.  The compressions are all performed in „displacement‟ control with a nominal 

cross-head displacement rate of 5 nm/s, which translates in to a strain rate of approximately 10
-3

 

s
-1

.    The Picoindenter most notably allows for the simultaneous acquisition of both load and 

displacement data during a compression; in these experiments, the load-displacement data is 

sampled at a uniform rate of 200 times per second.  The corresponding visual data sampled by 

the CCD and captured on video, however, is sampled at a rate of 30 Hz or less.  Ultimately, the 

limiting factor in the sampling rate is the exposure time required by the CCD.  In the case of tests 

performed under bright field (BF) TEM conditions, the exposure time for the CCD is set to 1/30 

second, as that ordinarily provides sufficient exposure.  However, in the case of tests performed 

under dark field (DF) conditions, the required exposure time for these pillars is often longer, 

sometimes 1/10 of a second or more.  As a result, the effective visual sampling rate for DF tests 

is reduced from the standard 30 frames per second to 10 frames per second or less. 

 

 As can be seen from the data shown in Chapter 4, the Picoindenter will often times 

undergo displacement bursts in which the load suddenly drops.  This is a result of the fact that 

the Picoindenter does not truly operate under displacement control, but rather simulates 

displacement control with a rapid force feedback loop.  That is to say, the Picoindenter attempts 
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to keep a constant displacement rate by rapidly modifying the force being applied.  However, if 

the compression proceeds faster than the nominal rate, such as in a displacement burst, the 

Picoindenter will initially surge forward as the feedback loop takes time to respond and shed 

load.   Even after proper proportional, integral, and derivative feedback loop tuning, the response 

time of the force feedback loop is finite and therefore not sufficiently small to prevent strain 

bursts.  The non-zero feedback loop time ultimately results in the indenter head surging forward 

during displacement bursts, causing load drops that would not be seen in a true displacement 

controlled test. 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

22 
 

Chapter 4: Results 

 
4.1 Overview of Results 

 

 The results from FIB-fabrication, in situ annealing in the TEM, and in situ compression 

in the TEM can be divided into three general categories: the results from as-fabricated pillars, the 

results from fully annealed pillars, and the results from partially annealed pillars.   The results 

from each category demonstrate the deformation of pillars with distinctly different dislocation 

densities, spanning the range of densities from a few isolated dislocations to densities on the 

order of ~ 10
14

 m
-2

.  The mechanical behavior of the pillars is correspondingly varied, with 

dramatically different behavior at the ends and the middle of the dislocation density spectrum.  In 

conjunction with the mechanical data, the competition between dislocation multiplication 

resulting in stable flow and dislocation starvation is also observed. 

 

4.2 As-Fabricated Pillars 

 

4.2.1 Pillar Properties and Testing Parameters 

 

 Following the procedure outlined in Chapter 3, single crystal molybdenum pillars with 

diameters ranging between 100 nm and 230 nm were fabricated by FIB milling.  The pillars have 

a rounded but irregular tip, as seen in a typical pillar shown in Fig. 4.1.  The sides of the pillars 

all have a taper of approximately 4°, meaning the diameter of a given pillar increases towards the 

base.  This unfortunately creates an issue with defining a diameter for a pillar, which in turn 

creates an issue for defining the stress along the length of the pillar.  As no particular standard 

has been defined within the literature, the author has chosen to use the smallest diameter of the 

pillar.  This diameter was selected because it represents the maximum stress experienced by the 

pillar, which is presumably where dislocation activity will initiate.  Note that for this work, the 

minimum diameter is defined as the minimum diameter ignoring any rounding of the tip.  That is 

to say, the minimum diameter is measured below the rounding of the tip at the point at which the 

taper is the only contribution to a widening diameter.  In terms of size, the exact length and width 

of the pillars was somewhat difficult to control during FIB milling, so the length to width ratio of 

the pillars varied between 2.5:1 and 5:1. 

 

 The mechanical damage induced by ion beam bombardment can be seen in Fig. 4.1.  By 

comparing Fig. 4.1 with Fig. 3.2, it is clear that significant mechanical damage is induced by the 

milling process, as well as an indeterminate amount of amorphization and Ga implantation.
44,46

  

In terms of mechanical damage, the result of the milling process is a dislocation density on the 

order of ~10
14

 m
-2

, consisting of both dislocation loops and lines.  The dislocation density is 

determined through a graphical method that involves drawing a randomly oriented series of lines 

on a TEM image of a pillar and counting the intersections of the dislocations with those lines.  

The dislocation density is calculated from the number of intersections as follows.  First, note that 

the lengths of the dislocations in a TEM image do not represent the actual dislocation line length, 

as the TEM image shows the projection of the dislocation lines.  Assuming an isotropic 
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Fig. 4.1: Typical as-fabricated pillar, displaying the rounded edges, taper, and FIB damage. 

 

distribution of dislocations in the pillar, the actual mean dislocation line length, D, can be 

calculated from the mean projected dislocation line length, Dp, by the following
67

: 

 

   
 

 
    (4.1) 

 

Following the work of Smith and Guttman
68

 and Ham
69

, the mean projected dislocation line 

length can be determined from a TEM image by drawing a set of randomly oriented lines of total 

length L on an image of area A.  The total number of intersections between the set of lines and 

the dislocations in the image, N, is counted.  In this case, the mean projected dislocation line 

length is calculated by: 

 

    
   

  
  (4.2) 

 

If the dislocation density, ρ, is defined as the dislocation line length per volume of pillar, the 

dislocation density is given by: 

 

   
 

 
 

   

  
  (4.3) 

 

where V is the volume of the pillar.  It should be noted, however, that getting an accurate count 

of N can be difficult.  For as-fabricated pillars with a high dislocation density, such as seen in 

Fig. 4.1, it is difficult to discern individual dislocations.  The high density causes dislocations to 

overlap, creating considerable mottling that mixes with other contrast artifacts from imaging.  As 
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a result, the dislocation densities cited for as-fabricated pillars should be treated as order of 

magnitude estimates.  This limitation will not be imposed on annealed pillars, however, as the 

individual dislocations can be discerned. 

 

 Three as-fabricated pillars that subsequently underwent compression in situ in the TEM 

are shown in Fig. 4.2.  As can be seen from the images, all three pillars contained a significant 

number of dislocations in the form of both dislocation loops and lines (see Table 4.1 for pillar 

details).  Moreover, they each exhibited an uneven rounding at the tip, as was mentioned above.  

It should also be noted that two of the pillars (Figs. 4.2 C-D and E-F) have a layer of redeposited 

molybdenum along one side.  The redeposited molybdenum came from other pillars milled later 

in the sample production process, as the ion bombardment in FIB milling sputters molybdenum.  

Once the issue was recognized steps were taken to prevent redeposition, specifically by inserting 

barriers between pillars.  However, nearly all the as-fabricated pillars that were compressed had a 

layer of redeposited molybdenum.  It is difficult to say exactly how the redeposited molybdenum 

affected the in situ compressions, but the results presented below for the pillars with redeposited 

molybdenum are substantially similar to the results from a pillar in which there was no 

redeposition. 

 

Table 4.1: Properties of As-Fabricated Pillars 

 

Pillar 

 

Pillar 

Axis 

 

Diameter 

(nm) 

 

Aspect Ratio 

(Length : 

Width) 

 

Dislocation 

Density (m
-2

) 

 

Maximum 

Stress 

(GPa) 

1           141 4.9 : 1 5 x 10
14 

3.40 

2           190 3.9 : 1 7 x 10
14 

1.92 

3           230 2.7 : 1 4 x 10
14 

2.52 

 

4.2.2 As-Fabricated Pillar Compressions 

 

 The three pillars listed in Table 4.1 were each compressed in situ in the TEM using the 

Hysitron Picoindenter.  The compressions were all performed with a diamond flat-punch in 

displacement control at a nominal displacement rate of 5 nm/s.  Pillar 1, as seen in Figs. 4.2 A 

and B, was the pillar in which there was no redeposited molybdenum.  As such, it should be 

regarded as the „cleanest‟ of the three tests.  Given that the defect density is on the order of 5 x 

10
14

 m
-2

, it is very difficult to discern individual dislocations even in a still frame.  As can be 

seen from Movie 1, it is also extremely difficult to discern dislocation behavior during in situ 

compression, as there is simply too much dislocation activity to track.  The mechanical data 

captured during in situ compression, as presented in Fig. 4.3, is equally difficult to interpret in 

terms of dislocation behavior.  Dislocation motion and strain hardening begin almost 

immediately, allowing for no well-defined yield strength.  After initial loading, there are 

numerous load drops that indicate large strain burst events.  The first load drops begin around 1.1 

GPa and are relatively small, but are followed by a series of larger strain bursts above 2.5 GPa.  

After each strain burst, there is a loading regime that appears to be nearly elastic, indicating that 

most of the mobile dislocations were either driven out of the pillar or otherwise pinned or 

eliminated during the burst.  However, this only continues until the load reaches 3.40 GPa,  
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Fig. 4.2: (A) and (B) DF before and after images of Pillar 1, respectively.  (C) and (D) BF before and after images of 

Pillar 2, respectively.  (E) and (F) DF before and after images of Pillar 3, respectively.  The second and third pillars 

display redeposited molybdenum from the milling of other pillars, as indicated.  The pervasive damage in all the 

pillars is also evident. 



 

26 
 

 
Fig. 4.3: Compression data for the three as-fabricated pillars.  The curves are characterized by an ill-defined yield 

point, numerous strain bursts, and strain hardening.  Relative to the bulk flow stress of 400 MPa for molybdenum, 

the size effect is clearly active. 

 

at which point the pillar fails.  That is to say, at 3.40 GPa there is a strain burst large enough such 

that all the load applied by the indenter is shed, then the indenter reaches its prescribed range of 

motion and the test ends.  As a reference point, the bulk flow stress of molybdenum is 

approximately 400 MPa, so the size effect is clearly present. 

