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ABSTRACT

As nanotechnology continues to advance, the need for smaller, structurally complex mate-
rials has grown. However, these microscopic (106) and nanoscopic (109) structures often
display unexpected changes in mechanical properties as compared to their macroscopic
counterparts. Nanomechanical studies investigating size-effects in stiffness, strength, re-
coverability, ductility, and fracture, reveal an intimate interplay between the breakdown in
continuum behavior and the energetic landscape of microstructural mechanisms. Additive
manufacturing opens new opportunities to explore this microstructure-mechanics relation-
ship as it enables the micro- and nano-scale production of novel materials and microstruc-
tures. While existing studies on structural and functional materials highlight the unique
size-scale behavior, a large gap remains in our understanding of the complex relationship
between microstructure and material performance. This work investigates the interactions
and mechanisms that give rise to emergent nanoscale phenomena. With microstructural
characterizations, we demonstrate the role of boundaries and interfaces on mechanical and
mechanically-coupled behavior in (1) dense nanowire arrays, (2) nano-architected nanocrys-
talline zinc oxide, and (3) highly-twinned additively manufactured metallic systems. This
work provides critical insights into the mechanisms underlying the observed emergent
phenomena and further opens our fundamental intuition for microstructure-mechanics re-
lationships in materials at the nanoscale.



vii

PUBLISHED CONTENT AND CONTRIBUTIONS

[1] Rebecca A. Gallivan and Julia R. Greer. Failure mechanisms in vertically
aligned dense nanowire arrays. Nano Letters, 21(18):7542–7547, 2021. URL
https://doi.org/10.1021/acs.nanolett.1c01944.

Contributions: R.A.G participated in the conception of the experiments and
model. R.A.G. synthesized samples, performed experiments, analyzed data, formulated
application of the model, and lead writing the manuscript. Chapter 2 has been adapted
from this work.

[2] Rebecca A. Gallivan, Zachary H. Aitken, Antoine Chamoun-Farah, Yong-Wei Zhang,
and Julia R. Greer. Emergent mechanical and electromechanical behaviors in additively
manufacture nanocrystalline zinc oxide. Manuscript in preparation

Contributions: R.A.G. participated in the conception of the experiments. R.A.G.
synthesized samples, performed experiments, analyzed data, and formulated analytic
the model and its application. R.A.G. was a primary author for the manuscript.
Chapters 3 and 4 have been adapted from this work.

[3] Min-Woo Kim, Max L. Lifson, Rebecca A. Gallivan, Julia R. Greer, and Bong-
Joong Kim. Recoverable electrical breakdown strength and dielectric constant in
ultralow-k nanolattice capacitors. Nano Letters, 19(8):5689–5696, 2019. URL
https://doi.org/10.1021/acs.nanolett.9b02282.

Contributions: R.A.G contributed to the FEA simulations and interpretation
of the breakdown behavior in these materials. R.A.G. also participated in writing of
the manuscript. This work has not been adapted for this thesis.

[4] Max Saccone, Rebecca A. Gallivan, Kai Narita, Daryl W. Yee, and Julia R. Greer.
Microscale fabrication of 3d multicomponent metals via hydrogel infusion. 2022.
URL https://doi.org/10.21203/rs.3.rs-1108933/v1. Manuscript submitted
for publication.

Contributions: R.A.G. performed the nanoindentation, EBSD experiments, an-
alyzed data, discussed the findings, and edited the manuscript. Chapters 5 and 6
include adaptation of this work and build further upon its findings.

https://doi.org/10.1021/acs.nanolett.1c01944
https://doi.org/10.1021/acs.nanolett.9b02282
https://doi.org/10.21203/rs.3.rs-1108933/v1


viii

TABLE OF CONTENTS

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
Published Content and Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . vii
Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii
List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix
Chapter I: Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Micro- and Nano-Scale Fabrication � Traditional 2D Techniques . . . . . . 2
1.2 Micro- and Nano-Scale Additive Manufacturing . . . . . . . . . . . . . . . 4
1.3 Select Microstructural Features and Their Role in Mechanical Behavior . . . 6
1.4 Nanomechanical Characterization and Analysis Techniques . . . . . . . . . 11
1.5 Size E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

Chapter II: Failure of Highly Aligned Brittle Nanowire Bundles . . . . . . . . . . . . 20
2.1 Fabrication of ZnO Nanowire Bundles . . . . . . . . . . . . . . . . . . . . 21
2.2 Nanowire Bundle Characterization . . . . . . . . . . . . . . . . . . . . . . 23
2.3 Nanomechanical Testing of Nanowire Bundles . . . . . . . . . . . . . . . . 24
2.4 Modeling and Predicting Failure . . . . . . . . . . . . . . . . . . . . . . . . 29
2.5 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

Chapter III: Insights to Electromechanical Behavior in Nanocrystalline Nanoscale
Piezoelectric Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1 Fabrication of Nano-Architected ZnO via Photopolymer Complex Synthesis 34
3.2 Microstructural Characterization of ncZnO . . . . . . . . . . . . . . . . . . 35
3.3 In-situElectromechanical Experiments . . . . . . . . . . . . . . . . . . . . 37
3.4 Analytic Modeling of the Emergent Electromechanical Response in Nanocrys-

talline Piezoelectric Materials . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Molecular Dynamics Simulations of Electromechanically-Coupled Behavior 41
3.6 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

