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The progress in microscale additive manufacturing (µ-AM) of metals requires engineering of the 

microstructure for various functional applications. In situ control over the microstructure during 

three-dimensional (3D) printing is critical to achieve metallic nanostructures with desired 

properties and eliminate the need for post-processing. In this dissertation, an ambient environment 

localized pulsed electrodeposition (L-PED) process for direct printing of 3D free-standing and 

layer-by-layer nanotwinned (nt) metals is introduced. 3D nt-Cu structures were additively 

manufactured using pulsed electrodeposition at the tip of an electrolyte containing nozzle. For the 

first time, the control of the microstructure of metals during 3D-printing is reported. In particular, 

It is shown that through variation of electrochemical process parameters the density and the 

orientation of the coherent twin boundaries (CTBs), as well as the grain size can be controlled. Nt-

metals offer superior mechanical (high ductility and strength) and electrical properties (low 

electromigration) compared to their nanocrystalline (nc) counterparts. While these properties are 

advantageous for applications in nanoscale devices, the fabrication of nt-metals has been limited 

to 2D films or template-based 1D geometries. 
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The focused ion beam (FIB) and transmission electron microscopy (TEM) analysis showed that 

the printed metal was fully dense, mostly devoid of impurities and microstructural defects, and 

confirmed the formation of CTBs. Mechanical properties of the 3D printed nt-Cu were 

characterized by in situ SEM micro-compression experiments. The 3D printed nt-Cu exhibited 

average flow stress of 960 MPa, which is remarkable for a 3D printed material. The microstructure 

and mechanical properties of the nt-Cu was compared to nc-Cu printed using the same process 

under direct current (DC) voltage. The results show that such control over microstructure directly 

correlates with the mechanical properties of the printed metal. L-PED is introduced as an approach 

to enable direct deposition of nano-pillars and micro-pillars of metals and alloys. When combined 

with in situ nanomechanics instrumentation, this approach may enable high-throughput 

investigation of the process–microstructure–property relationship, in particular for nano-

crystalline and nano-twinned metals. 

The application for 3D printed electronics will be greatly extended when they can be used in 

extreme environments and especially at elevated temperatures. Therefore, the thermal stability and 

reliability of the additively manufactured nt-Cu interconnects is investigated. The results show 

clear correlation between the microstructure and the thermal stability of the printed metal. The 

microstructures with columnar shaped grains and high density of low-energy CTBs exhibited 

better thermal stability compared to the ones with high-angle random-oriented grain boundaries. 

Despite the evolution of microstructure and growth of the grains, printed materials with high 

density of TBs exhibited high strength of 522 MPa after annealing for 4 hours at 300 °C. 

Additionally, LED is extended to a larger scale process for patterning of high quality metallic 

patterns on flexible and nonconductive substrates. The printed metallic patterns are solid with no 
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porosity and impurities, and exhibit high electrical conductivity. Overall, the results indicate the 

feasibility of using LED 3D-printed high conductivity nt-metal features in a wide range of 

applications, particularly for the electronics and the next generation integrated circuits.      

 

 

 

 

 

 

 



 

 
 

xi 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .............................................................................................................. v 

ABSTRACT ................................................................................................................................. viii 

LIST OF FIGURES ..................................................................................................................... xiii 

LIST OF TABLES ....................................................................................................................... xix 

CHAPTER 1  INTRODUCTION ................................................................................................... 1 

CHAPTER 2  LOCALIZED ELECTRODEPOSITION ................................................................ 7 

2.1 FUNDAMENTALS AND PROCESS PARAMETERS ..................................................... 7 

2.2 3-D PRINTER SETUP ...................................................................................................... 15 

CHAPTER 3  LOCALIZED PULSED ELECTRODEPOSITON PROCESS FOR 3D PRINTING 

OF NANOTWINNED METALLIC NANOSTRUCTURES ....................................................... 20 

3.1 INTRODUCTION ............................................................................................................ 20 

3.2 MATERIALS AND METHODS ...................................................................................... 23 

3.3 RESULTS AND DISCUSSION ....................................................................................... 26 

3.4 CONCLUSION ................................................................................................................. 42 

CHAPTER 4  TOWARD CONTROL OF MICROSTRUCTURE IN MICROSCALE ADDITIVE 

MANUFACTURING OF COPPER USING LOCALIZED ELECTRODEPOSITION .............. 44 

4.1 INTRODUCTION ............................................................................................................ 44 

4.2 MATERIALS AND METHODS ...................................................................................... 49 

4.3 RESULTS AND DISCUSSION ....................................................................................... 51 

4.4 CONCLUSIONS............................................................................................................... 64 

CHAPTER 5  THERMAL STABILITY OF NANOTWINNED COPPER IN INTERCONNECTS 

ADDITIVELY MANUFACTURED BY THE LOCALIZED PULSED ELECTRODEPOSITION

....................................................................................................................................................... 65 

5.1 INTRODUCTION ............................................................................................................ 65 

5.2 MATERIALS AND METHODS ...................................................................................... 68 

5.3 RESULTS AND DISCUSSION ....................................................................................... 70 

5.4 CONCLUSION ................................................................................................................. 79 

CHAPTER 6  A MICROSCALE ADDITIVE MANUFACTURING APPROACH FOR IN SITU 

NANOMECHANICS ................................................................................................................... 81 

6.1 INTRODUCTION ............................................................................................................ 81 



 

xii 

6.2 MATERIALS AND METHODS ...................................................................................... 83 

6.3 PROCESS DESCRIPTION .............................................................................................. 84 

6.4 RESULTS AND DISCUSSION ....................................................................................... 90 

6.5 CONCLUSIONS............................................................................................................... 97 

CHAPTER 7  LARGE SCALE METAL 3D PRINTING USING LOCALIZED 

ELECTRODEPOSITION ............................................................................................................. 99 

7.1 INTRODUCTION ............................................................................................................ 99 

7.2 MATERIAL AND METHODS ...................................................................................... 100 

7.3 RESULTS AND DISCUSSION ..................................................................................... 102 

7.4 CONCLUSION ............................................................................................................... 108 

CHAPTER 8  CONCLUSIONS AND FUTURE WORK .......................................................... 110 

8.1 OUTLOOK ..................................................................................................................... 111 

REFERENCES ........................................................................................................................... 116 

BIOGRAPHICAL SKETCH ...................................................................................................... 122 

CURRICULUM VITAE 



 

 
 

 xiii 

LIST OF FIGURES 

Figure 1.1. Summary of small scale metal AM techniques. The methods are categorized into two 

main groups: the techniques based on transfer of pre‐synthesized metals, and the ones that 

synthesize metals at the location of interest (in situ). (Reprinted from Ref 2 with the 

permission of  John Wiley and Sons). .................................................................................2 

Figure 2.1. (Left) The schematic of LED printing setup and (Right) the close-up view of the nozzle 

and the electrolyte meniscus during deposition. The metal ions are deposited on the 

substrate by application of electrical potential using the potentiostat. The high precision 3-

axis positioners are used for the positioning of the pipette and printing process. ...............8 

Figure 2.2. (Left) Side optical view and (right) the geometry details of the meniscus (Reprinted 

from Ref30, with the permission of AIP Publishing)..........................................................10 

Figure 2.3. Dependence of wire diameter on pipette withdrawal speed compared to the FE (finite 

element) model (Reprinted from Ref 31 with the permission of AIP Publishing)   ...........13 

Figure 2.4. (Left) The schematic I-t (current-time) response for the galvanostatic mode, where the 

current between the electrodes is controlled, and the potential is a dependent variable as a 

function of time. (Right) Typical electric potential acquired during deposition of a micro-

pillar in the galvanostatic mode while the RH was increasing. The system maintains the 

desired current during printing by varying the applied potential, and compensates for the 

changes of the ionic flux due to changes of RH. ...............................................................15 

Figure 2.5. Cyclic voltammetry obtained in situ at a scan rate of 100 mV/s. The peaks at ~ -0.25 

V indicate the reduction of Cu2+ to Cu. The deposition potential during 3D printing was set 

after the cathodic reduction potential. ................................................................................16 

Figure 2.6. The homebuilt 3D printer setup inside a Faraday cage, including a vibration isolation 

system, motion control stages, a humidity chamber, a visualization system, a potentiostat, 

and controllers. The inset shows the close-up view of the print-head inside the chamber.

............................................................................................................................................17 

Figure 2.7. The SEM images of a fabricated glass nozzle with a diameter of 840 nm using pipette 

puller. .................................................................................................................................18 

Figure 3.1. Sample preparation for microstructural characterization. (A) The SEM image of the 

wire. (B) The wire was embedded in Pt deposition, and (C) the cross-section was milled in 

order to enable FIB imaging. (D) - (F) The lift-out and FIB thinning procedure for TEM 

imaging. The wire was coated in a Pt protective layer, and transferred to a Cu TEM grid. 

The specimen was milled from both sides to reach 100 nm thickness for TEM imaging. 25 



 

xiv 

Figure 3.2. (A) - (C) In situ micro-compression experiment using a 10 µm diameter flat punch tip. 

(D) A typical displacement history during micro-compression test. The rate of 

displacement was 2 nm/s. ..................................................................................................26 

Figure 3.3. The schematic close-up view of the nozzle and the electrolyte meniscus during L-PED 

3D electrodeposition. Metal ions are reduced at the growth front under an applied pulsed 

electric potential between the anode and cathode. Through application of a pulsed voltage, 

nanotwinned metals can be printed in arbitrary 3D geometries. .......................................27 

Figure 3.4. 3D-printed Cu wires using (A) pulsed electrodeposition (PED), and (B) direct current 

electrodeposition (DC-ED). The insets are 3D schematics of the printed metal. (C) 3D-

printed wires using the L-PED process with various angles with respect to the substrate, 

from ~90° to ~40°. For better presentation, the SEM images of individual angled wires are 

combined. (D)  “UTD”-shaped array of 31 copper pillars, printed by the L-PED process. 

The diameter of the wires are in the range of 500 nm to 1000 nm depending on the nozzles 

diameter..............................................................................................................................29 

Figure 3.5. SEM images of the layer-by-layer printed structure using the L-PED process. (A) 2-

layer 10 µm by 10 µm hollow square, (B) 5 µm 10-layer wall and (C) zoom-in view of the 

red box, printed with a micropipette of ~800 nm diameter. (D) 7-layer 30 µm line 

deposition followed by a 3 µm pillar deposition, and (E) 10-layer 30 µm by 8 µm cube 

deposition using a ~5 µm diameter pipette. .......................................................................31 

Figure 3.6. EDS (A) map and (B) line analysis acquired from the PED and DC-ED deposited wires. 