 

 Looking at the mechanical data in Fig. 4.3, the extremely high strains are particularly 

noteworthy.  However, the high strains are most likely the result of the pillar being driven in to 

the base material, as the base is also made of molybdenum.  As can be seen from the in situ 

movie, the pillar partially sinks in to the base material as a result of the fact that the pillar is 

stronger than the bulk.  That is to say, the size effect causes the pillar to act like a nail being 

driven in to the base.  As such, there is an uncertain amount of error in the strain measurements.  

However, the conclusions that are to be drawn are taken solely from the loads that are acting on 

the tips of the pillars, which is where deformation is believed to begin.  As such, the error in 

strain is not considered to be critical. 

 

 Pillar 2, as seen in Figs. 4.2 C and D and Movie 2, behaved in a qualitatively similar 

manner as Pillar 1 despite being approximately 50 nm larger in diameter and having a slightly 

higher dislocation density of approximately 7 x 10
14 

m
-2

.  It should be noted, however, that many 

of the defects came from the approximately 40 nm thick layer of redeposited molybdenum along 
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the length of the pillar.  Despite those differences, the mechanical behavior seen in Fig. 4.3 is 

still characterized by immediate plastic deformation with an ill-defined yield point followed by 

numerous strain bursts and strain hardening.  In this case, however, the strain bursts are smaller 

in magnitude and the flow stresses are approximately 1 GPa lower than in the other pillar.  The 

most notable feature of the mechanical data is the apparent loss of contact occurring around 6% 

strain.  As can be seen in Movie 2, the tip of the pillar loses contact with the indenter during a 

large strain burst, leaving some debris from the indenter attached to the pillar.  However, upon 

reestablishing contact at around 9.5% strain, the pillar continues to load until initiating further 

strain bursts.  The loading interspersed with strain bursts continues until a maximum load of 1.92 

GPa, at which point a final strain burst causes the indenter to reach the end of its programmed 

run. 

 

 Pillar 3, shown in Figs. 4.2 E and F and Movie 3, is 40 nm larger in diameter yet again 

and also has approximately 65nm of redeposited molybdenum.  The dislocation density is again 

on the order of 4 x 10
14 

m
-2

 and plastic deformation begins immediately upon compression.  

However, in this case the strain bursts are far smaller and the deformation is more characterized 

by stable strain hardening.  The flow stresses are comparable to those seen in the other pillars, 

ranging all the way up to 2.52 GPa before the test ends. 

  

4.3 In situ Annealing 

 

 The high initial dislocation density in as-fabricated pillars makes interpreting dislocation 

behavior difficult, both from the perspective of visual data from the TEM and the mechanical 

data from the Picoindenter.  In situ annealing in the TEM is potentially a general solution to that 

problem, as it is conceptually straightforward and has the potential to be effective for a wide 

variety of materials.  It is important to note, however, that the key to the process is to perform the 

anneal in situ in the TEM, as opposed to ex situ annealing in a furnace.  As will be shown below, 

there is a particular range of temperatures and times for which the anneal is successful.  If the 

anneal is done at too low a temperature, nothing happens.  If the anneal is done at slightly too 

high a temperature, or the anneal is done for too long, the pillar changes shape and is no longer 

useful as a sample for mechanical testing.  Although not technically impossible to find the 

combination of temperature and time with an ex situ anneal, it would be extremely difficult.  In 

fact, all attempts at ex situ annealing performed during this research effort were unsuccessful.  In 

the end, performing the anneal in situ in the TEM is of paramount importance to this technique. 

 

 The in situ anneals performed for this project fall in to two general categories: full 

anneals and partial anneals.  The full anneals were designed to completely remove all 

dislocations from the pillar, leaving a mechanically pristine sample.  The partial anneals, on the 

other hand, were designed to purposely leave several dislocation in the pillar, so as to allow for 

the possibility of mobile dislocations being in the pillar as the compression initiates.  The results 

for each type of anneal will be discussed in turn. 

 

4.3.1 Fully Annealed Pillars 

 

 Seventeen pillars underwent a full anneal process, which means the temperature was 

raised high enough and held long enough such that ideally all the dislocations would be 
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eliminated.  A full anneal is considered successful if all the dislocations are removed from the 

pillar or if only one or two isolated dislocations remain.  On the other hand, if the anneal leaves a 

pillar in which there are numerous dislocations or the dislocation density is high enough such 

that individual dislocations cannot be resolved, the pillar is considered to have not annealed. A 

brief summary of the results of the full anneal processes is included as Table 4.2.  Of the 17 

pillars, 9 annealed fully, a success rate of 53%.  The remaining 8 pillars did not anneal, implying 

a failure rate of 47%.  Of particular note was the appearance of what appears to be some sort of 

surface contamination.  The exact nature of the contamination was never determined, nor was its 

source.  However, the contamination only appeared in 5 of the 17 pillars, all of which came from 

the same experiment.  As such, surface contamination is not considered to be a limiting factor, 

although in combination with the growth of the previously mentioned carbon layer, the growth of 

surface contaminants during annealing stands as a legitimate concern.  An example of the surface 

contamination is shown in Fig. 4.4.  As can be seen, the surface contaminant appears to grow out 

over the edge of the pillar, which strongly implies this material grew on the surface and was not 

part of the pillar itself. 

 

Table 4.2: Results of the Full Anneal Process 

Pillar Axis 

Orientation 

Max 

Temp (°C) 

Result 

1          990 Did not anneal, irregular shape 

2          990 Did not anneal, irregular shape 

3          990 Did not anneal, irregular shape 

4          990 Full anneal, zero dislocations, rounded shape 

5          990 Full anneal, dislocations outline single „subgrain,‟ 

rounded shape 

6          990 Did not anneal, irregular shape 

7          990 Full anneal, single transverse dislocation, rounded shape 

8          990 Full anneal, zero dislocations, rounded shape 

9          990 Full anneal, single dislocation loop, rounded shape 

10          990 Did not anneal, irregular shape 

11 [100] 998 Did not anneal, irregular shape 

12 [100] 998 Did not anneal, irregular shape 

13 [100] 998 Full anneal, single transverse dislocation, 2 spots of surface 

contamination, rounded shape 

14 [100] 998 Did not anneal, widespread surface contamination, tip 

rounded but sides remained straight 

15 [100] 998 Full anneal
*
, zero dislocations, widespread surface 

contamination, rounded shape 

16 [100] 998 Full anneal
*
, 2 dislocations at tip, widespread surface 

contamination, rounded shape 

17 [100] 998 Full anneal
*
,  widespread surface contamination, rounded 

shape 
*
See text regarding dislocation content 
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Fig. 4.4: A fully annealed pillar showing the widespread surface contamination remaining after the completion of 

the annealing process. 

 

 For the pillars that did not anneal, the result was typically a misshapen mass that partially 

resembled the initial pillar.  The length of the pillar typically had an irregular waviness, and the 

body of the pillar contained numerous overlapping dislocations.   An example of a pillar that did 

not anneal is shown in Fig. 4.5. 

 

 
 

Fig. 4.5: An example of a pillar that did not anneal.  A significant number of tangled dislocations remain throughout 

the pillar. 

 

 The fully annealed pillars, which were the primary goal of this process, came in several 

different forms.  Four of the pillars (P4, P8, P15, and P17) became ideal pristine samples, 

although P15 (Fig. 4.4) and P17 (Fig. 4.6) were both marred by surface contamination to such an 

extent that it is difficult to declare the pillars to be free of dislocations.  Neither pillar contained 

any obvious dislocations, but the contrast as a result of the surface contamination may have been 
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obscuring several dislocations.  In either case, the other two pillars, P4 and P8 (Figs. 4.7 A-B and 

C-D) were both dislocation-free single crystals of molybdenum with hemispherical caps and 

smooth, curved sides.  The narrowing of the pillar near the middle leading in to the broadening at 

the hemispherical cap is a consistent feature of all the fully annealed pillars.  As such, the 

minimum diameter of all the fully annealed pillars is near the middle of pillar, not the tip as in 

the case of the as-fabricated pillars. 

 

 
 

Fig. 4.6: An image of Pillar 17, which appears to be a pristine sample in terms of dislocation content but has been 

covered by surface contamination. 

 

 
 

Fig. 4.7: (A) and (B) BF and DF images of Pillar 4.  (C) and (D) BF and DF images of Pillar 8.  Both pillars were 

left as pristine, dislocation-free single crystals with smooth, rounded edges. 
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 Three of the pillars (P7, P9, and P13) were left the same as the pristine pillars except for a 

single dislocation.  In the case of P7, which can be seen before and after annealing in Figs.4.8 A-

D, the dislocation cuts across the center of the pillar nearly perpendicular to the pillar axis, 

although it does not completely cross the pillar.  P9 (Fig. 4.9), on the other hand, contains a 

single dislocation loop approximately 7 nm in diameter in the center of the pillar.  P13 (Fig. 

4.10) also contains a single dislocation cutting across the center of the pillar, but it has two large 

areas of surface contamination as well. 
 

 
 

Fig. 4.8: (A) and (B) BF and DF images of Pillar 7 before annealing, respectively.  (C) and (D) BF and DF images 

of Pillar 7 after annealing, respectively.  The pillar was left with a single dislocation cutting across the middle of the 

pillar. 
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Fig. 4.9: BF image of Pillar 9 after annealing, which contained a single dislocation loop approximately 7nm in 

diameter. 

 

 
 

Fig. 4.10: DF image of Pillar 13 after annealing.  The pillar contained a single dislocation, but was also marred by 

contamination. 