Chapter IV: Mechanical Failure Mechanisms of Additively Manufactured Nanocrys-
talline ZnO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.1 Structure Size E�ects on Failure Behavior . . . . . . . . . . . . . . . . . . 49
4.2 Molecular Dynamics Insights to Deformation Mechanisms . . . . . . . . . . 52
4.3 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

Chapter V: Characterizing the Microstructures of Cu, Ni, and Cupronickel Alloys
Produced via Hydrogel Infusion Additive Manufacturing . . . . . . . . . . . . . 56
5.1 Fabrication of Hydrogel Infusion Metallic Materials . . . . . . . . . . . . . 56
5.2 Microstructural Characterization through Electron Backscatter Di�raction . 60
5.3 Microstructural Characterization through TEM . . . . . . . . . . . . . . . . 68
5.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



ix

Chapter VI: Insights to Microstructure-Mechanics Relationships in Hydrogel Infusion
Additively Manufactured Cu, Ni, and Cupronickel Alloys . . . . . . . . . . . . . 72
6.1 Nanoindentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.2 Hardness in Hydrogel Infusion Cupronickel Systems . . . . . . . . . . . . . 73
6.3 The Role of Boundaries on Hardness . . . . . . . . . . . . . . . . . . . . . 76
6.4 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

Chapter VII: Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Appendix A: Additive Manufacturing Techniques at the Micro- and Nano-scale . . . 110
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Appendix B: Dislocations: Complex and Beautiful . . . . . . . . . . . . . . . . . . 113
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
Appendix C: Additional Notes on Microcrompession Testing . . . . . . . . . . . . . 115

C.1 Sneddon Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
C.2 Displacement Bursts, Load Drops, and other Nanomechanical Features . . . 116

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Appendix D: ZnO Nanowire Fabrication and Characterization . . . . . . . . . . . . 118

D.1 Electrolysis-Aided Hydrothermal Growth Set-up . . . . . . . . . . . . . . . 118
D.2 Nanowire Tilt Angles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
D.3 TEM Preparation of ZnO Nanowire Bundles . . . . . . . . . . . . . . . . . 119

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Appendix E: Additional Mechanical Analysis of ZnO Nanowires . . . . . . . . . . . 121

E.1 Impact of Tilt Angle and Flaw Size on Failure Stress . . . . . . . . . . . . . 121
E.2 Euler Buckling Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . 121
E.3 Derivation of Probability Function for Failure . . . . . . . . . . . . . . . . . 123

Appendix F: Piezoelectricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
Appendix G: ncZnO Sample Fabrication and Characterization . . . . . . . . . . . . 127

G.1 Photopolymer Complex Synthesis � Resin Formulation . . . . . . . . . . . 127
G.2 TEM Sample Preparation of nc-ZnO . . . . . . . . . . . . . . . . . . . . . 127
G.3 Grain Size Analysis nc-ZnO . . . . . . . . . . . . . . . . . . . . . . . . . . 127

Appendix H: Derivation for the Theoretical Standard Deviation of the Measured
Electromechanical Response of a Randomly Oriented Microstructure . . . . . . . 128

Appendix I: Shear Band Nucleation Energy Derivation . . . . . . . . . . . . . . . . 130
Appendix J: Hydrogel Infusion Processing . . . . . . . . . . . . . . . . . . . . . . . 131

J.1 Organogel Resin Formulation . . . . . . . . . . . . . . . . . . . . . . . . . 131
J.2 Solvent Exchange . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Appendix K: Additional Inverse-Pole Figures for HI Metals . . . . . . . . . . . . . . 132
Appendix L: Curponickel Solid-Solution Hardening Comparison . . . . . . . . . . . 133
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
Appendix M: Electron Backscatter Detection . . . . . . . . . . . . . . . . . . . . . 136



x

LIST OF ILLUSTRATIONS

Number Page

1.1 Schematic of Photopolymer Complex Synthesis Method for Zinc Oxide.

Using a resin containing zinc ions, the structure is printed (b) with two-photon

lithography to form a solid zinc-ion containing polymer. Subsequently (c)

the structure is heated in air to remove the organic material and leave behind

a zinc oxide 3D structures. (Image reproduced with permission from Ref.

[209].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2 The Swell-in Hydrogel Infusion Process for Additive Manufacturing. (a)

Schematic representation of the methods for turning a polymeric based gel

into an oxide and subsequent metal. It highlights the steps associated with

�rst material selection (swell-in), then nucleation and growth of the material

(calcining), and �nally potential phase changes in addition to high degrees

of di�usion (annealing). (b) Physical samples for Cu at the corresponding

stages schematically outlined in (a). (c) A demonstration of the wide material

selection derived from swelling in various metal salt precursors. All lattices

are approximately 2 mm x 2 mm x 1 mm . . . . . . . . . . . . . . . . . . . 6

1.3 Dislocations in a Crystal. Schematic representation of (a) edge and (b)

screw character dislocations. Both dislocation types have small schematics

indicating the relative orientation of the Burger's vector as compared to the

dislocation line and the resulting glide as a function of applied stress. The

image was taken as an excerpt from Fig. 1 in Ref. [118] and color adjusted.