(C) The spectra form the selected area (red squares) show pure Cu deposition free of 

impurities. ..........................................................................................................................32 

Figure 3.7. (Left) FIB ion channeling contrast image of a micro-pillar deposited using PED and 

DC-ED techniques. The first 4 µm height of the pillar was deposited using pulsed voltage 

and the next 4 µm was continued using DC voltage with an average current density of 

0.011 A/cm2. (Right) Magnified veiw of the approximate boundary between the two 

methods (Reprinted from Ref 54, with the permission of  John Wiley and Sons)..............33 

Figure 3.8. Microstructure of wires printed using (A)-(D) PED and (E)-(H) DC-ED. (A) The cross-

section FIB ion channeling contrast image, and (B) TEM dark-field image of the wire 

printed by PED. (C) Zoomed-in image of the area enclosed in box in B shows a typical 

grain with (D) the corresponding diffraction pattern, which reveals the nanocrystalline 

nanotwinned (nc-nt) structure with columnar shaped grains. (E) The cross-section FIB ion 

channeling contrast image, and (F) and (G) TEM bright field images of the wire printed by 

DC-ED. (H) The diffraction pattern confirms nanocrystalline (nc) structure. ..................35 

Figure 3.9. HRTEM image of typical coherent TB in the PED wire. The TBs are shown by the 

dashed line. Insets are FFT patterns of (i, ii) two mirrored sides of the TB, and (iii) the TB, 

respectively. .......................................................................................................................36 



 

xv 

Figure 3.10. Lattice structure characterization using high resolution TEM image of a twin 

boundary. (i) Total d-spacing of 20 fringes along the specified region, which indicates d-

spacing of 2.09 Å. (ii) Total d-spacing of 19 fringes along the specified region, which 

indicates d-spacing of 2.11 Å. The measured d-spacings at two regions show (111) planes 

on both sides of the twin boundary. ...................................................................................37 

Figure 3.11. (Left) SEM image of zoomed-in view of the layer-by-layer deposited structure and 

(right) The FIB image of the cross-section showing that each layer is deposited on the 

previous layer, with no noticeable interlayer. ....................................................................38 

Figure 3.12. Micro-compression stress and strain responses of 3D-printed Cu micro-pillars by (A) 

PED with nc-nt microstructure, and (B) DC-ED with nc microstructure. The inset in A is 

an SEM image of the micro-compression experiment. (C) Comparison of flow stress of 

each microstructure at 10% strain. (D) Strength of the 3D-printed micro-pillars compared 

with similar nanowires fabricated with different methods (green = ultrafine grain, black = 

single crystal, red = nanocrystalline, blue = nanocrystalline nanotwinned, and orange = 

single crystal nanotwinned). Note that the color code is for each specific microstructure. 

The shapes in the legend of the figure refer to the specific reference. ..............................40 

Figure 3.13. (A) In situ SEM nanoindentation on the L-PED printed layer-by-layer nt-Cu sample. 

(B) SEM image of an indentation footprint. (C) An AFM topography image of one of the 

indentation footprints. (D) Line-scan obtained from the indentation site, which shows pile-

up in the indentation (Reprinted from 54, with the permission of  John Wiley and Sons). 42 

Figure 3.14. (A) Load-indentation depth plot obtained from nanoindentation on the nanotwinned 

copper sample. (B) and (C) Graph show elastic modulus and hardness of the printed Cu, 

respectively (Reprinted from 54,with the permission of  John Wiley and Sons)................43 

Figure 4.1. (A) The schematic view of L-PED 3D printing process. Side-by-side comparison of 

(B) the L-PED printing process and (C) the bulk electrodeposition. (D) Pulsed current 

electrodeposition (PED) with an arbitrary duty cycle. SEM images of (E) an array of 3D-

printed µ-pillars for micro-compression experiment (printing time for each pillar ~12 min), 

(F) a 40-layer structure printed by layer-by-layer L-PED (printing time ~150 min), (G) a 

spiral pattern (printing time = ~15 min), and  (H) a close-up view of a µ-pillar for micro-

compression and microstructure characterization. .............................................................48 

Figure 4.2. (A) The EDS spectra acquired from a printed µ-pillar. No significant presence of 

impurities was observed in EDS data. (B) The experimental deposition rate for the printed 

µ-pillars by the L-PED process vs. the average current density. The solid line is the 

deposition rate calculated from the Faradays law. The current efficiency of the L-PED 

process was calculated to be 90 ± 5%. (C)-(H) The effect of the average current density 

(and deposition rate) on the microstructure of 3D-printed nanotwinned Cu µ-pillars. The 

cross-section FIB ion channeling contrast image of µ-pillars printed at different deposition 

rates reveal that increasing the deposition rate increases the density and alignment of the 

twin boundaries (TBs)........................................................................................................53 



 

xvi 

Figure 4.3. (A) and (B) The effect of the peak current density on microstructure of 3D-printed 

nanotwinned Cu: The cross-section FIB ion channeling contrast image show that increasing 

the peak current density increased the twin density and decreased the grain size. (C) and 

(D) increasing the ON-time results in higher density of twin boundaries. (E) and (F) 

increasing the OFF-time decreases the twin density and increases the grain size. ............56 

Figure 4.4. The Comparison of the obtained deposition rates of printed pillars by DC-ED process 

with the analytical growth rate calculated from the Faradays law. The obtained average 

current efficiency of DC-ED was calculated to be 95 ± 4 %. ............................................58 

Figure 4.5. (A)-(C) The effect of the current density and deposition rate on the microstructure of 

Cu printed by DC-ED process. The cross-section FIB ion channeling contrast images of 

selected pillars show that increasing deposition current density causes grain refinement. 

The grain sizes of the pillars are (A) 307 ± 47 nm (B) 174 ± 52 nm (C) 121 ± 18 nm. (D) 

Average grain size vs. current density for the metal printed using the DC-ED process. ...59 

Figure 4.6. (A) In situ SEM micro-compression experiment on µ-pillars printed using three 

different deposition rates (and average current densities). (B) SEM image of a compressed 

µ-pillar.  (C) Stress vs. strain responses of the µ-pillars printed in three different deposition 

rates. (D) Comparison of the average flow stress of each microstructure. ........................62 

Figure 4.7. Illustration of (A) process – microstructure and (B) microstructure – property relations 

in microscale 3D printing of Cu by localized pulsed electrodeposition (L-PED) process.

............................................................................................................................................63 

Figure 5.1. (A) Schematic view of the L-PED 3D printer setup. (B) A close-up view of 3D printed 

micro-pillar. (C) An array of printed micro-pillars interconnects. ....................................71 

Figure 5.2. SEM surface images of nt-Cu micro-pillars with high density of twins (A) as-deposited 

and after 4 hours annealing at (B) 150 °C (C) 300 °C (D) 450 °C and nt-Cu micropillars 

with low density of twins (E) as-deposited and after 4 hours annealing at (F) 150 °C (G) 

300 °C (H) 450 °C. All scale bar are 3 µm. .......................................................................73 

Figure 5.3. Cross-sectional FIB ion contrast images reveal the microstructure of nt-Cu micro-

pillars with high density of twins (A) as-deposited and after 4-hour annealing at (B) 150 

°C (C) 300 °C (D) 450 °C; and nt-Cu micropillars with low density of twins (E) as-

deposited and after 4-hour annealing at (F) 150 °C (G) 300 °C (H) 450 °C. Scale bars are 

2 µm. ..................................................................................................................................77 

Figure 5.4. (A) In situ micro-compression experiments on an array of nt-Cu micro-pillars printed 

using the L-PED process. (B) The close-up SEM view of micro-pillar at beginning of the 

test. (C) SEM image of compressed micro-pillar. (D) True stress-Strain responses of the 

micro-pillars printed in two different deposition rates of 23 nm/s and 18 nm/s and annealed 

for 4 hours at 300 °C. (E) Comparison of the average flow stress of each micro-pillar at 

5% strain. ...........................................................................................................................79 



 

xvii 

Figure 6.1. Comparison of the L-PED AM process with the FIB milling and template-based 

electroplating approaches for fabrication of micro-scale pillars. AM enables fabrication of 

specimens in a single step at low-cost in room environment.............................................84 

Figure 6.2. (A) Schematic view of the L-PED 3D-printing setup. (B) The printing process of a 

micro-pillar using the L-PED process includes approach of the nozzle-tip to the substrate, 

formation of the meniscus (liquid bridge) between the tip and the conductive substrate as 

the confined electrodeposition bath, application of an electric potential between two 

electrodes and deposition of the metal ions at the growth front followed by controlled 

withdrawal motion of the nozzle. (C)-(D) Process parameters of the L-PED process can be 

adjusted, which enables control over the microstructure of the printed structures: (B) Pulsed 

electrodeposition (PED) results in nanocrystalline nanotwinned microstructure, while (C) 

DC electrodeposition (DC-ED) produces nanocrystalline microstructure. .......................86 

Figure 6.3. (A) Dependence of the diameter of the printed pillar (DP) on the diameter of the nozzle 

tip (DN). Micro-pillars with diameter in the range of 0.5- to 0.9-time of the diameter of the 

nozzle can be printed. (B) – (C) Cu micro-pillars printed using the L-PED process with 

different diameters of 0.73 μm and 5.25 μm by different nozzles. ....................................87 

Figure 6.4. (A) An SEM image of an array of directly printed Cu micro-pillars using the L-PED 

process with a diameter distribution of 4.6 ± 0.08 µm. The micro-pillars were printed with 

Ton of 20 ms, Toff of 2 s and the peak current density of 3.74 ± 0.17 A/cm2 at a deposition 

rate of 12 nm/s. The printing of each micro-pillar took about ~16 minutes. (B) The micro-

pillar was sectioned using FIB to reveal its internal structure. The deposited material is 

fully dense with no apparent porosity. The ion-channeling contrast image reveals the 

microstructure of the printed metal including the grain size and shape and existence of the 

twin boundaries. One of the columnar-shaped grains is delineated by dashed line. (C) Dark-

field TEM image of the pillar printed by the L-PED process shows a typical grain with the 

corresponding diffraction pattern (inset), which reveals the nanocrystalline nanotwinned 

(nc-nt) structure. (D) HRTEM (high resolution TEM) image of a typical twin boundary 

shown by the dashed line. (E) Histogram of twin thickness distribution in the grains with 

peak at ~17 nm. ..................................................................................................................91 

Figure 6.5. (A)-(B) Photographs of the nanoindenter and the substrate containing the 3D printed 

micro-pillars in situ SEM. (C) Micro-compression experiment in situ SEM on individual 

micro-pillars from an array of 3D-printed pillars using a flat punch tip. (D) A typical stress-

strain response of nc-nt Cu (nanocrystalline-nanotwinned copper) micro-pillar printed 

using the L-PED process. (E) The average flow stress of the pillars at strain of 5%. (F)-(G) 

SEM images of the micro-pillar pre- and post-compression, respectively. .......................93 

Figure 6.6. (A) Comparison of the strength of nanotwinned copper L-PED micro-pillars (red 

symbols) and other reported nanotwinned materials in the form of electrodeposited or 

sputtered bulk solids and films, or nanopillars fabricated using FIB milling or template 

patterning 39, 40, 42, 55, 60, 65, 114-117. (B) Comparison of compression strength in L-PED nc-nt 

Cu micro-pillars and similar pillars fabricated by the template-based electrodeposition and 



 

xviii 

FIB milling with near equivalent nanocrystalline microstructure and twin orientations.55, 60

............................................................................................................................................95 

Figure 6.7. (A) The in situ SEM setup for characterization of electrical properties of the 3D-printed 

micro-pillars. (B)-(C) SEM images of the procedure for measurement of the electrical 

resistivity of a pillar with diameter of ~700 nm. (D) A typical I-V response on the top and 

bottom of a single 3D-printed Cu micro-pillar.  (E) The average calculated resistivity of 

the Cu micro-pillar. ............................................................................................................97 

Figure 7.1. (A) The schematic of the LED setup for large scale printing. (B) Large scale LED metal 

3D printer setup................................................................................................................101 

Figure 7.2. Images of several Cu patterns printed on (A) and (B) gold-coated glass slides, (C) (D) 

conductive PLA, and (E) and (F) PET film using large scale LED printing process. .....103 

Figure 7.3. (A) A 200-layer copper line printed on a gold-coated glass slide using the LED process. 