 

 The last two fully annealed pillars, P5 and P16, both contain dislocations but are slightly 

different than the previous three pillars.  P5 (Fig. 4.11) appears to contain a subgrain at the tip, 

which was only seen in this one sample.  The mushrooming shape was also more pronounced in 

this pillar, although that is probably a response to the length of the anneal. 

 

 Lastly, P16 (Fig. 4.12) is fully annealed but contains at least two dislocations that form an 

„x‟ shape near the tip.  The pillar suffers from widespread surface contamination, so it is difficult 

to determine if there are more dislocations further down in the pillar base.  However, even if 

there are several obscured dislocations, the pillar is still largely dislocation-free. 
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Fig. 4.11: BF image of Pillar 5 after annealing, displaying the mushroom shape due to over-annealing and a single 

subgrain. 

 

 
 

Fig. 4.12: DF image of Pillar 16 after annealing, showing a pair of dislocations near the tip as well as surface 

contamination. 

 

  An example of the annealing process leading to dislocation-free pillars with a 

          axis is shown in Movies 4 and 5.  As was mentioned in chapter 3, the temperature is 

ramped quickly to about 600 °C as there are no visible changes in the pillar in terms of 

dislocation content or shape.  Around 800 °C the pillar first starts to change shape, as evidenced 

by initial rounding of the tip and small undulations forming along the length of the pillar.  

Interestingly, the undulations never appeared in pillars with a [100] axis, although there was still 

rounding of the tip.  Ultimately, by 850 °C all the pillars observed in this project at least began to 
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change shape.  As seen in Movie 4, by 850 °C there is minor clearing of dislocations as they 

escape to the surface and others begin to recombine.  During this initial clearing, there is an 

apparent clustering of dislocations, as small areas of the pillar appear dislocation-free while the 

majority of the pillar contains clusters of tangled dislocations. 

 

 As the temperature is increased to around 900 °C, the undulations along the length of the 

pillar increase in magnitude and the tip of the pillar becomes hemispherical.  The dislocations 

continue to both recombine and escape from the pillar, leaving more dislocation-free area 

between the clusters.  As the temperature reaches around 950 °C, the undulations begin to 

decrease in magnitude and the pillar starts to form into the final shape (see Movie 5).  The 

tangled dislocations also begin to free themselves, as clusters of dislocations suddenly break free 

and rapidly remove themselves from the pillar.  As such, large areas of the pillar sequentially 

clear-up and become dislocation-free.  As the temperature is increased to the maximum 

temperature just below 1000 °C, the tip finishes rounding and the undulations disappear leaving 

the final pillar shape seen in Figs. 4.6 – 4.10.  In the successful instances, the elevated 

temperature was sufficient to free the final dislocation clusters and leave a dislocation-free pillar.  

In the partially successful instances, a few dislocations were left in the pillar as they were unable 

to escape without going to a higher temperature (which would destroy the pillar shape, making 

the sample unusable).  In the other instances, the pillar simply did not anneal out the damage at 

the highest temperature accessible with the current equipment (1000 °C).  

 

4.3.2 Partially Annealed Pillars 

 

 As just described, the full anneal process typically leaves pillars with either zero or a few 

isolated dislocations.  However, in order to observe dislocation activity during compression, it is 

desirable to have some mobile dislocation left in the pillar after the annealing process.  As such, 

a series of partial anneals was performed.  That is to say, a given pillar was annealed in the same 

manner as before, but the anneal was stopped at a lower temperature before all of the 

dislocations were removed from the pillar.  The results of the partial anneals are summarized in 

Table 4.3. 

 

Table 4.3: Results of the Partial Anneal Process 

 

Pillar 

Axis 

Orientation 

Max Temp 

(°C) 

 

Result 

1 [100] 834 ρ = 2.48 x 10
14 

m
-2

, no shape change 

2 [100] 834 ρ = 3.20 x 10
14 

m
-2

,no shape change 

3 [100] 834 ρ = 3.01 x 10
14 

m
-2

, no shape change 

4 [100] 834 ρ = 2.87 x 10
14 

m
-2

, no shape change 

5 [100] 834 ρ = 2.16 x 10
14 

m
-2

, no shape change 

6 [100] 834 ρ = 2.90 x 10
14 

m
-2

, no shape change 

7 [100] 950 ρ = 1.52 x 10
14 

m
-2

, rounding of tip 

8 [100] 950 ρ = 9.72 x 10
13 

m
-2

, rounding of tip 

9 [100] 950 ρ = 1.46 x 10
14 

m
-2

, rounding of tip 

10 [100] 950 ρ = 1.10 x 10
14 

m
-2

, rounding of tip 

11 [100] 950 ρ = 8.53 x 10
13 

m
-2

, rounding of tip 
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 As opposed to the variety of different results seen in the fully annealed pillars, the 

partially annealed pillars were all qualitatively similar with the exception of the remaining 

dislocation density.  The first six pillars were only brought to 834 °C, resulting in no noticeable 

shape change.  However, given the lower temperature, there was necessarily a higher dislocation 

density remaining in the pillars.  An example of a pillar annealed at 834 °C is shown in Fig. 4.13. 

For the six pillars annealed at this lower temperature, the dislocation density ranged between 

2.16 x 10
14

 m
-2

 and 3.20 x 10
14

 m
-2

.  The other set of partially annealed pillars was brought up to 

950 °C, but surprisingly experienced very little shape change, as seen in Fig. 4.14.  Unlike the 

fully annealed pillars, wherein undulations formed along the length of the pillar by 850 °C, no 

undulations formed in the partially annealed pillars even when the temperature was brought all 

the way to 950 °C.  The reason for this is unclear, as there were no significant differences  

 

 
 

Fig. 4.13: BF image of a partially annealed.  Despite being annealed at 834 °C, there is little noticeable shape 

change.  The dislocation density is clearly lower than in the as-fabricated pillars, but higher than the fully annealed. 

 

 
 

Fig. 4.14: Before and after images of a low dislocation density partially annealed pillar.  There is once again little 

noticeable shape change, although the dislocation density is clearly lower than in the other partially annealed pillar 

shown above.  This pillar demonstrates the ability to control relative dislocation densities during annealing. 
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between the partially annealed pillars and the fully annealed pillars.  However, as expected, the 

dislocation density in the set of pillars brought to 950 °C is correspondingly lower than for the 

pillars brought to 834 °C, ranging from 8.53 x 10
13

 m
-2

 to 1.52 x 10
14

 m
-2

.  Ultimately, the anneal 

at 950 °C leaves pillars with only a handful of isolated dislocations and an intact shape, making 

the samples ideal for observing initial dislocation behavior during compression. 

 

4.4 In situ Compressions 

 

 Once the pillars have been annealed, they are compressed in situ in the TEM using the 

Hysitron Picoindenter.  The mechanical response of each type of pillar, from fully annealed to 

as-fabricated, is dramatically different.  The initial dislocation density, or the lack of dislocations 

in the case of the fully annealed pillars, changes the response of the pillars in terms of yielding, 

contact stress, and plastic flow.  Using the as-fabricated behavior discussed in chapter 4.2 as a 

base-line, the response of fully annealed and partially annealed pillars will be discussed. 

 

4.4.1 Fully Annealed Pillar Compressions 

 

 The compression of four different fully annealed pillars will be discussed, the details of 

which are given in Table 4.4.  The compressions are performed in the same manner as with the 

as-fabricated pillars, including a nominal displacement rate of 5 nm/s for each compression. 

 

Table 4.4: Properties of Fully Annealed Pillars 

Pillar (from 

Table 4.2) 

Diameter 

(nm) 

Dislocation 

Content 

Aspect Ratio 

(Length : Width)
 

Nominal 

Stress (GPa) 

7 96 1 line 3.8 : 1
 

5.32 

9 91 1 loop 3.5 : 1
 

7.43 

13 153 1 line 2.5 : 1
 

6.60 

16 133 2 lines
* 

4.6 : 1
 

4.47 
*
 The two lines are located at the tip.  Further dislocations could be hidden beneath surface contamination. 

 

 

4.4.1.1 Compression of Pillar 7 

 

 Pillar 7, as seen in a compression sequence in Figs. 4.15 A-F, is dislocation-free except 

for a single dislocation that runs across the pillar nearly perpendicular to the pillar axis.  The tip 

of the pillar has annealed such that it has a spherical cap as well as rounded sides.  The pillar was 

compressed sequentially three times, with the mechanical data shown in Fig. 4.15 G and the 

three compressions shown as Movies 6, 7, and 8.  Note that in determining the strain, each 

compression is referenced against the initial length of the pillar, which means the strain does not 

start at zero for the second and third tests. 

 

 In the first compression, the pillar loads elastically until the initiation of a large strain 

burst that ends the test.  Using the minimum diameter of the pillar to determine the cross-

sectional area, the maximum nominal stress (load/area) applied to the pillar during the first 

compression was 5.32 GPa, much higher than the maximum stress measured in any of the as-
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fabricated FIB-machined pillars.  Note that the break in elastic loading is a result of the spherical 

tip of the pillar adjusting itself on the indenter head, not the result of dislocation activity.  The 

adjustment of the pillar tip is a result of a slight misalignment with the indenter head, a problem 

seen in nearly all the compressions and a result of the difficulty in realigning the pillar after 

annealing.  This adjustment is confirmed by Movie 6 and stands as one of the advantages of 

performing tests in situ in the TEM.  As can be seen in Figs. 4.15 C and D, there is significant 

broadening of the top of the pillar as a result of the strain burst, as well as flattening of the tip.  

Interestingly, however, the deformation does not appear to penetrate across the dislocation line in 

to the bottom portion of the pillar.  Moreover, there does not appear to be any dislocations left in 

the pillar, implying they have escaped at the nearby surfaces.  Also of interest is the fact that the 

pillar did not actually yield at the maximum stress, but rather yielded as the pillar was unloading.  