This material is made available under a public Creative Commons License. . 7

1.4 Schematic Representation of Geometrically Necessary Dislocations.(a)

Graphic representation of how a bend in the material can necessitate GNDs

and (b) highlights how GNDs can accommodate the deformation formed

during nanoindentation. Image adapted from Ref. [64] . . . . . . . . . . . . 8

1.5 Schematic of Grain Boundaries. (a) High-angle, (b) low-angle, and (c)

twin boundaries highlight boundaries with varying level of mis�t between

the two grains. Adapted from Ref. [128] . . . . . . . . . . . . . . . . . . . 9

1.6 Schematic of Various CSL Boundaries.Coloration helps guide the eye to

the patterns in the boundaries for (a)� 3, (b) � 5, (c) � 9, (d) � 13a, (e)� 11,

and (f) � 17a CSL boundaries. Adapted from Ref. [34] . . . . . . . . . . . . 10



xi

1.7 Schematic ofex-situNanoindentor. The instrument parts (grey) are labeled

and the stage motion is indicated by orange arrows. The sample is cream

colored. Image courtesy of Seola Lee. . . . . . . . . . . . . . . . . . . . . . 11

1.8 Schematic Microtensile Testing.The red arrows indicate the direction of

the applied force. (a) The push-to-pull con�guration relies on compressive

stress to move the entire c-shaped part, thus pulling on the specimen (blue)

that has been welded by some deposited material (light grey). (b) The grip

con�guration emulates a macroscale tensile test with the sample (blue) well

connected to the substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1 Hydrothermally Grown ZnO Nanowire Bundles. (a) Depicts the fabri-

cation schematic where (i) the initial Si substrate is coated Au before (ii)

e-beam lithography patterns PMMA resist. The substrate is then used for

hydrothermal growth to produce (iii) nanowire bundles in the holes. (iv)

Removal of the PMMA resist leaves free-standing bundle structures. SEM

image of (b) an individual representative nanowire bundle and (C) a cleaved

bundle show highly aligned and dense nanowire structures. (d) An EBSD

pole map from the top surface of a bundle shows high alignment of the

nanowires along <0001> direction. All scale bars are 1� m. . . . . . . . . . 22

2.2 TEM Images of a Nanowire Bundle. (a) The di�raction pattern corre-

sponding to the vertical cross-section of a representative 2� m bundle down

the [210] zone axis. (b-c) Dark �eld images corresponding to the di�raction

spots
�
2�42

�
(b) and

�
�24�8

�
(c) highlighted in A which show individual single

crystal nanowires present in the bundle structure. . . . . . . . . . . . . . . . 24

2.3 In-situ compression of a ZnO nanowire bundle to failure.The snapshots

highlight the mechanical response of a representative 2� m diameter (~15

nanowires). Engineering stress vs. strain with SEM images that correspond

to pertinent regions of (I) initial loading, (II) incipient splitting, and (III)

ultimate catastrophic failure. All scale bars are 1� m. . . . . . . . . . . . . . 26



xii

2.4 Contribution of Flaws at the Interface to Structural Failure. (a) Schematic

illustrating the bundle-splitting mechanism along nanowire interfaces using

an analog Mode I double cantilever beam (DCB) test where P is the bend-

ing force, b represents individual thickness of wires, and h is the interfacial

thickness or interaction distance. (b) SEM image of nanowire interfacial

splitting during loading that supports mechanism illustrated in (a). Scale

bar is 1� m. (c) Plot of the maximum stable �aw size denoted as a based

on Mode I DCB using 1° and 5° bounds for the tilt angle,� , and a fracture

toughness of the interface, K�� , which is bounded by 0.58 MPa
p

< from van

der Waals interaction and 2.5 MPa
p

< from a grain boundary-like interface.

The orange band represents the range of experimental failure stresses de�ned

by of the �rst burst. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5 Statistical Model for Describing Failure. (a) The expected fraction of

failed nanowires (denoted by the shaded region) given Weibull Modulus of

2.55 and� a/ ¤� of 1000. The lower bound is set as 2 GPa (solid line) and

the 5 GPa theoretic failure stress serves as the upper bound (dashed line).

Comparison of model and experimental results for (b) expected failure values

for range of bundle sizes and (c) optimized Weibull distribution from model

with experimental data for failure stress. . . . . . . . . . . . . . . . . . . . . 30

3.1 Microstructure of Additively Manufactured Zinc Oxide Pillars. (a) The

TEM di�raction rings from a region at the bottom of the pillar which indicate

a lack of texturing or preferred grain orientation and (b) a dark �eld image

showing highlighted grains for grain size analysis. Scale bar is 100 nm.