(B) Profile of the printed structure (red line) obtained using the profilometer, and (C) the 

zoomed-in profile. ............................................................................................................105 

Figure 7.4. (A)–(C) SEM images of the printed Cu pattern and different magnifications. (D) 

Energy-dispersive X-ray spectroscopy (EDS) analysis of the deposited Cu. The spectra 

shows pure Cu deposition free of impurities. ..................................................................106 

Figure 7.5. (A) The schematic of the process for printing patterns on a non-conductive substrate 

including thin layer deposition of the metal of interest as the cathode, printing the pattern, 

and etching of the thin layer. (B) and (C) The Cu patterns on a non-conductive glass slide 

after etching the conductive thin layer from the substrate. ..............................................107 

Figure 7.6. (A) Resistivity of the printed Cu line. (B) A RFID tag printed on a glass slide connected 

to a capacitance and a LED light. (C) By approaching the RFID reader, the LED connected 

to the printed tag lights up. ..............................................................................................108 

Figure 8.1. Printed pure Ni (A) micro-pillar with diameter of 8.8 µm and (B) 40-layer circular 

pattern using the LED process. (C) and (D) Printing Cu/Ni alloy lines using different 

potentials. Higher potential results in increased volume deposition and inclusion of more 

Ni in the printed structures. ..............................................................................................113 

Figure 8.2. SEM images of (A) 3D printed layer-by-layer Alumina-Cu composite and (B) micro-

pillar SiC-Cu composite using micro-scale LED process. SEM micrographs of (C) 

Alumina-Cu composite line (inset) printed by the large scale LED and (D) Alumina-Cu 

composite electroplated in bulk with agitation. The result show better inclusion of particles 

at the bulk level with agitation. ........................................................................................115 

 



 

xix 

LIST OF TABLES 

Table   2.1. Comparison of deposition rate and current for printing wires at two different RH. ...11 

Table 3.1. Process parameters for fabrication of micro-pillars using PED and DC-ED processes.

............................................................................................................................................30 

Table  3.2. The dimension, deposition rate, and current efficiency of the wires electrodeposited 

using PED and DC-ED processes. .....................................................................................33 

Table  4.1. The process parameters of the µ-pillars printed using the L-PED process. .................54 

Table  4.2. The process parameters of the µ-pillars printed using DC-ED technique. ..................58 

Table  5.1. The process parameters of micro-pillars printed using the L-PED process. ................73 

Table  7.1. Elemental analysis of the printed Cu obtained from EDS spectra. ............................105 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

1 

CHAPTER 1 

INTRODUCTION 

The trend in downscaling of metallic structures for different applications, such as electronic 

devices, microelectromechanical systems (MEMS), optics, and sensors leads to development of 

various micro/nano scale fabrication techniques.1, 2 For instance, nanowires due to their unique 

electron transport properties and significant potential applications have recently attracted abundant 

attention as a noble candidate for incorporation into the three-dimensional (3D) integrated circuits 

(ICs) and nanoscale electronics. However, the key issue is to make structures with precise shape 

and positioning.  

To date, the most commonly used micro/nano scale fabrication methods are the subtractive 

manufacturing techniques, such as lithography and FIB-milling. The FIB-fabricated structures 

have been investigated extensively in  recent years.3 Studies show that besides the time consuming 

process of sample preparation, the material properties of the manufactured samples may be 

affected as the FIB introduces damage into the surface of the structure.4-7 Also the lithography 

methods are fundamentally two-dimensional (2D) and are not suitable for 3D structures.  

Extensive work has been conducted to manufacture free-standing metallic structures in pre-

designed templates in order to accurately control the size and shape.8-10 Although this method is 

efficient for rapid fabrication of large number of nanowires, it is not able to create complex 3D 

structures, and requires additional steps for fabrication of the template and its removal at the end 

of the process.11  

The design limitations, time consuming and multiple processing steps, and high cost of 

traditional fabrication process resulted in a broad attention for fabricating complex microstructures 
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via additive manufacturing (AM). Recently, AM of metallic structures at small scale have been 

widely explored.1, 12-25 The summary of these AM methods are presented in Figure 1.1. In this 

chapter, some of these novel methods are reviewed as following. 

 

Figure 1.1. Summary of small scale metal AM techniques. The methods are categorized into two 

main groups: the techniques based on transfer of pre‐synthesized metals, and the ones that 

synthesize metals at the location of interest (in situ). (Reprinted from Ref 2 with the permission of  

John Wiley and Sons). 

The microscale metal AM techniques can be classified into two main groups: metal transfer 

and in situ synthesis techniques.2 In the first class, the metallic material is synthesized before the 

AM process, and subsequently transferred to the location of interest. Direct ink writing (DIW) is 

a metal transfer technique based on  ink-deposition of  concentrated metal nanoparticles.26 In this 

method, a shear-thinning ink filament with a rigid core and liquid shell is extruded from the nozzle 

by applying pressure. Interestingly, the liquid shell enables the individual layers to fuse. 

Combining DIW with in situ laser annealing system enables printing of free-standing structures 
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on thermally sensitive substrates.27 The filament thickness depends on the nozzle diameter, 

pressure, and motion speed. Silver wires with diameters of 600 nm were fabricated with a 1 µm 

nozzle.27  

Another metal transfer method is the electrohydrodynamic Printing (e-jet), which is based 

on electrohydrodynamic extrusion of an ink jet or ink droplets under an applied electric field.18 

After evaporation of the solvent during ejection or on the substrate, the stack of the particles results 

in 3D structures. There are jetting and dripping ejection modes in this technique, which results 

from the various field strength, nozzle size, flow rate, and viscosity of the ink. However there are 

challenges with the solvent evaporation and reproducible printing using jetting mode.2 Applying a 

constant electric field, single droplets exit at a given frequency in the dripping mode. The size of 

the deposit is defined by the droplet diameter. The smallest deposit achieved with this method was 

35 nm in width gold nanopillar using a 600 nm nozzle.19 

Laser-assisted electrophoresis deposition is another metal AM method in the first class.20 

This technique is based on the combination of local electrophoresis deposition and laser trapping. 

In a liquid cell containing a colloidal solution of metal nanoparticles and two conductive substrates, 

the nanoparticles is optically trapped and positioned on the location of interest by a laser spot. By 

application of an electrical voltage between the two-faced substrates, the nanoparticles are 

deposited onto the surface, and translation of the liquid cell results in fabrication of 3D 

microstructures. The smallest reported feature size for this method is a 500 nm diameter pillar.20  

Laser-induced forward transfer (LIFT) is a direct printing technique that relies on metal 

transfer of melt droplets.21 A laser pulse is focused on a transparent substrate as a carrier, coated 

by a thin layer of the print material (donor), and induces local thermal heating to melt the metal 
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film and evaporate the carrier. This process results in high local pressure at the carrier-metal 

interface that drives the jetting of the print material into a substrate placed under the carrier. The 

melt droplets cool and solidify once they reach the substrate. The minimal lateral dimensions of 

reported structures are several micrometers.22  

The second class of AM techniques relies on the synthesis of the metal at the location of 

interest through the process. Focused electron/ion beam induced deposition (FIBID and FEBID) 

are well-studied techniques in the second class, which are based on the beam-induced dissociation 

of precursor molecules.25 The beam interacts with the substrate and the adsorbed precursor 

molecules, which are supplied in the gas phase, and the precursor dissociates into final deposition. 

Also the existing volatile fragments are desorbed preferably. The minimum feature size of 

FEBID/FIBID depends on the beam diameter, and is in the range of tens of nanometers.  

Laser-induced photoreduction is also an important AM technique, which utilizes localized 

photochemical reduction of a photosensitive metal salt solution in order to fabricate 3D 

structures.24 Using a pulsed femtosecond laser at the focal spot, the metal ions are deposited upon 

a two-photon absorption processes, and initiate the nucleation and growth of metallic crystallites 

in solution or on a nearby substrate, reducing to their zero-valence state.2 

AM methods based on localized electrochemical deposition have been introduced to obtain 

conducting polymer and metal micro and nanostructures.1, 12, 14, 15, 28-31 In this technique a glass 

capillary with a few micron to sub-micron tip is filled with the electrolyte of a metal of interest. A 

liquid capillary formed between the tip of the pipette and the conductive substrate completes the 

electronic-ionic circuit. Upon application an appropriate electric potential, metal ions reduce and 

get deposited on the substrate. The pipette is steered precisely in 3D using precision nano-
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positioners, which results in formation of desired 3D objects from a CAD file. Hirt et al. recently 

introduced similar method using a hollow AFM (atomic force microscope) cantilevers in solution 

in order to enhance the geometric freedom of localized electrodeposition method.15 More detailed 

description of the method is presented in Chapter 2. 

Although different techniques enable 3D printing of true 3D structures of metals,  none of 

these techniques can be applied without expert knowledge, and researchers are still focused on 

improving and optimization of these processes. Therefore, microscale 3D metallic structures are 

still predominantly fabricated by traditional methods. However, establishing a micro metal AM 

technique will enable the fabrication of more complex geometries and material architectures in 

future. In this dissertation, a novel AM process for metallic structures based on the localized 

electrochemical deposition is presented. The current chapter is a brief introduction to the existing 

AM methods and their limitation. Chapter 2 describes the principle and mechanisms behind the 

LED process, and provides details about the setup. In Chapter 3, I introduce the ambient-

environment localized pulsed electrodeposition (L-PED) process for direct printing of three-

dimensional (3D) nanotwinned Copper (nt-Cu) nanostructures. The microstructure and mechanical 

properties of the nc-nt (nanocrystalline-nanotwinned) Cu was studied and compared to nc-Cu 

printed using the same process under direct current (DC) voltage. Chapter 4 presents in situ control 

over the microstructure during 3D printing of metals using different process parameters. In chapter 

5, thermal stability and mechanical properties of 3D printed micro/nano-scale nt-metallic 

interconnects at different temperature is investigated. Chapter 6 introduces the LED approach 

combined with in situ instrumentation as a high-throughput low-cost process for investigation of 

the process – microstructure – property of metals and alloys. Chapter 7 presents the LED process 
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as a large scale 3D printing method of metals. The summary and proposed future works are 

presented in chapter 8. 
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CHAPTER 2 

LOCALIZED ELECTRODEPOSITION 

2.1 Fundamentals and process parameters 

There has been a recent increase of interest in electrodeposition methods, due to the new 

trending technologies for fabrication of integrated circuits and deposition of multilayer 

structures.32 Likewise, 3D printing techniques based on localized electrochemical deposition have 

been introduced to fabricate metallic structures at micro and nanoscales.1, 12, 14, 15, 28-31 In this 

technique, the area of deposition can be limited by the size of the water meniscus formed between 

the nozzle tip and the substrate. This liquid bridge can be used as a localized electrochemical cell 

for electrodeposition of metals. 

The localized electrodeposition (LED) process is schematically shown in Figure 2.1. A 

nozzle with a few microns to sub-micron tip, filled with the electrolyte of the metal of interest, 

functions as the printing tool bit. The electrolyte meniscus (liquid bridge) at the nozzle tip, which 

is formed when the nozzle approaches to the substrate, functions as a confined electrodeposition 

bath. A two-electrode configuration was employed for the LED process, consisting of a working 

electrode (the substrate surface area enclosed by the meniscus between the micropipette and the 

substrate) and a counter electrode (a 250 µm diameter metal wire that is several cm in length and 

is inserted within the micropipette).  