The pillar sustained a nominal stress of 5.32 GPa, but then after beginning to unload along the 

elastic path, failed at a lower stress.  As can be seen from Fig. 4.15 G, the strain burst actually 

occurred after elastically unloading down to a nominal stress of 3.80 GPa.  As seen in Movie 6, 

the yield event seems to occur during unloading as a result of a bending moment induced on the 

pillar by slippage of the indenter contact point. 

 The second compression was nearly elastic in character and resulted in no pronounced 

change in the pillar.  The reason is that the indenter finished its programmed displacement run 

before inducing a stress high enough to cause pronounced plastic deformation.  The nearly 

elastic loading and unloading is confirmed by the stress-strain curves seen in Fig. 4.15 G, in 

which the second test results in loading and unloading lines with very little plastic strain, 

especially in comparison to tests one and three that both show a large excursion at yield. 

 The third compression led to the final collapse of the pillar, with a clear shearing to one 

side.  After some initial adjustments of the pillar tip on the indenter, the pillar loaded elastically 

until sudden catastrophic collapse at a nominal stress of 5.96 GPa, which is once again much 

higher than the stresses seen in as-fabricated FIB-machined pillars.  

 

4.4.1.2 Compression of Pillar 9 

 Pillar 9, as seen in Fig. 4.16, was nearly the same as Pillar 7 with the exception that the 

dislocation was a 7 nm loop in the center of the pillar instead of a line.  As such, it is reasonable 

that the compression of Pillar 9 (Movie 9) was qualitatively similar to the first compression of 

Pillar 7.  With the exception of an adjustment of the pillar tip at around 2 GPa, the loading curve 

seen in Fig. 4.17 shows that the pillar loads elastically until sudden catastrophic collapse at 7.43 

GPa and 8.82% strain.  The same as with Pillar 7, the dislocation in the center of the pillar does 

not appear to move during the compression, but rather stays stationary until collapse.  However, 

after yielding, there is rapid strain softening that ends with the shearing of the top of the pillar.  

There is presumably widespread dislocation activity during the collapse of the pillar, but the 

entire collapse occurs in less than 1/30 second and so the CCD is not able to record the event. 
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Fig. 4.15: (A) – (F) BF and DF compression sequence for Pillar 7.  The first compression occurred with a 

hemispherical cap, whereas the second and third had a flat tip.  The first compression resulted in large strain burst, 

but the dislocation activity was isolated to the volume above the dislocation line.  The second compression was 

nearly elastic, and is not shown.  The final compression results in the catastrophic shearing of the tip of the pillar.  

The mechanical data for each compression is shown in (G). 
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Fig. 4.16: Before and after DF images of the compression of Pillar 9.  As can be seen in (A), the pillar contained a 

single dislocation loop of approximately 7 nm in diameter.  Despite that, the pillar loaded elastically until sudden 

catastrophic collapse as seen in (B).   

 

 
Fig. 4.17: Mechanical data for the compression of Pillar 9.  The data shows that the pillar loaded elastically until a 

nominal stress of 7.43 GPa.  The load drop near 2 GPa is attributed to a readjustment of the pillar tip on the indenter 

head, as confirmed by the in situ video. 

 

 

4.4.1.3 Compression of Pillar13 

 Pillar 13 was similar to the previous two pillars, with a single line dislocation in the 

center of the pillar running nearly perpendicular to the pillar axis, as well as with a slightly larger 

diameter of 153 nm (Fig. 4.18).  The main difference between the pillars, however, was that 
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Pillar 13 had an axis of [100] instead of            The compression, which can be seen as Movie 

10, shows elastic loading until the point of collapse, but in this case the pillar does not shear.  

Instead, the pillar appears to be driven in to the base material, much the same as a nail is driven 

in to a board.  Once again, the dislocation in the center of the pillar does not move until the final 

collapse of the pillar.  From the stress-strain curve shown in Fig. 4.19, it can be seen that the 

pillar was driven in to the base at a nominal stress of 6.60 GPa and a strain of 14.5%.  Looking at 

the curve, there is an apparent regular fluctuation that cannot be explained from the in situ 

movie, as there is no visual evidence of dislocation activity.  The regularity of the fluctuation 

implies it may be from a source of background noise, although there is no direct evidence to 

identify that source. 

 

 
 

Fig. 4.18: Before and after DF images of Pillar 13, which was driven in to the base of the pillar rather than shearing. 

 

 
 

Fig. 4.19: Mechanical data for the compression of Pillar 13.  Despite the base of the pillar failing, rather than the 

pillar itself, the nominal stress still reached 6.60 GPa. 
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4.4.1.4 Compression of Pillar 16 

 

 The final pillar, Pillar 16, was slightly different from the other pillars in that it had a pair 

of dislocations right near the tip in the shape of a cross (see Fig. 4.20).  The dislocations in the 

other pillars were all 130 nm or more away from the tip, whereas the dislocations in Pillar 16 

were only 20 nm from the tip.  The other difference is that Pillar 16 had a somewhat larger length 

to width ratio than the other pillars.  Pillars 7,9, and 13 all had aspect ratios of less than 4:1, 

whereas the aspect ratio for Pillar 16 was 4.6:1.  Other than that, Pillar 16 was essentially the 

same as Pillar 13, with a diameter of 133 nm and an axis of [100].   

 

 
 

Fig. 4.20: Before and after DF images of the compression of Pillar 16.  The pillar contained a pair of dislocations 

near the tip, as well as surface contamination.  Despite that, the pillar still loaded elastically until failure. 

 
Fig. 4.21: Mechanical data for the compression of Pillar 16.  There is a small load drop near 3.75 GPa, although 

there is no visible dislocation activity.  The pillar finally buckles at a stress of 4.48 GPa. 
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 As can be seen from Movie 11 and the mechanical data in Fig. 4.21, the pillar appears to 

elastically load until it suddenly buckles at a nominal stress of 4.48 GPa and a strain of 5.4%.  

From the movie, there does not appear to be any dislocation activity before buckling, although 

there is a small load drop in the stress-strain curve.  Ultimately, if there is any dislocation activity 

that is hidden by the contamination, it does not continue as the pillar proceeds to elastically load 

until buckling.  Given the lower strain as compared to the other pillars, it is possible that the 

pillar would have continued to load had it not buckled. 

  

4.4.2 Partially Annealed Pillar Compressions 

 

 The compression of four different partially annealed pillars will be discussed, as 

summarized in Table 4.5.   The first two pillars, referred to as „high density,‟ were only annealed 

at 834 °C, which means they have a correspondingly higher density of dislocations.  The other 

two pillars were annealed at 950 °C, which means they contain fewer dislocations and are 

referred to as „low density.‟  Beyond the differences in dislocation density, the other primary 

difference between the partially annealed pillars and the fully annealed pillars is that the former 

exhibit minimal shape change.  The result is that the pillars no longer have a spherical cap, which 

means the basic Hertzian model employed before can no longer be employed.  Moreover, the ab 

initio and finite element corrections invoked before are also invalid.  Given the lack of a 

numerical model that accounts for stress concentration in bodies similar to a partially annealed 

pillar, the stress analysis for partially annealed pillars will be limited to the traditional nominal 

stress. 

 

 As before, the nominal displacement rate for all tests was 5 nm/s except for the 

compression of Pillar 2.  As can be seen from the movies, the partially annealed pillars were 

particularly unstable during compression.  The FIB milling resulted in the base material turning 

into long, thin fingers that could bend or vibrate during compression.  As a result, the pillars 

were constantly fluctuating in and out of focus, making it difficult to capture clear videos of 

dislocation activity.  The cause of the instability is unknown, although it is most likely a result of 

the combination of the length of the pillars and misalignment of the pillars relative to the 

indenter.  In an attempt to get clearer images, Pillar 2 was compressed at a rate of 1 nm/s. 

 

Table 4.5: Properties of Partially Annealed Pillars 

Pillar (from 

Table 4.3) 

Diameter 

(nm) 

Dislocation 

Density (m
-2

) 

High/Low 

Density 

Maximum 

Stress (GPa) 

2 162 3.20 x 10
14 

High 3.60 

6 144 2.90 x 10
14 

High 4.08 

8 104 9.72 x 19
13 

Low 4.15 

11 137 8.53 x 10
13 

Low 5.11 

 

4.4.2.1 Compression of High Dislocation Density Partially Annealed Pillars 

 

 The two high density pillars, Pillar 2 and Pillar 6, both had dislocation densities on the 

order of 3 x 10
14

 m
-2

.  As such, the density is approximately 40% lower than in a typical as-

fabricated pillar.   As seen in Fig. 4.22, the two pillars clearly contain fewer dislocations than an 

as-fabricated pillar but considerably more than a fully annealed pillar.  The compression of Pillar 
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2, as seen in Movie 12 and with mechanical data shown in Fig. 4.23, shows widespread 

dislocation activity throughout the pillar.  However, the pillar quickly begins to bend, making 

visualization difficult. 

 

 
 

Fig. 4.22: (A) and (B) Before and after BF images for the compression of Pillar 2, respectively.  (C) and (D) Before 

and after BF images for the compression of Pillar 6, respectively.  Both are high dislocation density partially 

annealed pillars. 

 

 
 

Fig. 4.23: Mechanical data for the compression of Pillars 2 and 6.  Pillar 2 underwent considerable bending during 

compression, leading to the dramatically different behavior. Pillar 6 looks similar to the as-fabricated pillars in form, 

but the stress is elevated. 
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 The second high density pillar, Pillar 6, behaved in a manner that would be expected of 

an intermediate dislocation density.  Small amounts of dislocation activity began immediately 

after contact, as seen in the slope of the loading curve in Fig. 4.23.  After loading to 4.08 GPa, 

however, the pillar underwent a large strain burst and the dislocation activity increased 

dramatically.  As can be seen in Movie 13, there are too many dislocations to discern individual 

behavior, but there are fewer than in as-fabricated pillars.  Following the video, upon initiation of 

the first strain burst, the indenter head lurches forward and then backs off.  As the indenter sheds 

load, the elastic strain in the pillar is recovered, making it look like the pillar is pushing back on 

the indenter head.  After each strain burst, there is also a noticeable slip step on the side of the 

pillar.  The pillar then reloads and widespread dislocation motion resumes, followed by another 

sudden strain burst.  This process continues through three iterations before the pillar finally fails 

at a stress of 5.25 GPa, with the top appearing to bend sideways. 