(c) An SEM image of a printed ZnO pillar approximately 2� m in diameter

with the resulting histograms of the grain distributions for the (d) top and (e)

bottom regions of the structures showing similar and good agreement of the

grain size distribution. Scale bar is 1� m for image (c). . . . . . . . . . . . . 36



xiii

3.2 Electromechanical Testing of Nano-architected Materials.(a) An image

inside of an open SEM chamber showing the custom set-up forin-situ elec-

tromechanical testing with labelled components. (b) Diagram inset provides

overview of apparatus and connection to external potentiostat for electrical

measurements. (c) Schematic representation of the printed zinc oxide's mi-

crostructure and the proposed relationship to the measured voltage of the

structure. Grey arrows show the orientation of c-axis in the grains and or-

ange arrows show the resulting component of electrical potential measured

during compression of a pillar. (d) Representative before and after images

of a pillar undergoing compression with blue line to guide the eye. Scale bar

are 2� m. (e) The resulting change in measured voltage of a representative

nc-ZnO pillar under an applied displacement of 200 nm. . . . . . . . . . . . 38

3.3 Electromechanical Response of Nanocrystalline ZnO as a Function of

Grain Number. Red points correspond to observed sample response for

pillars given the estimated grain number of each structure. The blue shaded

region indicates the expected electromechanical response of structure based

on the collective electromechanical behavior model for one standard devi-

ation
�
� 33•

p
6#

�
and two standard deviations

�
2� 33•

p
6#

�
, with N as the

number of grains and h33 as the piezoelectric coe�cient. The vertical bands

indicated the estimated grain numbers for a 2-3� m diameter pillar with a 1:2

aspect ratio given 7 or 14 nm grains. Insert graph highlights experimental

data taken from 2-3� m diameter pillars with ~7 nm grains. . . . . . . . . . 40

3.4 Molecular Dynamic of Polycrystalline Zinc Oxide Electrical and Me-

chanical Behavior. The mechanical (black) and electrical (green) response

of a specimen with 40 grains and an average grain size of 5 nm. Snapshot

images of the local polarization of grains in the structure at 3%, 7%, 11%,

and 15% strain. Grey arrows indicate the direction of the applied compression. 43



xiv

3.5 Molecular Dynamics Simulations of Isolated Grain Boundaries. Me-

chanical (blue) and electric (orange) data for shearing an isolated� 3 bound-

ary (left) where the c-axis lies in the plane of shear and� 7 boundary (right)

where the c-axis lies perpendicular to the plane of shear as indicated by the

schematic inset. Snapshots show the progression of atomic re-arrangement

at 3%, 7%, 11%, and 15% strain to highlight the atomic structure before ini-

tial recon�guration, after the primary slip event, and throughout subsequent

boundary motion. Black arrows indicate the distance of the boundary from

a �xed point to highlight the boundary motion. Individual atoms along the

boundary are circled and tacked to guide visualization of the atomic motion.

Di�erent coloration of the atoms in the snapshots indicate zinc (blue atoms)

and oxygen (red atoms). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1 Failure Behavior of Nanocrystalline ZnO pillars at Various Sizes.Repre-

sentative stress-strain curves for a pillar, which is greater than 2 m diameter

(i; dark purple), between 0.8 � 2 m diameter (ii; orange), and less than 0.8

m diameter (iii; pink). In-situ SEM images show before and after failure

initiation for each size regime and demonstrate the corresponding observed

failure behavior: (i) splitting, (ii) shearing, and (iii) deforming. Graphic

representation of each deformation behavior highlights di�erences observed

in each failure regime. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2 Onset of Failure and Failure Regimes as a Function of Pillar Size.Points

are labeled with the observed failure behavior of deforming (orange), shear-

ing (pink), and splitting (dark purple). Dotted line shows the minimum

critical stress necessary for shear band formation calculated using Eq. 4.1.

Failure stresses below the line are not expected to be shear band mediated. . . 50

4.3 Schematic Representation of Cooperative Shear Band Formation.(a)

The unperturbed initial grains in a nanocrystalline material. (b) Some grain

boundaries are activated under an applied stress. Green arrows initiate shear

along those boundaries. (c) As more stress is applied, more boundaries

become active particularly until (d) a pathway forms for deformation or

crack propagation forms (highlighted region) and the material collectively

shears. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.4 Fracture Surface of ncZnO Pillar. The SEM image shows the fracture

surface formed at 45° to the base of the ncZnO pillar. The rough surface

indicates an intergranual fracture path. . . . . . . . . . . . . . . . . . . . . . 52



xv

4.5 Molecular Dynamics Analysis of Strain Localization in Grains and Grain

Boundaries. (a) Weighted von Mises strain as a function of the applied

compressive strain for atoms in the grains and along the grain boundaries. (b)

Strain colored snapshots of the simulated microstructure of nanocrystalline

ZnO at 3%, 7%, 11%, and 15% applied compressive strain in the x direction.