The metal ions are reduced at the growth front within the meniscus area on the cathode by 

application of an appropriate electric potential between the two electrodes. The precise and 

controlled motion of the relative position of the nozzle and the substrate results in printing of 
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desired 3D pure metallic objects. The reduction of metal ions in an aqueous solution is represented 

by:  

𝑀𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑧+ + 𝑧𝑒 →  𝑀𝑙𝑎𝑡𝑡𝑖𝑐𝑒 (1) 

 

Figure 2.1. (Left) The schematic of LED printing setup and (Right) the close-up view of the nozzle 

and the electrolyte meniscus during deposition. The metal ions are deposited on the substrate by 

application of electrical potential using the potentiostat. The high precision 3-axis positioners are 

used for the positioning of the pipette and printing process. 

2.1.1 Meniscus stability 

A stable meniscus is required during the deposition process in order to obtain steady, 

continuous, and uniform printing. The wetting conditions between the micropipette and the wire 

growth front governs the stability of the meniscus. Synchronizing the deposition rate of the metal 

and the motion velocity of the positioning stages will stabilize the meniscus.1 Additionally, the 

shape of the meniscus  depends on the nozzle diameter, properties of the solution, the interfaces, 

and the withdrawal speed of the micropipette and the deposition rate of the wire. The profile of the 
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meniscus can be projected by solving the Laplace capillary differential equation for the equilibrium 

shape of the meniscus surface (Figure 2.2):33-35 

1 10
0

0 0

( ) sin cosh cosh
sin sin

r r
z r R

R R


 

− − 
= − 

   
(2) 

where R is the radius of the wire, and r0 is the radius of the pipette tip; φ0  represents growth angle, 

and  α0  is equal to 90º - φ0.   

The value of φ0 depends on the surface energy of the electrolyte, deposited wire, and the 

surrounding environment.36 The value of  φ0 for air-copper-water system is 12º.1 Therefore, the 

meniscus height in a stable condition is always lower than 28% of the pipette diameter.30, 31 By 

increasing the deposition rate ( Nv ) and stretching the meniscus, the height can be increased from 

zero up to the maximum meniscus height (
maxH ), whereas the deposited wire diameter is reduced 

from the pipette diameter (
0D ) to the value of

min 00.5D D= . This region is where the meniscus is 

stable, and a continuous wire can be deposited. Increase in Nv  shifts the meniscus height to the 

unstable region, which results in breakage of the liquid meniscus. 

2.1.2 The multiphysics involved in the process 

LED is a multi-physics process in which electrodeposition, fluid dynamics and mass and 

heat transfer physics are simultaneously involved. Within the electrolyte, the ionic flux is governed 

by multiple processes: diffusion, migration, and convection. This electrochemical processes can 

be described by the Nernst-Planck equation:  

  -     i i i i i i l iN D c z u F c c u=  −  +  (3) 
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in which Ni is the transport vector, Di is the ionic species diffusivity, ci is the concentration, zi is 

the ionic species electronic charge, ui is the charged species mobility, F is the Faraday constant, 

and φl is electric potential difference in the electrolyte.   

 The charge transfer current or local current density (ict) on the electrode surface can be 

described by the Butler-Volmer expression: 

0 0exp expa c
ct R

F F
i i C C

RT RT

    −    
= −    

    
 (4) 

in which i0 is the exchange current density, CR is the dimensionless concentration of the reduced 

species, C0 is dimensionless concentration of the oxidized species, αa and αc are charge-transfer 

coefficients for the anode and cathode, respectively, and η is the over-potential. The first and 

second terms in equation (4) represent the anodic and cathodic components of the local current 

density. 

 

Figure 2.2. (Left) Side optical view and (right) the geometry details of the meniscus (Reprinted 

from Ref 30, with the permission of AIP Publishing). 
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2.1.3 Effects of the environment relative humidity 

Evaporation of water from the surface of meniscus has major contribution on the LED 

process. Therefore, the relative humidity (RH) of environment is one of the most important 

parameters that needed to be controlled during deposition. Evaporation can boosts the deposition 

rate of the wire by increasing a convective flux within the electrolyte meniscus.30 The 

experimentally measured values for wire deposition rate and deposition ionic current for two 

different values of relative humidity are compared in Table 2.1. The determination of RH value 

for stable deposition of uniform metallic structures depends on different parameters including: the 

electrolyte type, concentration, size of nozzle, radius of the wire, and temperature and pressure of 

the environment. Based on the multiphysics simulation, the RH in the range of 60 to 75 was chosen 

for the printing process.30  

Table 2.1. Comparison of deposition rate and current for printing wires at two different RH. 

 

2.1.4 Deposition rate 

The nozzle speed affects the LED process by changing the diameter of the deposited wire. 

The change in the area of deposition alters the amount of ions deposited on the growth front and 

influences the concentration of ions within the meniscus. Additionally, it changes the evaporation 

of the water on the meniscus surface by changing its profile. The wire diameter vs. deposition rate 

for the pipette with the nozzle diameter of 730 nm are shown in Figure 2.3. By increasing the 
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deposition rate and stretching the meniscus, the diameter of deposited wire significantly decreases. 

Results showed that by changing the deposition rate at different printing process from 100 nm/s to 

210 nm/s, the wire diameter gradually decreases from 650 nm to 460 nm. Increasing the deposition 

rate higher than 270 nm/s (point b), the meniscus becomes instable and breaks, and for slower rate 

than 100 nm/s (point a), the micropipette gets clogged. The clogging happens due to the small 

height of the meniscus when the deposition reaches the nozzle tip. The wire deposition rate (vN) 

can be expressed as:37 

𝑣𝑁 =
4𝑖𝑀

𝑛𝐹𝜌𝜋𝐷2
 (5) 

where M is the molar mass and ρ is the density of copper. 𝑖 is the deposition current, 𝑛 is the 

number of electrons per ions, and 𝐷 is the wire diameter.  

2.1.5 Growth current 

In the electrodeposition process, the growth current is one of the critical parameters. Two 

modes of potentiostatic and galvanostatic can be employed to reduce the metal ions in this process. 

In the potentiostatic mode, the potential between the electrodes is controlled, while the current is 

measured as a dependent variable, while in the galvanostatic mode, the current between the 

electrodes is held constant using a current source, and the potential is measured as a function of 

time. In general, a three-electrode electrochemical cell is preferable in this process, because 

without a reference electrode the potentiostatic deposition can be problematic over time when the 

potential drop (iR-drop) through the electrolyte is high, and when the counter electrode is polarized 

due to application of high current density 38. Currently, there is a limitation in adding a reference 

electrode in L-PED setup while using a nozzle with a small diameter. Therefore, the galvanostatic 
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mode is desirable in the L-PED process as no feedback from the reference electrode (in the three-

electrode systems) is required during the process, which makes the cell system for galvanostat 

much simpler than the potentiostat. Schematic of an I-t (current vs. time) response for pulsed 

current in galvanostatic mode is depicted in Figure 2.4.  

 

Figure 2.3. Dependence of wire diameter on pipette withdrawal speed compared to the FE (finite 

element) model (Reprinted from Ref 31, with the permission of AIP Publishing). 

In printing with nozzles of less than 1 μm diameter, the iR-drop in the electrolyte is 

insignificant during the process (~mV range). Therefore, the potentiostatic mode with two-

electrode cell system can be used in this process with nozzles of less than 1 μm diameter, while 

keeping the relative humidity (RH) of the environment constant. This is because having a very 

small area of the working electrode (nozzle tip) results in very small current (nA range), regardless 

of the high resistance of the electrolyte due to the small tip size of the nozzle (resistance in the MΩ 
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range). Additionally, the counter electrode (or anode) does not get polarized due to a low current 

density resulting from the large surface area of anode (the surface area of the wire inside the 

pipette) compared to the working electrode (on the order of the area of the tip of the nozzle).  

The evaporation rate is one of the key factors in the L-PED process 30. During printing in 

the potentiostatic mode, the RH of the environment needs to be kept constant, because altering it 

results in change of ionic flux toward the cathode and change of the concentration of the ions at 

the cathode surface, and consequently change of the growth rate of the metal. However, in the 

galvanostatic mode, by maintaining the RH in a range (45-85%), one can 3D-print with a constant 

deposition rate throughout the process. During printing, the system varies the applied potential, 

which compensates for the change of ionic flux due to variation in the evaporation rate, and keeps 

the current and growth rate steady during printing (Figure 2.4). Therefore, the process is less 

dependent on the RH of the environment and evaporation of the electrolyte in the galvanostatic 

mode.  

2.1.6 Cyclic voltammetry 

In order to choose an appropriate printing potential in the potentiostatic mode, the 

deposition process was examined through in situ cyclic voltammetry (CV) at the tip of the nozzle 

(Figure 2.5). The process voltage was chosen after the cathodic reduction potential ~ 0.25V and 

before the hydrogen evolution potential. Formation of hydrogen bubbles at high potential can 

interrupt uniform deposition process. Figure 2.5 shows two cyclic voltammograms measured in 

the localized electrodeposition (LED) system with the nozzle filled with the solution of CuSO4 

(100 mM) and H2SO4 (1 M). The initial and switching voltages were -0.6 V and 0.4 V, respectively, 

and the scan rate of the voltage was 100 mV/s. The peaks at ~ −0.25 V show the reduction of Cu2+ 



 

15 

to Cu in the two cycles. The deposition voltage was chosen after the obtained cathodic reduction 

potential and before the hydrogen evolution potential. After the hydrogen evolution potential, 

hydrogen bubbles are formed due to hydrogen evolution, and can disturb the deposition process. 

 

Figure 2.4. (Left) The schematic I-t (current-time) response for the galvanostatic mode, where the 

current between the electrodes is controlled, and the potential is a dependent variable as a function 

of time. (Right) Typical electric potential acquired during deposition of a micro-pillar in the 

galvanostatic mode while the RH was increasing. The system maintains the desired current during 

printing by varying the applied potential, and compensates for the changes of the ionic flux due to 

changes of RH.  

2.2 3-D Printer Setup 

Three-dimensional (3D) Cu micro/nano-structures were fabricated using a home-built 

computer-controlled setup (Figure 2.6). The system consists of different components and 

subsystems including a Faraday cage, a vibration isolation system, motion control, current 

measurement, humidity control, and visualization subsystems. The in-house made Faraday cage, 

composed of aluminum bars and copper mesh, shields the system from electrical fields. The cage 

distribute the charge around the cage’s exterior. The system is mounted on an optical breadboard 

(Model M-IG-22-2, Newport, Inc.) with excellent rigidity and damping, and is placed on an active 

vibration control system (Model TS-150, Herzan, Inc). The active vibration control system, which 
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delivers sub-hertz vibration isolation in all six degrees-of-freedom using advanced piezoelectric 

sensors, showed significant improvement in electrodeposition growth. 

 

Figure 2.5. Cyclic voltammetry obtained in situ at a scan rate of 100 mV/s. The peaks at ~ -0.25 

V indicate the reduction of Cu2+ to Cu. The deposition potential during 3D printing was set after 

the cathodic reduction potential. 

A three-axis linear translation stage handled the coarse motion control of the nozzle to 

approach to the substrate and form the meniscus. The XYZ coarse stage (Model 9067-XYZ-PPP, 

New Focus, Inc.) consists of three combined linear translation stages configured with piezo linear 

actuators (Model 8302 Picomotor, New Focus, Inc.). The actuators can be either adjusted manually 

or driven by an open-loop intelligent motion controller/driver (Model 8742, New Focus, Inc.). The 

stage provides smooth and accurate positioning with minimum incremental motion of less than 30 

nm and a travel range of 25.4 mm. Additionally, a piezo-based three-axis nano-positioning linear 

stage (Model NPXYZ100SG-D, Newport, Inc.) with a fine resolution of 4 nm and a universal 

-0.6 -0.4 -0.2 0.0 0.2 0.4
-300

-200

-100

0

100

200

300

C
u

rr
e

n
t 

(n
A

)

Potential (V)

Cycle 1

Cycle 2

Cathodic Reduction

Cu2+ + 2e-
➔ Cu



 

17 

controller (Model XPS-Q6, Newport, Inc.), connected to a computer was utilized to control the 

positioning and velocity of the substrate during the printing process by a LABVIEW program. 