 

4.4.2.2 Compression of Low Dislocation Density Partially Annealed Pillars 

 

 The two low density pillars, Pillar 8 and Pillar 11, both had a dislocation density of 

approximately 9 x 10
13

 m
-2

.  As such, the density was reduced by about 82%.  Both pillars 

behaved very similarly to the fully annealed pillars, which is not surprising given that they both 

contained only a handful of dislocations (see Fig. 4.24).  In regards to Pillar 8, there were a 

couple of tangled dislocations near the tip, as well as two line dislocations further up the pillar.  

The first load drop seen in the mechanical data (Fig. 4.25) at 2.40 GPa occurs immediately 

following one of the dislocations near the tip freeing itself and presumably combining with the 

surface.  After the elimination of the first dislocation, the pillar continues to load elastically until 

a second load drop at 3.82 GPa; the load drop once again occurs following the escape of one of 

the line dislocations further down the pillar.  Once again, the dislocation appears to combine with 

the surface without any apparent multiplication.  After the second dislocation frees itself, the 

pillar continues to load elastically until sudden, catastrophic failure at 4.15 GPa.  Upon failure, 

the entire top of the pillar shears off at nearly 45° to the pillar axis, as seen in Movie 14. 

Ultimately, the pillar behaves much like a fully annealed pillar except that the failure happens at 

a much lower stress after two dislocations free themselves from the pillar.  Unfortunately, the 

dislocations move fast enough such that the actual motion of the dislocations is difficult to 

capture. 

 

 The final pillar, Pillar 11, had a couple of tangled line dislocations in the middle of the 

pillar, as well as several dislocation loops just above them.  From Movie 15, it is apparent that 

the pillar is not compressed completely uniaxially.  This is borne out in the mechanical data, as 

seen in Fig. 4.25.  The initial slope of the loading curve is entirely different from that of the other 

low density curve, presumably a result of bending.  However, unlike the other low density pillar, 

this pillar initiated dislocation activity near the tip.  As can be seen from Movie 15, dislocations 

begin forming and disappearing near the tip of the pillar.  The dislocation loops in the middle of 

the pillar also free themselves and combine with the surface during the dislocation activity.  A 

strain burst occurs at 3.67 GPa, followed by the freeing of the tangled dislocation lines.  After 

that, the pillar continues to load with little apparent dislocation activity until 5.11 GPa, at which 

stress the tip of the pillar suddenly folds over as a result of the non-uniaxial compression.  As can 

be seen from the after compression image, dislocations spread throughout the pillar as a result of 

the failure of the tip. Although there is discrete dislocation activity in this compression, the 
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dislocations are once again difficult to capture visually due to the speed with which they 

propagate. 

 

 

 
 

Fig. 4.24: (A) and (B) Before and after BF images for the compression of Pillar 8, respectively.  (C) and (D) Before 

and after BF images for the compression of Pillar 11, respectively.  Both are low dislocation density partially 

annealed pillars. 
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Fig. 4.25: Mechanical data for the compression of Pillars 8 and 11.  In both cases, the load drops occur slightly after 

the tangled dislocations free themselves.  Despite the dislocation activity, there is no visual evidence of widespread 

dislocation multiplication after the small plastic events (only after the final collapse of Pillar 11). 
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Chapter 5: Discussion 
 

5.1 Pillar Formation and Annealing Process 

 

 The results presented in Chapter 4 demonstrate that FIB-fabricated pillars can 

successfully be annealed and compressed in situ in the TEM.  However, as described in the 

experimental section, numerous steps were required to perform the tests.  Both the FIB milling 

and the in situ annealing had to be optimized in order to produce viable samples for compression, 

so it is worth considering the advantages and limitations of each step. 

 

5.1.1 FIB Milling 

 

 The FIB constitutes an almost ideal tool for the production of submicron sized 

compression samples, as it is straightforward to produce various geometries and sizes from a 

host of different materials.  However, given the need to produce electron transparent samples for 

future annealing and compression, certain limitations arise.  For molybdenum, it was found to be 

relatively straightforward to fabricate pillars down to about 200 nm in diameter, as the width of 

the pillar fairly closely matched the annular pattern drawn by the FIB.  Below approximately 200 

nm, however, the results were less predictable.  Rather than uniformly reducing the width of the 

pillar, the milling process would reduce the width faster near the top, exacerbating the measured 

taper and turning the pillar in to a needle.  This was attributed to the fact that the FIB does not 

produce a sharp beam, but rather provides a beam with a spatial distribution.  However, by 

carefully drawing annular milling patterns slightly larger than the desired pillar diameter, 

typically on the order of 160 nm for a 100 nm pillar, a pillar shape could be maintained.  The 

edge of the ion distribution would mill away the base of the pillar but not mill away the tip, 

allowing for a straighter edge.  The ion distribution was also the reason for the irregular shape of 

the tip, as the rounding occurred due to the beginning of the formation of a needle shape.  In the 

instances in which the tip of the pillar actually became a needle, the FIB could sometimes be 

used to cut off the very top to produce a pillar with an acceptable aspect ratio and a flat top.  The 

majority of the time, however, the pillar was unrecoverable. 

 

 The formation of a needle shape was particularly problematic because it did not allow for 

a stable base during subsequent compression.  As was seen in the partially annealed pillars, the 

poor aspect ratio resulting from needle formation lead to bending of the pillars as well as 

vibration under compression, impeding the visualization of dislocation behavior. If proper 

alignment could be guaranteed when the sample is inserted in to the compression stub after 

annealing, the bending would be less of an issue.  In order to accomplish that, however, the 

ability to perform the anneal would need to be integrated in to the compression stage.  With the 

current equipment, the pillars are regularly misaligned away from uniaxial compression by a few 

degrees. 

 

 Lastly, it should be noted that this process may be easier with a different material.  In the 

author‟s experience, pillar formation is considerably easier in other materials, such as platinum 

and silicon.  In those materials, the pillar shape much more closely matches the pattern drawn in 

the FIB, allowing for the formation of clean, well-shaped pillars of chosen aspect ratio.  The 
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exact reason for the difficulty in milling molybdenum is unknown, but it was observed that the 

results from milling molybdenum are considerably harder to predict.  That is to say, milling the 

same pattern with the same parameters often produced different results.  As a whole, using a 

material that mills more consistently and allows for electron transparency with thicker pillars 

would not only be recommended, but would easily extend this process to a host of other 

materials. 

 

5.1.2 In situ Annealing 

 

 Although the success rate for the fully annealed pillars was only 53%, that was primarily 

due to the fact that several pillars were annealed at the same time and only one could be 

monitored in real-time.  For the pillars that were monitored, the success rate was actually 100%, 

which indicates that the dislocation removal process is actually quite controllable to within a few 

isolated dislocations.  For the other pillars, it is reasonable that the required temperature profile 

for annealing would be different for each pillar given that the size and dislocation content of each 

pillar was slightly different.  To that end, the success rate for annealing would likely be much 

higher if the pillars were annealed individually, although that would be a cumbersome process.  

For the partially annealed pillars, the range that constitutes success is much larger, given that the 

goal is to just have some dislocations remaining in the pillar.  Monitoring a single pillar allows 

for a decision as to the relative level of dislocation density, high or low, and essentially all the 

pillars fall to within an acceptable range.  Moreover, given that the shape change is fairly 

minimal, there are no issues with the pillars changing shape.  As such, the throughput for 

partially annealed pillars can potentially be much higher. 

 

 In regards to the annealing process itself, the biggest challenge is to balance the 

dislocation content of fully annealed pillars with the pillars‟ shape.  The competition comes 

about because the longer the pillar is held at elevated temperature, the more accentuated the 

balling of the tip.  That is to say, the longer the pillar is held at elevated temperature, the more 

the pillar changes from the preferred shape seen in P8 (Fig. 4.7 C and D) to the shape seen in P5 

(Fig. 4.11).  This issue appears to be more problematic for pillars with a          axis, as the 

pillars with that orientation displayed greater narrowing near the middle of the pillar.  Moreover, 

the pillars with the          axis displayed undulations along their length during annealing, 

which never occurred with the [100] axis.  For comparison, the partially annealed pillars brought 

up to 950 °C with a [100] axis displayed almost no shape change relative to the  

         pillars brought to 990 °C.  Ultimately, the reasons for this disparity are not entirely 

clear.  The shape change does not appear to be happening along crystallographic lines, 

considering the tip of the pillar forms a smooth hemisphere as opposed to a faceted one.  

However, the only primary difference between the pillars is the crystal orientation.  There is 

presumably some other difference that is less obvious, but it remains unknown. In any case, the 

shape change is greatly accelerated at maximum temperature, which means the pillar can only be 

held near 1000 °C for a limited amount of time.  The approximately 20 seconds the pillar can be 

held at maximum temperature is ordinarily sufficient to remove nearly all the dislocations, but 

future work could attempt to soak the pillar at a temperature just below the activation of 

significant diffusion.  In that case, the dislocations could be given more time to free themselves 

from the tangles that held them in the pillar. 
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 Lastly, for the dislocations remaining in the pillars, they appear to primarily align 

themselves perpendicular to the axis of the pillar.  As happened in two of the fully annealed 

pillars, as well as the low dislocation density partially annealed pillars, the dislocations take the 

form of lines running across the center of the pillar.  Given the difference in mobility between 

edge and screw dislocations in BCC metals, the lines are presumably screw dislocations.  