Enlarged view of 15% strain highlights the presence of dislocations with

black arrows following the dislocation line. (c) Weighted von Mises strain as

a function of the mode (i.e., peak) of von Mises strain. Points corresponding

to the snapshots in (b) are labeled accordingly for atoms in grains (green text)

and grain boundaries (black text) respectively. . . . . . . . . . . . . . . . . . 53

5.1 Schematic Figures of Honeycomb Lattice.CAD model used for printing

honeycomb lattice structure and the corresponding feature dimensions. The

left shows a top-down view (i.e., a view of the x-y plane); and the right shows

a three-dimensional view with the z direction pointing toward the left-hand

of the page. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.2 Representative SEM Images of Hydrogel Infusion Honeycomb Lattices.

(a) Shows zoomed-out SEM images of the grids for (i) Cu, (ii) Cu80Ni20,

(iii) Cu55Ni45, and (iv) Ni. (b) Zooms into the lattice structure for (i) Cu,

(ii) Cu80Ni20, (iii) Cu55Ni45, and (iv) Ni to give a detailed view of the node

and beam structure. (c) shows an angled view to reveal the side walls of the

lattice. Focused ion beam channeling images of a (d) node and (e) beam

element highlight some of the di�erent grains and twinned regions found in

those structures through contrast. All images were taken as-printed and prior

to embedding in epoxy. Scale bars are (a) 1 mm, (b) 500� m, (c) 200� m,

and (d-e) 20� m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.3 Representative EBSD for Cu, Cu80Ni20, Cu55Ni45, and Ni. The EBSD

mapping shows crystal orientation along the z-axis of the lattice for (a) Cu,

(b) Cu80Ni20, (c) Cu55Ni45, and (d) Ni samples with boundaries between

orientation regions outlined in black for visual ease. All scale bars are 10

� m. Coloring scheme follows the standard EBSD pole mapping with red as

<001>, green as <101> and blue as <111>. See Appendix M.2 for a large

legend. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4 Crystal Phase Mapping from EBSD of Representative Cupronickel Al-

loy. The image shows the regions where the material has a FCC crystal phase

in red. Boundaries of orientation are outlined in black to visually guide the

eye with regards to the microstructure. . . . . . . . . . . . . . . . . . . . . . 62



xvi

5.5 Histograms of Grain Size Distribution. Distributions shown for (a) Cu,

(b) Cu80Ni20, (c) Cu55Ni45, and (d) Ni with the mode and mean reported in

each respective sub�gure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.6 Inverse Pole Figures for HI Metals. Inverse pole �gures for (a) Cu, (b)

Cu80Ni20, (c) Cu55Ni45, and (d) Ni along the z axis show no texturing and

even distribution of grain orientations across the whole crystallographic space. 64

5.7 Comparison of Grain Shape.Grains are shown to be similarly shaped and

not forming any columnar morphologies in the (a) normal (x-y plane) and

(b) cross-sectional (parallel to z plane) surfaces. All scale bars are 10� m. . . 65

5.8 Highlighting CSL Boundary Clusters. Representative EBSD map from

Cu80Ni20 showing (a) crystal orientation and (b) band contrast maps. CSL

boundaries are highlighted on the band contrast map with red for� 3, green

for � 5, pink for � 9, and yellow for� 11. The dashed teal box highlights a

region of clustered higher order CSL boundaries in contrast to the ubiquitous

distribution of twin (� 3) boundaries. . . . . . . . . . . . . . . . . . . . . . 67

5.9 TEM Micrograph of Hydrogel Infusion Produced Cu. (a) Overview

image of region shows the presence of twinned regions on the order of

~100 nm (orange arrows), well formed grain boundaries (red arrows), and

nanoscale inclusions (purple arrows and circle). (b) The zoomed in section

highlights these three features. . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.10 High-Resolution EDS Mapping of Aluminosilicate Particle in HI Cu. (a)

The TEM micrograph showing the particle analyzed through high-resolution

EDS mapping. Intensity of coloring shows the relative presence of (b) C, (c)

Si, (d) O, (e) Al, and (f) Cu. . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.1 Hardness in Hydrogel Infusion Cupronickel Alloys. Plotted average and

standard deviation of hardness as a function of compositions for cupronickel

alloys for each tested sample. Samples are o�set slightly by composition

for readability. Only Cu, Cu80Ni20, Cu55Ni45, and Ni are tested. Grey

dashed line represents solid-solution hardening behavior from previous lit-

erature [12]. Coloration of points is a mixture of blue (Cu) and green (Ni)

corresponding to the alloy composition. . . . . . . . . . . . . . . . . . . . . 74

6.2 Hall-Petch and Twin Boundary Hardening Compared to Hydrogel Infu-

sion Metals. Plotted as the mean hardness and area-weighted grain size for

(a) Cu, (b) Cu55Ni45, and (c) Ni. The dashed line represents the predicted

Hall-Petch Relationship from literature, and the shaded area is the possible

increase in hardness due to the presence of twins as outlined in Eq. 6.4 . . . 79



xvii

6.3 Twin Number Density Relationship to Increased Hardness in HI Metals.

The average and standard deviation of both the twin number density and the

deviation from literature reported hardness. . . . . . . . . . . . . . . . . . . 80

6.4 Twin Line Density Relationship to Increased Hardness in HI Metals.

The average and standard deviation of both the twin line density and the

deviation from literature reported hardness. . . . . . . . . . . . . . . . . . . 81