 

Figure 2.6. The homebuilt 3D printer setup inside a Faraday cage, including a vibration isolation 

system, motion control stages, a humidity chamber, a visualization system, a potentiostat, and 

controllers. The inset shows the close-up view of the print-head inside the chamber. 

As the working tool, glass micropipettes with micron to sub-micron diameter dispensing 

nozzles were fabricated using a pipette puller (Model P-97, Sutter Instrument) (Figure 2.7). The 

pipettes are filled with electrolyte of metal of interest. For instance, in printing Cu structures, the 

nozzle was filled with a solution of CuSO4 (100 mM) and H2SO4 (1 M). A gold-coated silicon 

substrate and a copper wire served as the working electrode and counter electrode in the cell, 

respectively. An electrical potential is needed to be applied between two electrodes in the system 

to reduce the metal ions in the electrolyte and deposit them on the substrate. A 

potentiostat/galvanostat (VersaSTAT 4, Princeton Applied Research) was employed to apply the 
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appropriate electrical potential between the two electrodes and to control the electrodeposition 

process. 

 

Figure 2.7. The SEM images of a fabricated glass nozzle with a diameter of 840 nm using pipette 

puller. 

The evaporation rate of electrolyte in meniscus plays a critical role in meniscus-confined 

electrodeposition. Hence, a flexible transparent Ziploc bag was used to enclose the 

electrodeposition environment and avoid exposing all the electronics to the humidity. The 

humidity was obtained using an ultrasonic humidifier and controlled by a remote hygrometer. A 

handheld digital microscope (Model AM4115ZTL Edge, Dino-Lite, Inc.) was used for top angular 

observation of the substrate surface and controlling the coarse motion of the pipette. A 

magnification range of 10X to 140X was achieved with large working distance using this 

microscope. The printing process was controlled in situ by using a house-made microscope 

consisting of long working distance optical objective lens (Model 100X Plan Apo SL Infinity 

Corrected Objective, Mitutoyo), a CCD camera (Model XM-10, Olympus), an in-line tube 

20 µm 500 nm
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assembly (Model InfiniTube standard w/ in-line assembly, Infinity), and a fiber optic illuminator 

(Model M-150, Dolan-Jenner). A XYZ stage (Model M-562-XYZ ULTRAlign Precision XYZ 

Linear Stage, Newport, Inc.) that included three micrometers with resolution of 1 µm was used for 

positioning of the microscope.
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CHAPTER 3 

LOCALIZED PULSED ELECTRODEPOSITON PROCESS FOR 3D PRINTING OF 

NANOTWINNED METALLIC NANOSTRUCTURES 

  

3.1 Introduction 

The capability of direct printing of three-dimensional (3D) nanoscale metallic structures 

with controlled microstructure is useful for applications in nanoelectronics, 3D integrated circuits 

(ICs) and wire bonds, micro/nano electromechanical systems (MEMS/NEMS), plasmonics, 

metamaterials, and sensors.1, 2, 30, 31 Additionally, such capability will be useful for fundamental 

studies on process-microstructure-property relationships of metals, since desired geometries such 

as micro-pillars for micro-compression experiments can be directly printed, instead of subtractive 

fabrication using focused ion beam (FIB) milling, which are costly and may introduce damage into 

the metal. Current laser-based 3D printing processes for metals are not suitable for 

micro/nanoscale applications, given the intrinsic size of the metal powder particles in the range of 

10-100 microns.17 Processes based on 3D extrusion of metal particles immersed in organic binders 

do not offer much control over microstructure, and require post-processing to eliminate the organic 

phase to obtain high quality pure metal.18 Since the microstructure of a metal determines its 

properties, controlling it in the printed metal part is critical, and has been the focus of major efforts 

in the field of additive manufacturing (AM). To date, there is no established method for controlling 

the microstructure of 3D printed metals, in particular at the micro/nanoscale.  
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Nanotwinned (nt) metals offer several unique advantages for nanoscale applications. They 

have a unique microstructure with grains that contain a high density of layered nanoscale twins 

divided by coherent twin boundaries (TBs). These metals often show higher strength and ductility 

compared to their nanocrystalline (nc) counterpart, since TBs can effectively block dislocation 

motion.19-23, 39-45 They also exhibit more resistance to electromigration24, which is a common 

problem for metals at the nanoscale. Nt-metals in film and bulk forms are obtained using physical 

and chemical processes including pulsed electrodeposition (PED), plastic deformation, 

recrystallization, phase transformation, and sputter deposition.19, 23, 46 However, no process for 3D 

printing (or AM) of nt-metals has been introduced so far.  Given their unique properties, it is 

desirable to establish an AM process for nt-metals.    

AM enables flexible, efficient, and high-resolution patterning of 3D structures. In particular, 

3D printing of copper microstructures have been explored over the last several years for 

applications that require localized fabrication, such as interconnects for electronics, high-

frequency coil antennas for microwave transmission, and probe-based techniques.1, 12-16 While 

some of these novel AM techniques have made major advances for fabricating complex 3D 

microstructures, material and mechanical characteristics of the printed structures are still a matter 

of research.47  

In this chapter, the localized pulsed electrodeposition (L-PED) process for direct printing of 

3D free-standing nanotwinned Cu (nt-Cu) nanostructures in demonstrated. 3D nt-Cu structures 

were manufactured using the L-PED process at the tip of an electrolyte containing nozzle. The FIB 

and transmission electron microscopy (TEM) analysis confirmed formation of coherent TBs in the 

3D printed Cu. A unique advantage of the L-PED process is that it enables direct 3D printing of 
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micro-pillars (often fabricated using FIB milling) for characterization.  The mechanical properties 

of the directly 3D-printed nt-Cu micro-pillars was studied using in situ SEM micro-compression 

experiments. The microstructure and mechanical properties of the nt-Cu were compared to nc-Cu 

printed using the same method under direct current (DC) voltage.  

3.1.1 Nanotwin formation in PED 

In the DC process, a constant voltage is applied during the printing process, which results in 

a constant rate deposition. However, in the PED process, the potential is repeatedly alternated 

between ON and OFF with the time intervals of ton and toff, respectively. PED is a technique for 

electrodeposition of metals.39 In this technique, a very high current density (on the order of A/cm2) 

and subsequently high deposition rate and high density of nucleation sites are achieved during the 

short period of ON-time. Although the exact mechanism of twin formation in PED is still a matter 

of debate,41, 44, 48 it is generally believed that stress relaxation during the toff results in formation of 

twins.25, 26  

Previous studies have shown the effect of stress generation and relaxation on the formation 

process of nanoscale twins.49 Direct in situ experimental investigation of stress evolution was 

performed by precise measurement of the deflection of a flexible cathode during deposition 

process.50 While DC deposition have revealed compression-tension-compression transition, the 

stress evolution in PED exhibited significantly different behavior. In PED, there was periodic 

increase in tensile stress and stress relaxation during the ON time and OFF time, respectively. 

Interestingly, the twin spacing was predicted using the measured average stress, which was in 

agreement with the observed twin size in TEM.50  
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The formation process and growth of nanoscale twins have been proposed in more details 

using in situ SEM morphology analysis combined with MD simulation.51 It was found that due to 

the high level of stress during the ON-time the twin nuclei originate at triple junctions of GBs 

(grain boundaries), and during the OFF-time they are extended along the lateral (111) direction. 

The consecutive nucleation and extension results in growth of nt-Cu structure, layer by layer. 

Also, the interruption in current results in desorption of impurities and inhibitors from the 

growing deposit, and replenishes the metal ions in the diffusion layer. In the PED of Cu, this 

phenomena stimulate grain growth rather that the formation of new grains; and an increase in the 

OFF-time increases the grain size.52  The OFF-time also enables recovering the consumed ions 

during deposition, and provides higher concentration of ions on the cathode, and facilitates the 

passage of the ions through the charged double layer.53 It should be noted that during the “on” 

cycle (ton), the concentration of ions will gradually decrease due to the ion consumption. In this 

dissertation, all structures were printed in the potentiostatic mode (constant voltage). Therefore, 

the current density and deposition rate would decrease during ton. However, this change is 

negligible due to the short period time of the “on” cycle (~20 ms). 

3.2 Materials and methods 

3.2.1 Materials 

Three-dimensional (3D) Cu micro/nano-structures were fabricated using a home-built 

computer-controlled setup. The nozzle was filled with a solution of CuSO4 (100 mM) and H2SO4 

(1 M). A gold-coated silicon substrate and a copper wire served as the working electrode and 
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counter electrode in the cell, respectively. Environmental humidity was controlled by a remote 

hygrometer at a constant relative humidity of ~60% within an enclosure around the setup.  

3.2.2 Microstructural characterization  

Microstructural characterization of the 3D-printed micro-pillars was conducted in as-

deposited condition. The cross-section microstructure of the material was studied using high-

resolution focused ion beam (FIB) imaging (FEI Nova Nanolab 200). Due to small size of the 

pillars and destructive nature of this technique, the FIB sample preparation is not trivial. For this 

reason, platinum was deposited around the wire to enable the high-resolution imaging (Figure 

3.1B). Cross-section of the sample was milled at a final acceleration voltage of 30 keV and current 

of 10 pA, and imaging was performed using the same parameters. The ion channeling contrast 

images were used for estimation of the grain size and observation of the twins.  

Transmission electron microscopy (JEM 2100F Imaging TEM) was utilized to observe more 

detailed microstructure of the electrodeposited specimens.  The TEM specimens were prepared by 

conventional FIB lift-out procedure (Figure 3.1D-F). Similar to FIB sample preparation, coating 

the specimens in a thick layer of Pt prior to the lift- out is required to protect them against the ion 

damage. The wire and the substrate lamellae were lift out and transferred onto a Cu TEM grid 

using a nanomanipulator (Omni probe 400). The specimens were thinned down to ∼100 nm by 

using FIB using parameters of 5 keV and 46 pA. 

3.2.3 Micro-compression experiment   

The uniaxial micro-compression experiments were carried out on the printed micro-pillars 

in situ SEM using a nanoindentation system (NanoFlip, Nanomechanics). The samples diameter 



 

25 

was ~709 ± 13 nm, and had the length-to-diameter aspect ratio of ~3:1 to minimize the effects of 

buckling and other artifacts.3 A conductive 10 µm diameter flat punch was used as the compression 

anvil. The conductive tip does not get charged by the electron beam, which makes it more suitable 

for in situ SEM experiments. All experiments were run under displacement control mode at a 

constant displacement rate of 2 nm/s in order to achieve the constant strain rate of 1 × 10-3 s-1 ( 

𝜀 ̇ = �̇�
L⁄  ).  Five samples were tested for each deposition type. The stress-strain response was 

calculated based on the obtained load- displacement, and the geometry of each specimen. 

 

Figure 3.1. Sample preparation for microstructural characterization. (A) The SEM image of the 

wire. (B) The wire was embedded in Pt deposition, and (C) the cross-section was milled in order 

to enable FIB imaging. (D) - (F) The lift-out and FIB thinning procedure for TEM imaging. The 

wire was coated in a Pt protective layer, and transferred to a Cu TEM grid. The specimen was 

milled from both sides to reach 100 nm thickness for TEM imaging. 
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Figure 3.2. (A) - (C) In situ micro-compression experiment using a 10 µm diameter flat punch tip. 