Although the dislocations are unable to free themselves from whatever crystallographic feature 

pins them, they appear to at least minimize their length by running towards the closest nearby 

surface.  Interestingly, isolated screw dislocations are exactly the initial condition specified by 

Weinberger and Cai
43

 in their model, so annealed pillars may offer an excellent opportunity to 

see their proposed multiplication mechanism.  The presence of implanted Ga stands as a 

potentially significant difference, although there is some evidence that the annealing process 

removes the majority of the Ga from the pillars (see Appendix B). 

 

5.2 The Compression of As-Fabricated Pillars 

 

 The results from the in situ compression of as-fabricated pillars are consistent with the 

results from several other groups that performed ex situ compressions on pillars of comparable 

size.
24,26

  All three pillars sustained stresses higher than 2 GPa, much higher than the 400 MPa 

flow stress of well-annealed, bulk molybdenum.  Combined with that, two of the three pillars 

exhibited the jerky flow associated with large strain bursts interspersed with strain hardening, 

while the third pillar displayed more stable strain hardening with only minor strain bursts.  The 

range of stresses is also consistent with other FIB-fabricated pillars, with an ill-defined yield 

point but with the majority of the strain bursts occurring between approximately 1 and 3 GPa.  In 

total, the behavior associated with the size effect is evident in the as-fabricated pillars. 

 

 Between the FIB-induced damage and contrast due to bend contours, it is quite difficult 

to discern individual dislocation behavior during compression.  As the movies demonstrate, there 

is obvious evidence of widespread dislocation activity in a collective manner, but few 

conclusions can be drawn about mechanistic behavior.  The visual data is so convoluted that it is 

reasonable to conclude that as-fabricated pillars will rarely if ever yield directly interpretable 

dislocation mechanisms.  Despite that, two general impressions can be drawn.  First, dislocation 

activity appears to initiate immediately upon contact, as opposed to loading elastically until some 

well-defined yield.  Second, there is no obvious period of starvation during the course of the 

compression, although it is hard to say that conclusively due to contrast changes.  However, the 

results seem to indicate that starvation does not occur when the initial dislocation density is high, 

in agreement with the work by Bei et. al.
63

, Shim et. al.
45

, and Phani et. al.
64

 

 

5.3 The Compression of Fully Annealed Pillars 

 

5.3.1 The Hertzian Stress 

 

 The fully annealed pillars withstood stresses between 4.47 GPa and 7.43 GPa, higher than 

the stresses reported for any FIB-fabricated Mo pillars but less than the stresses reported for the 

dislocation-free fibers of Bei et. al.
63

  However, taking the nominal stress at face value 

significantly underestimates the maximum stress experienced by the pillar.  As has been shown 

for nanoindentation, the maximum stress during a compression is actually just below the surface 
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of the material near the contact point.
70

  As was discussed in Chapter 2, the Hertzian model of 

contact stress is a geometric argument that allows for the calculation of the stress inside the 

material.  In order to utilize the Hertzian model, the two bodies coming in to contact must be 

treated as solids of revolution.  In this case, the diamond indenter can be treated as a sphere with 

an infinite radius of curvature, whereas the hemispherical cap of a fully annealed pillar can be 

treated as a sphere with the radius of curvature taken from the TEM image.  Following the 

analysis presented in Johnson,
61

 the maximum shear stress η for two solids of revolution with 

circular contact is 

 

              (5.1) 

 

where po is the maximum pressure given by 

 

   
  

          (5.2) 

 

in which P is the measured maximum normal load and a is the contact radius, given by 

 

    
   

   

 
 ,     (5.3) 

 

where R is the relative radius of curvature between the curvatures of the contact partners having 

radii R1 and R2: 

 

   
 

  
 

 

  
 
  

.    (5.4) 

 

E
*
 is the combined Young‟s modulus: 

 

     
     

  

  
 

     
  

  
 
  

     (5.5) 

 

where υ1 and υ2 are the Poisson‟s ratios of the pillar and indenter, respectively.   

 

 For Pillar 7, using Poisson‟s ratios of υ1 = 0.29 for molybdenum and υ2 = 0.07 for 

diamond, and Young‟s moduli of E1 = 323 GPa for molybdenum and E2 = 1141 GPa for 

diamond,
71

 with R1 = 42 nm taken from the image of the pillar, R2
 
= ∞ for the flat-punch, and the 

measured maximum load P = 38.5 µN, the maximum shear stress is found to be τmax = 21.0 GPa 

at a depth z = 0.48a = 7.9 nm below the surface of the pillar on the pillar axis.  The Hertzian 

stress is calculated in the same manner for the other three pillars using the appropriate values of 

R1 and P, as tabulated in Table 5.1.   

 

 Although this analysis serves as a good approximation for the actual maximum stress 

experienced by the pillar, it ultimately overestimates the maximum stress.  Detailed ab initio and 

finite element calculations performed by Krenn et. al. show that the expected ideal strength of 

molybdenum at absolute zero temperature is somewhere between 17.6 and 18.8 GPa.
70

  Using 

Pillar 7 as an example, a measured stress of τmax = 21.0 GPa is certainly too high.   Given that the 
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compression was performed at approximately 25 °C, which should have lowered the strength, the 

measured stress is even further from the predicted value.  However, the Hertzian model resolves 

the maximum shear stress at 45° from the loading axis, which is not necessarily coincident with 

an active slip system.  For Pillar 7, which had a pillar axis of            the three most likely slip 

systems are [111](-101), [111](-211), and [111](-312), with Schmid factors of 0.471, 0.487, and 

0.497, respectively.  Note that although the pillar axis was designed to be           difficulties in 

preparing the sample resulted in some rotation of the pillar axis.  From the diffraction pattern, the 

pillar axis was actually         .  Given that it is unknown which slip system the deformation 

initiated on, the Hertzian stresses presented are given as a range corresponding to the maximum 

and minimum of these Schmid factors.  This first correction reduces the maximum shear stress 

experienced in Pillar 7 to values between 19.7 and 20.8 GPa. 

 

 Beyond correcting for the crystallography, the calculations performed by Krenn have 

shown that the maximum stress from a Hertzian model also overestimates the actual stress on the 

weakest slip systems by approximately 20%.  In particular, the calculations correct for the 

assumption of linear elasticity, which is invalid at the failure stress of the pillar.  Applying this 

correction of 20%, the maximum shear stress is reduced to η
*

max = 15.8 – 16.7 GPa, which is 

between 84% and 95% of the calculated ideal strength.  It should be noted, however, that in 

making the 20% correction for the assumption of linear elasticity, all four of the assumptions for 

the Hertzian contact model mentioned in Chapter 2 are still being invoked. Although these 

assumptions will modify the calculated stress, the first-order correction provided by available 

finite element models is employed, which result in the near-ideal strength of 15.8 - 16.7 GPa. 

 

 Applying the Hertzian model to Pillar 9, the initial calculated value actually turns out to 

be the same: τmax = 21.0 GPa.  This is unexpected, given the different shape and size of the 

dislocation in the pillar, plus the different radius of curvature and measured load, but the 

maximum stress sustained by the pillar remains the same.  Note, however, that the depth of the 

maximum stress is now z = 8.9 nm below the surface of the pillar.  The pillar axis is once again 

[-9 25 34], so the same slip systems are active.  The same 20% reduction from the ab initio and 

finite element calculations also applies, so the maximum stress is the same: η*max = 15.8 –16.7 

GPa. 

 The analysis for the last two pillars, Pillars 13 and 16, is done in the exact same manner 

with the exception of the correction for the active slip systems.  For both pillars, the pillar axis is 

[100], not             As such, the relevant Schmid factors have changed.  For the three most 

likely slip systems, the relevant Schmid factors are: (110)[111] = 0.408, (112)[111] = 0.471, and 

(123)[111] = 0.463.  The first-order reduction of 20% remains the same, so once all corrections 

are applied, the maximum shear stress is η*max = 14.9 – 17.2 GPa for Pillar 13 and η*max = 13.0 – 

15.0 GPa for Pillar 16.  The range of values is wider due to the wider range in the Schmid 

factors, but the values still represent stresses between 79% and 98% of the calculated ideal 

strength for Pillar 13 and 69% to 85% for Pillar 16. 
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Table 5.1: Hertzian Stress Parameters and Results 

 

Pillar 

 

R1 (nm) 

 

P (µN) 

Corrected Hertzian 

Stress (GPa) 

 

z (nm) 

7 42 38.5 15.8 – 16.7 7.9 

9 47 48.3 15.8 – 16.7 8.9 

13 65.5 121.3 14.9 – 17.2 13.4 

16 57.5 62.1 13.0 – 15.0 10.3 

 

5.3.2 Fully Annealed Pillar Compression Behavior 

 

 There are several interesting features of the fully annealed pillar compressions, 

particularly in regards to the role of the dislocations.  The first interesting feature, however, 

actually stems from the lack of a role for the dislocations.  As just discussed, all four of the fully 

annealed pillars reached a stress that was a significant percentage of the ideal strength.  