7.1 Machine Vision Aided Microstructural Learning. Schematic outlining

one possible way in which EBDS and mechanical testing could be coupled

through machine vision to learn the sensitivity and relationship of complex

or localized structures on performance. . . . . . . . . . . . . . . . . . . . . 86

D.1 Hydrothermal Growth Apparatus. Images and a corresponding schematic

of the electrolysis cell during testing. Expanded view of the of the custom

set-up for holding the chip and providing electrical contact during growth. . . 118

D.2 Nanowire Tilt Angles. A histogram showing the relatively uniform distribu-

tion of tilt angles measured from as-fabricated bundle samples with a mean

of 2.8 +/- 1.2°. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

E.1 Critical Buckling Stress for an Unsupported Hexagonal ZnO Nanowire.

For a particular aspect ratio and given a �xed base and �xed (k = 0.5), pinned

(k � 0.7), or free (k = 1.0) boundary condition, the critical stress required

to initiate Euler buckling. Grey area re�ects experimentally average +/- a

standard deviation in observed dimensions of the nanowires. . . . . . . . . . 122

F.1 Piezoelectric Mechanism in ZnO.Schematic �gure of the wurtzite crystal

structure of ZnO with the ring structure responsible for piezoelectric character

highlighted. Corresponding 2D diagram shows how applied stress or electric

�eld can result in directional electromechanical responses. Images adapted

from Ref. [225] under a creative commons license. . . . . . . . . . . . . . . 125

K.1 Additional Inverse Pole Figures for HI Metals. Inverse pole �gures for (a)

Cu, (b) Cu80Ni20, (c) Cu55Ni45, and (d) Ni along the y axis show no texturing

and even distribution of grain orientations for the in-plane direction. . . . . . 132

L.1 Comparing Hydrogel Infusion Cupronickel Alloys to Solid-Solution Hard-

ening Behavior. The average hardness of samples produced through Hydro-

gel Infusion for various compositions and the standard error of the hardness

are plotted in color. The predicted solid-solution hardening behavior from

Ref. [12] is prepresented by the dashed grey line. . . . . . . . . . . . . . . . 133



xviii

M.1 Kikuchi Band Patterns Collected through Electron Backscatter Detec-

tion. (a) A raw image from the scatter pattern and (b) the detected lines

which are used to determine crystal phase and orientation in EBSD. . . . . . 136

M.2 Inverse Pole Coloration Key. The above image is the standard key for

coloring orientations of crystals with red as <001>, green as <101> and blue

as <111> and gradation of color mixing to represent angles in between. . . . 137



xix

LIST OF TABLES

Number Page

3.1 Representative Pillars for Various Peak Burn Times. SEM images for

pillars processed at 500°C, 700°C, and 900°C which shown increasing

porosity and lacy-like structures with increased temperature. . . . . . . . . . 35

5.1 Swell-in Solution Concentrations.The particular volumetric percentage of

Cu and Ni salts used to make pure and alloyed metallic structures. . . . . . . 58

5.2 Grain Shape. The aspect ratio of the major to minor axis in the elliptical

approximation of the grain for all compositions. . . . . . . . . . . . . . . . . 64

5.3 Twin Prevalence in Cu, Cu80Ni20, Cu55Ni45, and Ni. Average values and

standard deviation of grains containing at least one twin and the number of

twins found in a grain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.4 Twin Densities in Cu, Cu80Ni20, Cu55Ni45, and Ni. Average values and

standard deviation of twin line length and number density. Eq. 5.1 shows

how twin line density is calculated. . . . . . . . . . . . . . . . . . . . . . . 66

5.5 Non � 3 CSL Boundaries Percentage.The average portion and standard

deviation by site of all CSL boundaries which are high order (i.e., not� 3)

boundaries. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.1 Regional Variation in Hardness. Absolute di�erence in the measured

hardness at the node and the beam for Cu, , Cu80Ni20, Cu55Ni45, and Ni.

Standard deviation of measured hardness for this representative sample. . . . 74

6.2 The mean hardness, standard deviation, and standard error of each sample of

Cu, Cu80Ni20, Cu55Ni45, and Ni measured by nanoindentation. . . . . . . . . 75

6.3 Percentage Increase in Hardness Due to Twins.The increase in hardness

from the corrected Hall-Petch equation for HI Cu, Cu55Ni45, and Ni metals

using the average twin densities observed and the experimentally observed

increase in hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

A.1 Details and References for Micro- and Nano-scale AM Techniques.Pre-

cursor refers to the resin or pre-printing materials that are transformed into

the 3D structure. Note that reference numbering is speci�c to this appendix. . 110

C.1 Sneddon and Theoretical Sti�nessCalculations for the Sneddon correc-

tion and Theoetical Sti�ness corresponding to all pillar-like nanomechanical

compressions performed in this work. . . . . . . . . . . . . . . . . . . . . . 116



xx

E.1 Critical Aspect Ratio for Euler Buckling. Calculated critical aspect ratio

for a given a applied stress for various boundary conditions of a hexagonal

column. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

F.1 De�nition of Piezoelectric Coe�cients. . . . . . . . . . . . . . . . . . . . 126



1

C h a p t e r 1

INTRODUCTION

One of the foundational perspectives in the study of materials is that atomic-level processes

have profound e�ects on the macroscopic (or observable) behavior. From explaining fun-

damental relationships to identifying key engineering considerations, the nano-scale world

provides unique insight into the mechanisms which in�uence and occasionally dominate

material performance. With careful thought, we can leverage these tiny tools to answer the

questions and puzzles uncovered during the exploration of materials (new and old) and their

phenomena.