(D) A typical displacement history during micro-compression test. The rate of displacement was 

2 nm/s. 

3.3 Results and discussion 

3.3.1 Additive manufacturing of nanotwinned nanostructures 

The L-PED printed structure is schematically shown in Figure 3.3. A detailed description of 

the setup is provided in Chapter 2. In the L-PED process, the metal ions are reduced at the growth 

front within the meniscus area on the cathode by application of a pulsed electric potential between 

counter electrode and the substrate (working electrode). The unique advantage of the L-PED 

process is the possibility of the control over the spatial microstructure of the printed metal in 3D 
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geometries. This is because the applied voltage can be controlled during the 3D printing process, 

for example direct current electrodeposition (DC-ED) or PED with arbitrary duty cycles can be 

applied (Fig. 3.4A, B top panel). More specifically, it is demonstrated that through the application 

of a pulsed voltage, nt-metals can be 3D-printed. Additionally, the process does not require any 

post-processing, since the printed material is pure metal without any additives or binders.  

 
Figure 3.3. The schematic close-up view of the nozzle and the electrolyte meniscus during L-PED 

3D electrodeposition. Metal ions are reduced at the growth front under an applied pulsed electric 

potential between the anode and cathode. Through application of a pulsed voltage, nanotwinned 

metals can be printed in arbitrary 3D geometries.   

The process is capable of printing various geometries such as straight wires, angled wires, 

and helical wires (Figure 3.4A-C). Figure 3.4C shows wires 3D-printed continuously by the L-

PED process with various angles from 90° to 40° next to each other. Using a flat end micropipette 

as nozzle, there is a limiting angle for the meniscus during printing. However, for smaller angles, 

the pipette tip can be modified using the FIB to enable low angle and lateral printing.1 Since metal 

ions reduction occurs only during the ton in L-PED, the deposition rate in PED is much lower than 
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DC-ED. For Cu structures in this work, the printing rate was ~250 nm/s and ~15 nm/s for DC-ED 

and PED, respectively.  

It’s noteworthy that in both techniques, the deposition rate can be enhanced by adjusting the 

deposition parameters, such as the applied voltage, electrolyte concentration, relative humidity, 

on-time, and off-time. However, there are some limitation for each parameter. For instance, 

increasing the ion concentration in micropipettes with smaller diameter will cause clogging of the 

tip due to high evaporation rate. Also there is a limit for the applied voltage to avoid the hydrogen 

evolution in electrolyte. Such limitations also exist in the deposition rate of nt-films, and is inherent 

to electrochemical deposition process. Figure 3.4D shows an arrays of 31 Copper micro-pillars 

that form the word “UTD”, printed by the L-PED process. The deposition time for each micro-

pillar was ~200 s (total time of ~103 minutes). Micro-pillars had a diameter distribution of 890 ± 

70 nm. it was found that all printed structures were mechanically stable over time, and their 

bonding to the substrate was strong.  

For microstructural and mechanical characterization, Cu pillars of ~710 ± 17 nm in 

diameter were 3D-printed using the L-PED process. A unique advantage of the direct 3D printing 

of micro-pillars is avoiding the FIB-induced damages to the material surface. In order to choose 

an appropriate printing potential, the deposition process was examined through in situ cyclic 

voltammetry (CV) at the tip of the nozzle. The DC-ED wires with diameter of 708 ± 8 were 

obtained at a potential of -0.4 V and an average current density of ~0.64 A/cm2, while the PED 

wires were deposited at ton voltage of -0.4 V and a peak current density of ~3.32 A/cm2. For PED, 

ton = 20 ms, and toff = 2s were used, with an average current density of ~0.03 A/cm2. The detailed 

process parameters are given in Table 3.1.  
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Figure 3.4. 3D-printed Cu wires using (A) pulsed electrodeposition (PED), and (B) direct current 

electrodeposition (DC-ED). The insets are 3D schematics of the printed metal. (C) 3D-printed 

wires using the L-PED process with various angles with respect to the substrate, from ~90° to 

~40°. For better presentation, the SEM images of individual angled wires are combined. (D)  

“UTD”-shaped array of 31 copper pillars, printed by the L-PED process. The diameter of the wires 

are in the range of 500 nm to 1000 nm depending on the nozzles diameter.   
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Table 3.1. Process parameters for fabrication of micro-pillars using PED and DC-ED processes. 

 

Additionally, a pattern of deposited material can be printed on the substrate by moving the 

nozzle on the surface along a defined path. Repeating the pattern results in a 3D layer-by-layer 

structure. Layer-by-layer printed Cu structures and patterns are presented in Figures 3.5. The 

structure in Figure 3.5A is a 2-layer 10 µm by 10 µm hollow square directly written from a CAD 

model, and Figure 3.5B is a 5 µm 10-layer wall printed by layer-by-layer process. This structures 

are deposited using -0.4 V ON-voltage, 20 ms ON-time, and 0.04 A/cm2 average current density.  

Figure 3.5D and E are printed using the same parameters with a larger pipette with ~5 µm diameter. 

3.3.2 Microstructural characterization 

Energy dispersive X-ray spectroscopy (EDS) analysis of PED and DC-ED wires are 

presented in Figure 3.6. The acquired spectra from the selected area showed that the printed 

materials are largely free of impurities (Figure 3.6C). The results revealed high purity Cu in the 

deposited structures with no significant presence of oxygen (< 0.8 wt. %). Given the room 

environment process, after printing small amount of oxygen may be present on the surface of both 

the substrate and micro-pillars. Since Cu has tendency to quickly oxidize at room environment, if 

the intended application demands no oxygen on the surface of the printed Cu, it must be printed in 

a controlled environment and quickly passivated. The Gold (Au), Chromium (Cr), and Silicon (Si) 

in the spectra originate from the substrate surface. It is noted that sulfur (S) would appear at ~2.3 

Electrodeposition 

mode

ON/OFF 

voltage (V)

ON/OFF 

time (s)

Duty

cycle

Peak current 

density (A/cm2)

Average current 

density (A/cm2)

Deposition 

rate (nm/s)

Diameter 

(nm)

PED -0.4/0 0.02/2 1/100 3.23 0.03 15 710 ± 17

DC-ED -0.4/- - - - 0.64 250 708 ± 8
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keV. No peak was observed at this energy level and a small peak that appeared at > 2.4 keV was 

assigned to gold.  

 

Figure 3.5. SEM images of the layer-by-layer printed structure using the L-PED process. (A) 2-

layer 10 µm by 10 µm hollow square, (B) 5 µm 10-layer wall and (C) zoom-in view of the red 

box, printed with a micropipette of ~800 nm diameter. (D) 7-layer 30 µm line deposition followed 

by a 3 µm pillar deposition, and (E) 10-layer 30 µm by 8 µm cube deposition using a ~5 µm 

diameter pipette. 

It is desirable that an electrodeposition processes to be carried out with high current 

efficiency (CE). To calculate the CE of the process, the actual deposition rate of 10 different wires 

printed by PED and DC-ED processes were compared to the analytically calculated growth rate of 

the wires, defined by the Faraday’s law (𝑣 =
4𝑖𝑀

𝑛𝐹𝜌𝜋𝐷2), where 𝑖 is the deposition current, 𝑀 is the 

molar mass, 𝑛 is the number of electrons per ions, 𝐹 is the Faraday constant, 𝜌 is the mass density, 

and 𝐷 is the wire diameter (Table 3.2).1 The average CE of the Cu deposition was calculated to be 

93 ± 3 %.  
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Figure 3.6. EDS (A) map and (B) line analysis acquired from the PED and DC-ED deposited wires. 

(C) The spectra form the selected area (red squares) show pure Cu deposition free of impurities. 

Figure 3.7 shows FIB ion contrast channel image of a micro-pillar continuously printed 

using L-PED and DC-ED at deposition rate of 5 nm/s. The first 4 µm height of the pillar was 

deposited using pulsed voltage and the next 4 µm was continued using DC voltage. The average 

current density was kept constant (0.011 A/cm2) for both methods during deposition. Two distinct 

regions with different microstructures can be found in the ion contrast image of the cross-section. 

Results revealed that the microstructure of the printed Cu pillar is changed due to introduction of 
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the off-time. Larger grain sizes were observed for the DC-ED section, and the channeling contrast 

in the PED region confirmed the existence of nanotwins within the grains. 

 

Table 3.2. The dimension, deposition rate, and current efficiency of the wires electrodeposited 

using PED and DC-ED processes. 

 

 

Figure 3.7. (Left) FIB ion channeling contrast image of a micro-pillar deposited using PED and 

DC-ED techniques. The first 4 µm height of the pillar was deposited using pulsed voltage and the 

next 4 µm was continued using DC voltage with an average current density of 0.011 A/cm2. (Right) 

Magnified veiw of the approximate boundary between the two methods (Reprinted from Ref 54, 

with the permission of  John Wiley and Sons). 

Electrodeposition 

Mode

Diameter 

(nm)

Height 

(nm)

Deposition Rate 

(nm/s)

Theoretical Deposition 

Rate (nm/s)

Current Efficiency 

(%)

PED 722 2172 15 16.79 89.33

PED 713 2276 15 16.01 93.67

PED 731 2100 15 16.89 88.80

PED 695 2070 15 16.03 93.58

PED 690 2160 15 16.31 91.96

DC-ED 704 2054 250 262.56 95.22

DC-ED 705 2122 250 263.95 94.72

DC-ED 700 2128 250 279.25 89.52

DC-ED 714 2114 250 255.48 97.85

DC-ED 720 2186 250 261.73 95.52
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Figures 3.8A and E show the cross-sectional FIB ion channeling contrast images of the 

wires printed using PED and DC-ED processes, respectively. Both wires are nanocrystalline, 

however the channeling contrast in the PED samples revealed the existence of nanotwins within 

most of the grains. Noticeably, introduction of the OFF-time during the PED changed the 

microstructure of the printed metal. The PED deposited wires exhibited nanocrystalline 

nanotwinned (nc-nt) microstructure with columnar-shape grains with an average diameter of ~205 

nm, separated into twin/matrix lamellar structures by the slanted TBs. In the base of the wire, there 

is a transition region with small irregular shaped grains. The microstructure of this layer may be 

affected by the properties of the seed layer, as well as the pulsed vs. DC voltage applied during 

deposition. After the transition layer, nearly all the Cu grains exhibited columnar structure with 

TBs within them. On the other hand, the wires prepared by DC-ED were consisted of small 

irregular shaped grains uniformly distributed across the wire with an average grain size of ~180 

nm. 

TEM images validated the FIB observations. The dark field TEM image of the PED wire 

highlights few of the grains in a selected diffraction spot (Figure 3.8B), and reveals the columnar-

grained structure consistent with the FIB observation. Most of the grains contain parallel TBs. The 

high magnification image of a single grain at the top right corner of the wire and the selected area 

electron diffraction (SAED) pattern (Figure 3.8C and D) confirmed the nt-structure. The difference 

between the microstructure of the wire printed by DC-ED and PED shows that the nanotwins are 

formed due to the occurrence of the OFF-time during the 3D printing process. It seems that the 

twins are propagated through the grains with an irregular spacing. A cross-section TEM image of 

the entire DC-ED wire is presented in Figure 3.8F. The wire consists of small grains with nanoscale 
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size, uniformly scattered along the length. The higher magnification bright field TEM image and 

the SAED pattern indicate the nc structure (Figure 3.8G and H). 