However, that was accomplished despite the fact that all four of the pillars contained at least one 

dislocation.  This implies that the dislocations remaining after annealing were either oriented 

such that dislocation slip was very difficult or the dislocations were very strongly pinned.  Given 

the lack of other defects in the crystal, improper orientation for slip seems more likely.  In either 

case, none of the dislocations moved before the final collapse of the pillars, allowing for stresses 

approaching the ideal strength to be attained.  Although the presence of dislocations could be 

expected to lower the maximum sustainable stress in the pillars, an explanation is offered by 

considering the location of the stress concentration.  As can be seen in Table 5.1, the location of 

maximum stress is only approximately 10 nm below the surface of the pillar.  For three of the 

pillars, Pillars 7, 9, and 13, the dislocation is more than 100 nm away from the contact point.  For 

Pillar 16 the pair of dislocations is closer to the surface, coming to within 25 nm of the contact 

point.  However, as the maximum stress is located only 10 nm from the contact point, they are 

sufficiently far such that they remain stationary until the pillar buckles.  The stress concentration 

near the contact point is confirmed by Movies 5 and 8, which clearly show alternating strain 

contrast near the tip right before failure.  An image of the strain contrast is seen in Fig. 5.1, as 

taken from the compression of Pillar 9.  The strain contrast extends as deep as 40 nm into the 

pillar, although the maximum stress is calculated to be in the center of that region near 9 nm. 

 

 The second interesting feature is the notable lack of dislocations after the collapse of the 

pillar.  The first compression of Pillar 7 provides the best example of this (Figs. 4.15 C and D), 

as there are no visible dislocations left in the pillar after the tip of the pillar barrels.  There is 

obvious plastic deformation in the pillar, which requires that dislocations were present.  

However, after the indenter is removed, there are no obvious signs of dislocations.  There are 

some minor bits of contrast, although those most likely constitute bits of dislocation debris or 

slip steps on the surface.  The lack of dislocations after compression is also seen in Pillar 9 (Fig. 

4.16 B), as there are no obvious dislocations left in the tip of the collapsed pillar.  There are, 

however, some dislocations in the very base of the pillar.  Both these compressions indicate that 

starvation is occurring, as all the dislocations appear to have been driven from the pillars.  There 

is presumably a shower of dislocation activity once plasticity initiates near the ideal strength, but 

plasticity eventually halts as all the dislocations are driven from the pillars.  This appears to 

agree with the results of Schneider et. al.
42

 and Bei et. al.
63

 for low dislocation density pillars. 
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Fig. 5.1: A still frame taken from the compression of Pillar 9.  The strain contrast resulting from the enhanced 

contact stress is clearly visible. 

 

  Finally, the mechanical data from all four pillars is compared in Fig. 5.2.  Pillars 

7, 9, and 16 all have a similar loading profile, with elastic loading followed by a sudden collapse.  

The nominal stresses are all different, but as described above, they all reach values near the ideal 

strength in the contact region.  The loading for Pillar 16, which had the lowest value of the 

Hertzian stress, presumably would have continued loading had the pillar not buckled.  The 

obvious deviation in behavior is the loading of Pillar 13, but that is the pillar that was driven in to 

the base.  Although the area inside the base of the pillar cannot be seen, there are two potential 

explanations for that result.  First, it is possible the base of the pillar was weakened during 

fabrication, although that cannot be confirmed.  The other possibility is that this demonstrated a 

limited volume sustaining a higher stress than the bulk, as the base material would have been 

weaker and therefore would allow for the pillar to be driven in.  In either case, the result of the 

softening of the base is that the loading slope is much flatter, given that the pillar sinks. 
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Fig. 5.2: Comparison of all fully annealed pillars.  With the exception of Pillar 13, which sank in to the base of the 

pillar, all the pillars have a similar initial loading profile.  The second and third compressions of Pillar 7 also display 

a similar loading profile, despite already having been compressed. 

 

5.4 The Compression of Partially Annealed Pillars 

 

5.4.1 High Density Pillars 

 

 Pillars 2 and 6, the two high dislocation density partially annealed pillars, displayed 

qualitatively very different mechanical behavior, as was seen in Fig. 4.23.  However, their 

compressions are both characterized by apparent widespread dislocation activity, which would 

indicate at least some multiplication.  Given that the dislocation density was only reduced by 

approximately 40% relative to the as-fabricated pillars, this is not unreasonable.  However, the 

reduction is actually sufficient to significantly improve the visualization of dislocation behavior.  

As can be seen from Fig. 4.22, there is visually more open space, which allows for the 

opportunity to see dislocation motion.  That is exactly what is seen in Movies 11 and 12, 

although unfortunately the vibration of the pillar makes detailed observation difficult.  

Ultimately, though, the ability to reduce the dislocation density such that there are numerous 

mobile dislocations that can be observed should be considered a success.  Other attempts with 

better alignment of the pillars, combined with a better length to width ratio, could produce 

interesting results. 

 

 In regards to the pillars compressed here, the results are somewhat difficult to interpret 

due to the combination of vibration plus contrast changes due to bending.  Pillar 2 shows initial 

dislocation activity and some clearing, with the dislocations seeming to move down the pillar.  
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The pillar then starts to bend, however, making it difficult to interpret from the perspective of 

dislocation activity.  On the other hand, the compression of Pillar 6 is somewhat more 

interesting.  There is immediate dislocation activity upon the initiation of compression, which 

continues as the pillar undergoes three separate large strain bursts.  As can be seen from the 

movie, slip steps appear on the top surface of the pillar after each strain burst, implying large 

amounts of dislocation activity during the strain bursts.  After the final strain burst the indenter 

loses contact with the pillar, which requires the pillar to reload.  Given the misalignment of the 

pillar, the pillar bends slightly during reloading, but then reinitiates dislocation activity.  

Ultimately, there is apparent dislocation motion during each phase of the compression.  

However, like in Pillar 2, the dislocations appear to run down the pillar as opposed to gather or 

multiply near the tip.  That is reasonable given the direction of compression, but it also implies a 

competition between multiplication and starvation.  The dislocations oriented such that they 

glide to the surfaces are eliminated, which promotes starvation.  Some of the dislocations, 

however, are oriented such that they glide down the axis of the pillar (or at least at a small angle 

to the axis).  Given the persistent dislocation activity within the pillar, it would appear that those 

dislocations must be multiplying.  It could be argued that starvation is actually occurring, with 

the dislocations coming from newly activated sources.  However, the video does not show 

apparent periods of elastic loading followed by new dislocations, which would occur in the case 

of starvation.  The video is certainly not conclusive, but it would appear that the compression of 

Pillar 6 demonstrates the competition between multiplication and starvation. 

 

5.4.2 Low Density Pillars 

 

 The two low density pillars, Pillars 8 and 11, both had a dislocation density of 

approximately 9 x 10
13

 m
-2

, representing a reduction of about 80% in comparison to as-fabricated 

pillars.  Given the reduction in dislocation density, it is perhaps not surprising that the pillars 

behave more similarly to the fully annealed pillars than the as-fabricated pillars.  As was shown 

in Fig. 4.25, both pillars load directly to failure, not displaying the large strain bursts or stable 

plastic flow seen in the as-fabricated pillars.  However, as can be seen from the movies, the 

actual dislocation behavior within the pillars was quite different. 

 

 Pillar 8, shown in a compression sequence in Figs. 5.3 A-C, initially contained several 

curved tangled dislocations near the tip, as well as several line dislocations further down the 

pillar.  The pillar loads elastically until 2.40 GPa, at which stress a dislocation near the tip frees 

itself and presumably combines with the surface (see Fig. 5.3 B).  There are two interesting 

points in relation to this event.  First, the dislocation frees itself and slips without significant 

multiplication, which would support the hypothesis of dislocation starvation.  However, it should 

be noted that the true stress at the dislocation is less than the critical stress for multiplication 

predicted by Weinberger and Cai,
43

 which means starvation is actually predicted.  The second 

interesting point is that the freeing of the dislocation immediately initiates a strain burst.  Within 

0.03 seconds of the dislocation freeing itself, the pillar undergoes a stress drop of 0.2 GPa.  It is 

possible that the events are coincidental, but it appears that freeing the trapped dislocation allows 

for a strain burst.  This is reminiscent of the central dislocation in the compression of fully 

annealed Pillar 7, in which none of the dislocations in the strain burst penetrate past the central 

dislocation.  Given that the dislocations remaining after annealing are likely not oriented for slip, 

they appear to be serving as a significant barrier for dislocation flow. 
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Fig. 5.3: Compression sequence taken from the compression of Pillar 8.  The two indicated dislocations in (A) and 

(B) free themselves, leading to the measured load drops. 
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 The pillar continues to load elastically until 3.82 GPa, at which stress one of the line 

dislocations free itself (see Fig. 5.3 C).  Once again, the dislocation frees itself and leaves the 

pillar without any apparent multiplication.  In this case, however, the true stress near the 

dislocation is sufficiently high such that it is marginally higher than the critical stress for 

multiplication in Weinberger and Cai‟s model.  Given that the dislocation in the pillar nearly 

matches the dislocation used in the model, this compression would have been a prime scenario in 

which the multiplication model could have been observed.  However, it would not be surprising 

if the critical stress for multiplication in Weinberger and Cai‟s model is not exact.  As such, this 

experiment in hardly conclusive evidence against that model, but it does support the notion of 

starvation.  Also of note is the fact that the release of the dislocation is once again followed by a 

strain burst.  As seen in Fig. 4.25, a load drop of 0.31 GPa is measured upon release of that 

dislocation.  Although the dislocation motion is once again too fast to capture with the CCD, the 

removal of that dislocation appears to remove an impediment to dislocation flow.  Finally, the 

pillar continues to load elastically until catastrophic failure by shear, initiating at what appears to 

be a slip step formed during the first strain burst.  Much like the fully annealed pillars, there were 

no new dislocations in the pillar despite the large plastic event, implying the shear was localized 

to a single slip system. 