A vast body of work has laid the framework for this atomistic perspective and provides both

mechanistic and energetic models which elucidate how microstructure begets performance1.

However, the picture is far from complete. This thesis aims to contribute its own piece to

the puzzle within the �eld of nanomechanics, a discipline where size matters because of

its marked impact on material behavior. The following work characterizes the relationship

between boundaries2, length-scale, and mechanical or mechanically coupled behaviors in

materials. It examines the importance of the interface in structures made through traditional

nanofabrication techniques and leverages advancements in additive manufacturing at micro-

and nano-length scales to explore new but not yet fully understood functional materials

including zinc oxide (ZnO), copper (Cu), nickel (Ni) and cupronickel alloys. Through this

fundamental investigation of microstructure and length-scale, we seek to provide insight

into the mechanistic understanding of emergent nanomechanical phenomena and lay the

foundation for future design and engineering of these materials on the nanoscale.

The remainder of the introduction will provide speci�c context and background for the

techniques, theory, and concepts relevant for contextualizing the research contained within

the body of this work.
1Performance here is de�ned as the observed or anticipated behavior of a material in its post-processed

form or as a component. Properties will refer to the fundamental, theoretical, and/or thermodynamic response
of only the material. Performance can have a stochastic element stemming from variation within or between
produced materials. Properties are typically universal for a speci�c material.

2We will generally consider various types of boundaries with a focus on free surfaces, twin boundaries,
and grain boundaries including coincident site lattice (CSL) boundaries.
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1.1 Micro- and Nano-Scale Fabrication � Traditional 2D Techniques

Lithography

Lithography is a technique by which a speci�c pattern is printed or written into material. For

small-scale fabrication, this is typically achieved by changing the solubility of a photoresin

or photoresist through photolithography (sometimes referred to as optical lithography). It

can be done with a speci�c wavelength of light3, or an electron beam (known as e-beam

lithography). Depending on the formulation of the resist it will either increase solubility

(positive-tone) or decrease solubility (negative-tone) with respect to the developer solution

when exposed. After exposure and development the remaining photoresist will be either a

copy of the mask (positive-tone) or an inverse image (negative-tone).

Photolithography uses physical masks to block out light in speci�c patterns. The technique

is fast and e�ective for large areas, and resolution is limited by the wavelength of the light

source. State-of-the-art instrumentation can produce features down to 40 nm using-ultra

deep UV sources [? ]. Conversely, e-beam lithography rasters an electron beam in the

desired pattern to expose the photoresist. This allows resolutions below 10 nm but can

be quite time intensive and require signi�cant optimization of write parameters [90]. For

this reason, the technique is best suited for patterning requiring high-resolution or precise

feature alignment.

Lithography is primarily coupled with etching and deposition processes whereby the resist

now acts as the mask to expose (or shield) areas of the substrate. These techniques are

a critical tool for controlling material placement and removal in nanofabrication and are

widely used in creating new nanotechnologies [42, 43, 132].

Deposition

Deposition can be carried out through a variety of methods depending on the desired

thickness, material, and level of conformity to the substrate. Though not exhaustive, we

will outline the more commonly used techniques and those most relevant to the experiments

and literature discussed in this thesis.

Atomic Layer Deposition (ALD) conformally coats the surface of a structure by depositing

one atomic layer at a time. Of the deposition techniques discussed in this section, it has the

highest resolution for �lm thickness and can form extremely smooth surfaces [116]. Though

more limited that other methods in the range of available materials, ALD has been widely
3This is often a blue or lower-energy UV light, though some chemistries require green or deep UV sources.
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adopted in nanofabrication designs and even used to make hollow nanolattice structures

[141, 175, 221].

E-beam physical vapor deposition is a technique which uses a high-energy electron beam

to vaporize materials which are precipitated from the gaseous phase onto a substrate. The

technique is a line-of-site deposition, meaning it can only coat surfaces perpendicular to

the throwing direction and cannot coat shadowed areas. E-beam deposition can produce

�lms of a wide array of metals and oxides with thicknesses between several nanometers

and microns [78]. Used in a variety of applications for chip-based devices and coatings

[22, 78, 107, 182], the technique provides a robust and relatively fast method for coating

structures.

Electrodeposition is a method of electrolysis which deposits material from a solution onto a

conductive substrate. Through control of the temperature, pH, current density, and electrical

potential, various nanostructured surface morphologies can be formed [166, 203, 223].

In conjunction with masking techniques, electrodeposition has also been used to form

nanopillars and more complex structures [97, 201].