 

Figure 3.8. Microstructure of wires printed using (A)-(D) PED and (E)-(H) DC-ED. (A) The cross-

section FIB ion channeling contrast image, and (B) TEM dark-field image of the wire printed by 

PED. (C) Zoomed-in image of the area enclosed in box in B shows a typical grain with (D) the 

corresponding diffraction pattern, which reveals the nanocrystalline nanotwinned (nc-nt) structure 

with columnar shaped grains. (E) The cross-section FIB ion channeling contrast image, and (F) 

and (G) TEM bright field images of the wire printed by DC-ED. (H) The diffraction pattern 

confirms nanocrystalline (nc) structure. 

Figure 3.9 presents a high resolution TEM (HRTEM) image of two TBs (shown by the 

dashed lines) along [110] orientation, in the PED printed wires. The fast Fourier transformation 

(FFT) of the selected areas are shown in the insets. The FFT of TB (iii) is consistent with the 

double-spot pattern of twinning. The patterns on the two sides of the TB (i, ii) show mirror 
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symmetry. According to the FFT, TBs are formed in (111) plane. The texture of the printed wire 

is similar to the previous bulk electrodeposited films 48.  

 

Figure 3.9. HRTEM image of typical coherent TB in the PED wire. The TBs are shown by the 

dashed line. Insets are FFT patterns of (i, ii) two mirrored sides of the TB, and (iii) the TB, 

respectively. 

In addition, Figure 3.10 shows a high resolution TEM (HRTEM) image of another twin 

boundary (TB) in the printed nanotwinned (nt) wire. The d-spacing of the lattice structure on both 

sides of the TB was characterized through analysis of fast Fourier transform (FFT) of the HRTEM 

image by DigitalMicrograph® software. According to the results, d-spacing at regions (i) and (ii) 

was 2.09 Å and 2.11 Å, respectively, which confirmed (111) planes parallel to the twins, as 

expected. 
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Figure 3.10. Lattice structure characterization using high resolution TEM image of a twin 

boundary. (i) Total d-spacing of 20 fringes along the specified region, which indicates d-spacing 

of 2.09 Å. (ii) Total d-spacing of 19 fringes along the specified region, which indicates d-spacing 

of 2.11 Å. The measured d-spacings at two regions show (111) planes on both sides of the twin 

boundary. 

Figure 3.11B shows the FIB ion channeling contrast image of the cross-section of layer-

by-layer printed structure presented in Figure 3.5E. As expected the microstructure contains 

aligned twins within the grains. Interestingly, there is no noticeable interlayer in the twinned layer-

by-layer deposited structure. Although the grains were deposited in multiple steps (with time 

interval of 5 minutes between each steps as the nozzle returned to the same location) no 

discontinuity was observed within the grain. In each layer the grains mostly continued growing, 

and no new grains were formed for each layer. The absence of inter-layer interface can be 

important to enhance the mechanical and electrical properties of the 3D printed structures.  
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Figure 3.11. (Left) SEM image of zoomed-in view of the layer-by-layer deposited structure and 

(right) The FIB image of the cross-section showing that each layer is deposited on the previous 

layer, with no noticeable interlayer. 

3.3.3 Mechanical characterization 

Micro-compression experiments were performed on micro-pillars with two different internal 

microstructures described in Figure 3.8. The experiments were performed in situ SEM as described 

in Figure 3.2. Five samples were tested for each microstructure. The dimension, deposition rate, 

and current efficiency of each micro-pillar is presented in Table 3.2. Figure 3.12A and B show true 

stress-strain responses of the PED and DC-ED micro-pillars, respectively. The true stress-strain 

was calculated with the assumption of constant volume of the material during deformation. Both 

DC and pulse electrodeposited micro-pillars exhibited near-perfect elastoplastic behavior, with a 

smooth flow stress. This behavior is consistent with previous studies55, 56. No hardening was 

observed in the stress-strain responses of both microstructure types, while the PED material 

showed a slight decrease in flow stress by increasing strain.  

The flow stress at 10% strain is shown in Figure 3.12C. The flow stress at 10% strain was 

chosen because of an unclear yield point in such small samples. Results showed a significant 

difference between the flow stresses of DC-ED vs. PED micro-pillars. The flow stress of the PED 

micro-pillars ranged from 932 MPa to 988 MPa, with an average of 962 ± 26 MPa. The flow stress 

of the DC-ED micro-pillars ranged from 598 MPa to 699 MPa, with an average of 656 ± 46 MPa. 
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The results indicate a significant influence of the introduction of PED on the mechanical response. 

Nt-PED Cu showed ~47% higher flow stress compared to the Cu deposited by DC-ED process. 

The mechanical properties reinforce the FIB and TEM results that revealed the existence of TBs 

in the PED wires, and validate the advantageous effect of the addition of the TBs in the grains of 

the material. 

Generally, the mechanical behavior of nc and nt-nc pillars in compression is thought to be 

similar. In both cases, dislocations first originate at the grain boundary triple junctions due to the 

higher stress concentration.57 In the nc pillars (DC-ED), the partial dislocations are only blocked 

by the grain boundaries, which leaves the entire grains with the stacking faults. But in the nt-nc 

pillars (PED), TBs similarly block the intersecting slip planes, and the dislocations can only 

propagate parallel to TBs. Therefore, the dislocations form pile-ups at the boundaries, and the 

strength of the specimen increases with decreasing the twin thickness, following the Hall-Petch 

relation (which has been reported that for nt-Cu with the twin thickness of larger than 15 nm, 

strength and twin thickness exhibit inverse relationship40). This mechanism results in a much lower 

density of stacking faults within the grains of nt-nc samples, and enhances the strength of the Cu 

pillars 57. This indicates the favorable influence of insertion of the TBs within the grains in PED. 

Figure 3.12D shows comparison of the strength of the 3D-printed Cu micro-pillars to the Cu 

micro/nanopillars fabricated by different methods reported in the literature.55, 58-60 As expected, the 

ultrafine grained (ufg) Cu specimens (mean grain size larger than 1 μm) exhibited the smallest 

strength. The strength of pure nc specimens is increased by more than a factor of two compared to 

ufg samples. Interestingly, both nc and nc-nt micro-pillars printed by L-PED process showed 
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higher strength in comparison with similar pillars fabricated with electrodeposition in the pre-

designed template.55  

 
Figure 3.12. Micro-compression stress and strain responses of 3D-printed Cu micro-pillars by (A) 

PED with nc-nt microstructure, and (B) DC-ED with nc microstructure. The inset in A is an SEM 

image of the micro-compression experiment. (C) Comparison of flow stress of each microstructure 

at 10% strain. (D) Strength of the 3D-printed micro-pillars compared with similar nanowires 

fabricated with different methods (green = ultrafine grain, black = single crystal, red = 

nanocrystalline, blue = nanocrystalline nanotwinned, and orange = single crystal nanotwinned). 

Note that the color code is for each specific microstructure. The shapes in the legend of the figure 

refer to the specific reference. 

The presence of grain boundary triple junctions is expected to make both nc and nc-nt 

nanopillars weaker than the single crystalline (sc) ones,57 but the current 3D printed nc-nt materials 

showed higher yield strength compared to the sc nanopillars.  In the sc specimens, the surface 
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defects can serve as effective stress concentrators, and it is where the first partial dislocation 

nucleates.57 Hence, the strength of sc specimens are highly sensitive to the surface condition, and 

this may explain the lower strength of the sc nanopillars compared to the 3D printed nc-nt ones. 

Experimental and molecular dynamics (MD) simulation results have revealed a Hall-Petch type 

relation between the strength and the twin thickness in the nanowire.44 The tensile behavior of sc-

Cu nanopillars with different diameters and twin spacing revealed that the TBs alone marginally 

enhance the plasticity of samples, and the combination of TBs and grain boundaries is more 

important to obtain nanopillars with high ductility.42 

The mechanical characterization was performed on the layer-by-layer nanotwinned Cu 

structure using in situ SEM nanoindentation system (Figure 3.13A). Figure 3.14A presents a 

typical load vs. indentation depth response obtained from the nanotwinned copper sample. The 

calculated ratio of the final indentation depth to the maximum indentation depth (hf / hmax = 0.92) 

showed the existence of pile-up.61 The AFM topography image of the indentation footprints and 

the line-scan confirmed the pile-up (Figure 3.13C and D). Once pile-up happens, the actual contact 

area between the indenter tip and the sample is larger than the predicted value by the Oliver-Phar 

method,62 and the hardness and the modulus are overestimated. Hence, the true contact area were 

measured using the AFM images of indentation footprints in order to calculate the true hardness 

and modulus. The average elastic modulus of 128.2 ± 10.9 GPa was achieved for the samples 

(Figure 3.14B). The elastic modulus for bulk Cu is ~117 GPa. Also, the average calculated 

hardness of the samples was 2.0 ± 0.19 GPa, which is in good agreement with the previous stated 

values on nt-Cu (Figure 3.14C).63-66 
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Figure 3.13. (A) In situ SEM nanoindentation on the L-PED printed layer-by-layer nt-Cu sample. 

(B) SEM image of an indentation footprint. (C) An AFM topography image of one of the 

indentation footprints. (D) Line-scan obtained from the indentation site, which shows pile-up in 

the indentation (Reprinted from Ref 54, with the permission of  John Wiley and Sons).  

3.4 Conclusion 

In conclusion, 3D printing of freestanding nt-Cu wires and micro-pillars using an ambient 

environment solution-based process based L-PED was demonstrated. The results showed that high 

quality Cu can be printed in 3D geometries with nanocrystalline-nanotwinned microstructure (nc-

nt). The printed nc-nt Cu exhibited a remarkable yield strength of over 960 MPa, which is 47% 

larger than the yield strength of nc-Cu printed using the same process, under DC electrodepositing. 

The demonstrated process can be extended to include control over density of twins and their 
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orientation, and the grains size and orientation by adjusting deposition parameters in both DC-ED 

and PED techniques.  

 

Figure 3.14. (A) Load-indentation depth plot obtained from nanoindentation on the nanotwinned 

copper sample. (B) and (C) Graph show elastic modulus and hardness of the printed Cu, 

respectively (Reprinted from Ref 54, with the permission of  John Wiley and Sons).  

Also , the size of printed structures can be controlled by adjusting parameters such as the 

aperture diameter of the micropipette nozzle and the withdrawal speed of the nozzle.31 For a given 

nozzle diameter, increasing the withdrawal speed of the nozzle will result in finer diameter wires, 

since the meniscus bridge is stretchable within a stable range. On the other hand, the withdrawal 

speed/deposition rate of the wire depends on the applied potential, electrolyte concentration, and 

environmental humidity. Based on the multi-physics model and experimental observation, wires 

can be printed in the range of 0.5 to 0.9 times of the nozzle diameter. This capability will be 

attractive for various applications in nanotechnology, in particular for 3D electronics and sensors. 

Additionally, this method may be extended to other materials and alloys that can be 

electrodeposited.
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CHAPTER 4 

TOWARD CONTROL OF MICROSTRUCTURE IN MICROSCALE ADDITIVE 

MANUFACTURING OF COPPER USING LOCALIZED ELECTRODEPOSITION 

   

4.1 Introduction 

The control of microstructure in 3D-printed metals is one of the most formidable challenges 

facing microscale additive manufacturing (µ-AM) of these materials.47 The main focus of µ-AM 

processes for metals has been on achieving small scale structures with complex geometries.1, 17, 67 

However, for functional applications (such as electronics, sensors, photonic, among others) with 

desirable properties, it is necessary to gain control over of the microstructure, and hence 

mechanical and electrical properties. The mechanical properties (such as yield stress, flow stress 

and strength) of metals and alloys are predominantly determined by their microstructure including 

the grain size, dislocation density and dislocation mobility, and the solid solution content. 