 

 Similar to Pillar 8, Pillar 11 initially started with a handful of dislocations.  More 

specifically, there were a couple of tangled dislocations near the tip, as well as a pair of 

dislocation loops.  However, in this case, the misalignment relative to uniaxial compression was 

much greater.  As a result, there was initially tilting of the pillar, which explains the difference in 

initial slope in the mechanical data.  Then, after initial loading to about 2.7 GPa, dislocations 

actually begin to nucleate at the tip, as can be seen in Movie 14.  The dislocation density rapidly 

increases as the compression continues, which would seem to imply multiplication over 

starvation.  The two dislocation loops free themselves during the flurry of dislocation activity, 

but no dislocations penetrate past the tangled dislocation lines.  The pillar continues to load and 

experiences a small strain burst, then finally the tangled dislocations free themselves from the 

pillar.  It should be emphasized that the dislocations free themselves after the strain burst, not 

before.  In the previous pillar, the strain bursts were both shortly preceded by the freeing of the 

dislocation, whereas it was the opposite for this pillar.  Finally, the pillar then continues to load 

until the tip folds over, a result of the misalignment of the loading.  The failure of the tip of the 

pillar appears to fill the base with dislocations, as the dislocations are not visible until after the 

final bending event.  As a whole, despite being similar in appearance and size to Pillar 8, the 

behavior of this pillar appears to be characterized more by dislocation nucleation and 

multiplication than by starvation.  Comparing to Weinberger and Cai‟s model, the stress in the 

pillar when the dislocation density is increasing is comparable to the predicted critical stress for 

multiplication, so the behavior is at least consistent with the model.  However, resolving 

individual dislocation behavior in the movie is impossible, so the model cannot be confirmed. 

 

 

5.4.3 Comparison to As-Fabricated and Fully Annealed Pillars 

 

 A comparison of the four different pillar classes is presented in Fig. 5.4: fully annealed, 

partially annealed low dislocation density, partially annealed high dislocation density, and as-

fabricated.  The comparison shows that by annealing, it is possible to recover the full spectrum of 
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mechanical responses seen in the compression of submicron pillars, despite the pillars having 

been fabricated by FIB.  At one end of the spectrum, the fully annealed pillars load elastically 

until sudden collapse, with their behavior characterized by complete dislocation starvation.  

Adding a few dislocations, the partially annealed low dislocation density pillar is characterized 

primarily by elastic loading and starvation.  However, two distinct dislocation motion events 

precede two strain bursts, and the final collapse of the pillar is at a stress approximately 3.5 GPa 

lower than the fully annealed pillar.  Increasing the dislocation density to above 10
14

 m
-2

, the 

pillar behaves more like an as-fabricated pillar, characterized by several large strain bursts and 

dislocation interactions leading to hardening.  Finally, the as-fabricated pillar is the weakest of 

the pillars, characterized by numerous strain bursts and widespread dislocation interactions 

leading to more prominent strain hardening.  Ultimately, all four pillars display the elevated 

strength associated with the size effect, as compared to the bulk flow stress of 400 MPa. 

 
 
Fig. 5.4: Comparison of all levels of annealing.  The full spectrum of mechanical responses is recovered, from the 

elastic loading of pristine samples to the strain bursts seen in as-fabricated pillars characteristic of the size effect.  It 

is worth noting that all of the samples sustain stresses higher than the bulk flow stress of molybdenum, which is 

down near 400 MPa. 
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Chapter 6: Conclusion 

 
 The results of this project have shown that in situ annealing in the TEM is a viable 

technique for the production of compression samples for subsequent in situ compression.  The 

ability to remove FIB-induced damage from TEM samples unlocks the versatility of the FIB as a 

sample preparation tool, which is particularly important given that the FIB is currently the 

primary method to produce in situ samples for mechanical testing.  Although this work focused 

on the annealing and compression of single crystal molybdenum, this process can potentially be 

expanded to numerous other materials.  In fact, materials that are more readily shaped by FIB 

milling, as well as materials that are electron transparent through greater diameters, could be 

expected to produce even better results than presented here.  The primary difficulties in the 

annealing and compression process are sample handling and alignment, both of which could be 

overcome by the integration of heating in to a TEM compression holder.  As TEM compression 

holders capable of heating are currently in development, the process of annealing followed by 

mechanical testing is a viable strategy for future work on a variety of different systems, including 

both alloys and systems with microstructural features such as precipitates. 

 

 The annealing experiments performed here demonstrate that it is possible to produce 

compression samples spanning a range of dislocation densities, despite starting with the high 

dislocation density resulting from FIB milling.  The in situ compression of those samples 

correspondingly demonstrates a range of mechanical behavior, moving from dislocation 

starvation to stable plastic flow as the dislocation density increases.  At one end of the spectrum, 

fully annealed pillars demonstrate complete starvation, resulting in sudden collapse at stresses 

sufficiently high to nucleate dislocations.  Introducing a few dislocations leads to limited 

plasticity dominated by starvation, still resulting in sudden collapse at elevated stresses.  

Introducing further dislocations results in increasing amounts of plasticity and dislocation 

interaction, ultimately ending in the behavior of as-fabricated pillars which demonstrate 

widespread dislocation interaction.  Although inconclusive, there appears to be a dislocation 

density at which the behavior transitions from dislocation starvation to dislocation interaction.  

The exact number at which that transition occurs, however, cannot be determined from the tests 

performed. 

 

 Finally, fully annealed pillars undergoing dislocation starvation sustain stresses 

approaching the ideal strength of molybdenum.  Employing a Hertzian analysis to determine the 

contact stress, the maximum stress in the pillars is determined to be between 84% and 95% of the 

calculated ideal strength for           oriented pillars and 79% to 98% of the calculated ideal 

strength for [100] oriented pillars. 
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Appendix A: The Schmid Factor 

 
 The Schmid Factor relates the normal axial load applied to a compression sample to the 

shear stress that develops on a crystallographic plane.  The relationship between the shear stress 

and the normal axial load is given by 

 

   
 

 
          (A.1) 

 

where η is the shear stress, F is the applied normal axial load, A is the cross-sectional area of the 

compression sample, ϕ is the angle between F and the slip plane normal, and θ is the angle 

between F and the slip direction.  The Schmid Factor is defined to be the product of the cosine 

terms:         . 
 

 For BCC metals, the most likely slip systems are known to be {110}<111>, {112}<111>, 

and {123}<111>.  In these compressions, the direction of force is parallel to the pillar axis, 

which is also known.  As such, through the use of the dot product, it is possible to calculate the 

Schmid Factor for every slip system active in a given pillar.  The pillars in this project had axes 

of           (corrected for accidental rotation away from         ) and [100].  All of the 

relevant Schmid Factors are tabulated below in Table A.1.  The           pillars are oriented for 

single slip, so there is only one primary orientation for each family of slip systems.  The [100] 

pillars, however, are oriented for multiple slip, so there are several equal slip systems for each 

family of slip systems. 

 

Table A.1:  Schmid Factors for Pillars with          and [100] Axes 

 

Pillar Axis Slip Plane Slip Direction Schmid Factor 

                [111] 0.487 

                [111] 0.471 

                [111] 0.497 

[1 0 0] (211)       0.471 

[1 0 0]       [111] 0.471 

[1 0 0]             0.471 

[1 0 0]             0.471 

[1 0 0] (110)       0.408 

[1 0 0] (101)       0.408 

[1 0 0]       [111] 0.408 

[1 0 0]       [111] 0.408 

[1 0 0] (110)       0.408 
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[1 0 0] (101)       0.408 

[1 0 0]             0.408 

[1 0 0]             0.408 

[1 0 0] (312)       0.463 

[1 0 0] (321)       0.463 

[1 0 0]       [111] 0.463 

[1 0 0]       [111] 0.463 

[1 0 0]             0.463 

[1 0 0]             0.463 

[1 0 0]             0.463 

[1 0 0]             0.463 
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Appendix B: Gallium Content 

 
 Although the Ga content of the annealed pillars was never determined, it is reasonable to 

think that some of the Ga would be removed during the annealing process.  To that end, some 

preliminary x-ray microflourescence data was collected from both as-fabricated and annealed 

pillars.  In short, x-ray microflourescence is the process of collecting characteristic x-rays 

emitted from a material that has been excited by high energy x-rays.  By identifying the 

characteristic x-rays that are emitted from the material, it is feasible that x-ray microflourescence 

could determine the Ga content in the pillars.  However, there were two limiting factors that 

prevented the acquisition of interpretable quantitative data.  First, the spot size of the incident x-

rays was approximately 1 µm x 1 µm, making the probe too large to isolate individual pillars.  

Second, no Mo-Ga samples were available to use as standards for calibration, meaning there was 

no way to account for self-interaction (matrix) effects from the sample.  As such, the collected 

data represents pure counts of characteristic x-rays, not concentrations. 

 

 Despite those limitations, several conclusions can be drawn.  First, from Fig. B.1, it is 

evident that there is a reduction in Ga in the region where the pillars are located.  Although it is 

not specific to an individual pillar, there is approximately a 90% reduction in Ga counts in the 

region where the pillars are located after annealing.  This cannot be directly correlated to 

concentration, but it at least indicates that annealing significantly reduces the Ga content in the 

pillars.  The second observation is that there is more Ga right along the edge of the bulk of the 

sample, which indicates that the Ga diffused from the pillars down in to the bulk.  Note that the 

data does not indicate a greater concentration in the bulk, but rather more counts.  The bulk of 

the sample is much thicker, so more counts are possible (and hence a greater signature in the 

figure) without the concentration being greater than in the pillars themselves.  As such, it is 

feasible that the concentration equilibrated between the pillars and the bulk.  In total, this further 

supports the notion that annealing helps to remove significant quantities of Ga from the pillars. 
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Fig. B.1: (A) Image of a sequence of FIB-milled pillars.  (B)  X-ray microflourescence map of the Ga content before 

annealing.  Red indicates the highest Ga content, with dark blue indicating the lowest Ga content.  The field of light 

blue in the middle indicates a moderate concentration of Ga where the pillars are located.  (C)  X-ray 

microflourescence map of the Ga content after annealing.  There is an apparent reduction of Ga where the pillars are 

located, whereas there is an increase in Ga content along the edge of the bulk. 