Etching

As a chemical process, etching provides an e�ective method for large-scale, parallelized

removal of material that typically leaves an atomically smooth surface with minimal residue

or microstructural transformation. Wet-etchants refer to solution-based reactions that strips

the material from the solid interface into the solution. Depending on the material and

solution interactions, an etch can be isotropic (i.e., equal rate of removal from all directions)

or anisotropic (i.e preferential removal of atoms from a particular crystallographic plane)

[77].

Conversely, dry etching utilizes plasmas to strip material from an exposed surface. These

techniques, known as Reactive Ion Etching (RIE), are far more directional than wet etching

and eliminate the need for handling dangerous chemical solutions [88, 120, 185]. RIE also

allows for greater control and precision during the etching process. However, the process

recipes often require far more optimization as speci�c chamber conditions can greatly

impact the surface interactions.

Focused Ion Beam Milling

Another powerful method for nanoscale removal of material is through a technique known

as focused ion beam (FIB) milling. Using principles similar to that of scanning electron
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microscopy, a beam of ions is focused and rastered in a particular pattern to mill away the

desired material. FIB systems are used in a variety of ways including to expose cross-

sections and areas of material [56], prepare specimens for TEM analysis [63, 95, 138],

fabricate samples for nanomechanical testing [16, 189], and depositing metals such as

platinum and tungsten [162].

There are several ion sources readily used in FIB milling with gallium as the most common.

However, gallium is problematic during the preparation of certain materials as it can alloy

with the substrate and subsequently in�uence local microstructure [138, 228]. Other sources

such as xenon, argon, neon, and helium reduce interactions between the beam and material

making them more attractive for damage-sensitive samples [8, 23, 112]. Additionally cryo-

FIB can reduce damage to samples by cooling down the system. This technique is most

commonly employed with biological and light element samples [140, 216].

FIB-milling is a technique heavily used in the �eld of nanomechanics and microstructural

characterization and is instrumental to the work presented in this thesis (and other doc-

toral work not outlined here). This method for material removal also underpins much

of the foundational work on mechanical size e�ects and is a critical tool in probing the

microstructure-mechanics relationship of speci�c microstructural features. Further discus-

sion of these �elds can be found in Section 1.4 and 1.5.

1.2 Micro- and Nano-Scale Additive Manufacturing

Figure 1.1: Schematic of Photopolymer Complex Synthesis Method for Zinc Oxide.
Using a resin containing zinc ions, the structure is printed (b) with two-photon lithography
to form a solid zinc-ion containing polymer. Subsequently (c) the structure is heated in
air to remove the organic material and leave behind a zinc oxide 3D structures. (Image
reproduced with permission from Ref. [209].)
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At the macroscale, additive manufacturing (AM) shows great promise as a new materials-

processing technique. In additional to enabling otherwise unmachineable parts, materials

printed through AM can produce unusual microstructures such as extremely high dislocation

densities, columnar or dendritic grain shapes, and gradients of cyrstallographic phase

[68]. As is further discussed in Section 1.3, microstructural features govern mechanical

behavior; thus AM processing may hold promising new avenues for engineering mechanical

properties and material function. These novel microstructures also open opportunities

for advancing fundamental investigation of atomic-level processes and further �ll in our

energetic understanding of deformation mechanisms.

For the micro- and nano-scale, additive manufacturing has great potential to advance small-

scale devices. Additive processing methods provide an extraordinary opportunity for nano-

architecting materials; however, at (and below) the microscale, material selection is limited

[82]. This is due, in part, to the challenge of controlling materials and chemistries at the

nanoscale with high spatial con�nement. However, many techniques have been developed to

open up this materials space. These techniques are typically based in interactions facilitated

by an energetic beam (laser, electron, or ion beam) [31, 110, 159, 180, 184, 190, 217], surface

tension [62, 87, 152], or extrusion [7, 81, 177]. Appendix A provides more information on

many of the reported small-scale AM techniques.

The additive manufacturing used in this work is a novel method for printing metals and

oxides known as Hydrogel Infusion (HI). This technique is a based in photolithography but

applies a series of treatments to the printed hydrogel component in order to produce the

desired material. We utilize two variants of the HI technique: the photopolymer complex

synthesis or PCS approach (Figure 1.1) where metal ions are contained with the resin

[209, 210] and the swell-in approach (Figure 1.2) where metal salts infuse the hydrogel

after printing [170, 211]. Then, the metal ions contained in the hydrogel are converted to

an oxide during calcining. If desired (and thermodynamically possible) the oxide can be

reduced to its parent metal or metallic alloy. One bene�t of this technique is the range of

materials produced and high-resolution of the �nal components.

Chapters 3 and 4 characterize the microstructure and mechanically related behaviors of ZnO

printed through PCS using two-photon lithography4. The materials are between 200 nm

and 5� m in feature size. Chapters 5 and 6 characterize the microstructure and mechanical

properties which arise from Cu, Ni, and cupronickel alloys printed through the swell-in
4Two-photon lithography uses special photoinitators that require a two photon event to induce polymer-

ization. This allows for very small voxels (or volume pixels) when printing as only the focal point of the laser
is likely to be energetic enough to generate a two-photon event.
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