Electrical properties are often affected by impurities, pores and defects in the material. Currently, 

there is very limited information on the control of microstructure in µ-AM of metals.  

Several distinct physical and chemical µ-AM processes for metals are currently available. 

They include direct ink writing (DIW), electrohydrodynamic printing (EHD), local electrophoretic 

deposition, laser-induced forward transfer (LIFT), meniscus-confined electroplating, 

electroplating of locally dispensed ions in liquid, laser-induced photoreduction, and traditional 

focused electron/ion beam induced deposition processes. Principle of operation, achievable 

geometry and feature size, speed of printing, compatible materials, and possible applications of 
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these processes have been discussed in a recent review article.47 DIW and EHD often require post-

processing to remove the organic matrix from the printed composite. Heat treatment, often as high 

as 400-500 °C decomposes the polymer matrix, and results in densification and grain growth of 

the metallic phase. Pronounced porosity can also result from the heat treatment. Removal of the 

polymer matrix may enhance the electrical conductivity of the material, however, the grain growth 

during annealing is not desirable for mechanical properties. The microstructure in LIFT and 

reduction based approaches is often crystalline, and the microstructure can be potentially 

controlled through process parameters in situ.   

The localized pulsed electrodeposition (L-PED) is an electrochemical-based microscale 

additive manufacturing process (µ-AM) for metals and alloys.54, 68 In this process, 

electrodeposition is confined to a small zone at the tip of a nozzle filled with the metal’s liquid 

electrolyte (Figure 4.1A). When the nozzle approaches to the substrate, a meniscus (liquid bridge) 

is formed between the tip of the nozzle and the conductive substrate. This electrolyte meniscus 

functions as a confined electrochemical bath (Figure 4.1B). When a pulsed electric potential is 

applied (Figure 4.1D) between an electrode inserted from the back of the nozzle (the counter 

electrode, or anode) and the substrate (the working electrode, or cathode), the metal ions are 

deposited at the growth front within the meniscus area on the cathode surface.69, 70  

In the L-PED process, the applied potential/current is interchanged repeatedly between ON 

and OFF with the time periods of TON and TOFF, respectively (Figure 4.1D). Therefore, during short 

time interval of ON potential, a very high current density and subsequently high deposition rate is 

achieved, while in the OFF-time the consumed ions are recovered, and higher concentration of 

ions is provided on the cathode surface for the subsequent ON-time. In pulsed electrodeposition 
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(PED) the ON-time is often on the order of milliseconds, and the OFF-time is on the order of 

seconds. High purity metallic structures can be printed in desired 3D geometries through precise 

and controlled motion of the relative position of the nozzle and the substrate. L-PED is capable of 

printing different geometries such as free-standing wires, micro-pillars (µ-pillars), and layer-by-

layer structures (Figure 4.1E-H).54, 68 

The L-PED process can be used to produce unique microstructures that are not obtainable 

by conventional direct current electrodeposition (DC-ED). The meniscus-confined DC 

electrodeposition was demonstrated in 2010 for 3D printing of microscale copper (Cu) wire 

bonds.1 The metal printed by DC-ED is nanocrystalline.14 Recently, we reported that by 

application of pulsed current/voltage, high purity and void-free nanotwinned Cu can 3D-printed 

without any additives.54, 68 Nanotwinned metals are ultrafine-grained or fine-grained metals with 

grains that contain a high density of layered nanoscale twins divided by coherent twin boundaries 

(TBs). Nanotwinned metals have an unprecedented combination of ultrahigh strength, high 

ductility, and high electrical conductivity,39, 40 and are hence attractive for applications requiring 

high electrical conductivity and high strength and ductility such as in flexible electronics, sensors, 

solder bumps, interconnects and wire bonds.  

Bulk PED has been extensively investigated in the literature.53, 71-74 Generally, it is known 

that the microstructure of the deposited metal is dependent on the deposition parameters and 

conditions, such as stirring, bath additives, temperature, and the pH.75 PED facilitates more control 

over the microstructure compared to the conventional DC method because of the inclusion of ON- 

and OFF-time. The mechanisms for control of the grain texture and twin densities are reported in 

the literature by changing the peak current density and duty cycle.71-74 However, L-PED is 
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inherently distinct from the bulk PED. Figure 4.1B and C show the side-by-side comparison of the 

L-PED with the conventional bulk electrodeposition. In conventional (pulsed) electrodeposition, 

the anode and cathode are immersed into an electrolyte bath. Hence, the entire cathode surface is 

exposed to the electrolyte and pulsed current. In L-PED only the area under the meniscus (liquid 

bridge) is exposed to the electrolyte. Considering the small size of the cathode area (radius of 

smaller than 25 μm) in this process, we can assume the electrode in the system as an ultra-

microelectrode (UME). In UMEs, as the dimension of the electrode is comparable to the thickness 

of the double layer.38 The small size of the cathode electrode generates small overall passing 

currents, and consequently a very low ohmic drop, which allows using simple two-electrode cell 

instead of the conventional three-electrode.  

The short pulses applied to the anode by the potentiostat during TON drives the ions and 

hence the electrolyte toward the cathode, which generates a convective flow in the narrow nozzle-

tip and within the meniscus.69, 70 High concentration of metal ions in the meniscus area during TON 

results in back diffusion away from the meniscus opposite to the convective flow direction. During 

TOFF, ions flow back toward the meniscus to compensate for the depleted ions. Additionally, water 

evaporates very fast from the meniscus, since the surface area to volume ratio (A/V) for small 

liquid meniscus is large. Fast evaporation of water from the meniscus increases the concentration 

of metal ions in the meniscus surface, which in turn results in additional convectional flow toward 

the meniscus area. One important advantage of evaporation in L-PED process is that the mass 

transport to the electrode is high, even in the absence of regular convection process used in bulk 

PED, such as stirring. This phenomenon results in a different range of process parameters 

compared to the bulk PED. Another consequence of high evaporation rate from the meniscus 
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surface is higher ionic concentration at the meniscus edge, which causes non-uniform current 

density across the cathode surface. However, the controlled relative humidity and long OFF-time 

period in the L-PED process allows the meniscus to achieve uniform ionic distribution across the 

cathode surface.  

 

Figure 4.1. (A) The schematic view of L-PED 3D printing process. Side-by-side comparison of 

(B) the L-PED printing process and (C) the bulk electrodeposition. (D) Pulsed current 

electrodeposition (PED) with an arbitrary duty cycle. SEM images of (E) an array of 3D-printed 

µ-pillars for micro-compression experiment (printing time for each pillar ~12 min), (F) a 40-layer 

structure printed by layer-by-layer L-PED (printing time ~150 min), (G) a spiral pattern (printing 

A

10 µm

E

3-axis 

Piezostages

P
o

te
n

tio
s
ta

t
/ G

a
lv

a
n

o
s
ta

t

3-Axis 

Stages

Substrate

Anode

10 µm10 µm

4 µm

2 µm

CB

F G H

+-

e-e-

Cathode Anode

Electrolyte

Mn+

Mn+

Mn+

Mn+

+-

e-

e-

Electrolyte 

Meniscus

Mn+

Mn+

Mn+

Mn+

Anode

Cathode

E
v
a

p
o

ra
ti
o

n
 

o
f 
e

le
c
tr

o
ly

te
 

C
u

rr
e

n
t 
D

e
n

s
it
y

Time

Ip

tON

tOFF

Pulsed Electrodeposition (PED) 
D



 

49 

time = ~15 min), and  (H) a close-up view of a µ-pillar for micro-compression and microstructure 

characterization.  

Considering these differences between the bulk PED and L-PED, kinetics of 

electrodeposition, flow of electrolyte, concentration of ions, distribution of electric potential, and 

the current density, which ultimately determine the average deposition rate may be different 

between the electrodeposition in a confined nozzle vs. conventional electrodeposition in a bath. In 

this section, the effect of various process parameters on the microstructure and mechanical 

properties of the 3D printed metal using L-PED is characterized.  

4.2 Materials and methods 

For printing Cu µ-pillars, glass micropipettes nozzle was filled with the electrolyte solution 

of CuSO4 (100 mM) and H2SO4 (1 M). Additionally, the cell consists of a conductive substrate 

(gold-coated silicon) as the working electrode, and a copper wire inserted from back of the nozzle 

as the counter electrode. During the process, the humidity around the nozzle was controlled by a 

remote hygrometer, and 3D printing was conducted at a constant relative humidity of ~65%.  

It is noteworthy that there are differences in the chosen range of parameters in the L-PED 

process compared to the bulk PED. For instance, while there is no lower limit in the deposition 

rate in PED, due to the essential fact that in L-PED process the deposition rate should be synced 

with the steady speed of the nozzle.68  Therefore, parameters should be chosen in a way that the 

slowest deposition rate meets the lower limit speed of the positioning stages. This limit in our 

experiment was 1 nm/s. Additionally, there is an upper limit for the applied peak current density 

to avoid clogging of the nozzle due to fast and dendritic deposition of material.  
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The microstructure of the 3D-printed micro-pillars were characterized using scanning 

electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and high-resolution 

focused ion beam (FIB). The overall geometry, diameter, and height of the micro-pillars were 

observed under SEM (Zeiss Supra 40) to examine if they were suitable for micro-compression 

experiment. Elemental analysis was performed using the same system equipped with an EDS 

system using 18 kV electron beam. To examine the grain size and twin boundary presence, the 

cross-section of the micro-pillars was observed using high-resolution focused ion beam (FIB) 

imaging (FEI Nova Nanolab 200). The cross-section of the micro-pillars was milled at a final 

acceleration voltage of 30 keV and current of 10 pA, followed by imaging using the same 

parameters. 

Mechanical properties of the 3D-printed µ-pillars were obtained using micro-compression 

experiments in situ SEM by a nanoindentation system (NanoFlip, Nanomechanics). Micro-pillars 

were compressed using a 50 µm diameter flat punch conductive diamond as the compression anvil. 

Three samples were tested for each deposition parameter that was examined for mechanical 

properties. The diameter range of the micro-pillars was ~5.10 ± 0.7 μm. To minimize the effects 

of buckling and the other artifacts, the length-to-diameter aspect ratio of the µ-pillars was kept at 

~2:1. For accurate micro-compression experiment, the top surface of the micro-pillars were milled 

with FIB to completely flatten their top surface, where the tip of the flat punch touches the printed 

metal. Fine milling was performed at an acceleration voltage of 30 keV and current of 10 pA. All 

experiments were run under displacement-control mode at a constant displacement rate in order to 

achieve the constant strain rate of 1 × 10-3 s-1 (𝜀 ̇ = �̇�
L⁄ ). The stress-strain response was calculated 
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based on the obtained load-displacement and geometry of each micro-pillar. Real-time 

deformation video and the mechanical data were recorded during the experiments. 

4.3 Results and discussion 

For this study, several tens of copper (Cu) micro-pillars (µ-pillars) with a diameter of ~5 

μm were directly 3D-printed using the L-PED process with different processing parameters. 

Similar µ-pillars are often fabricated using the focused ion beam (FIB) milling from thin films of 

the material of interest. The L-PED process enables direct printing of the µ-pillars, which 

facilitates characterization of both microstructural and mechanical properties. Details of the 

printing process is given in the materials and method section.  Figure 4.1E shows a SEM image of 

an array of four µ-pillars with diameter of ~5.2 μm printed for the in situ SEM micro-compression 

experiment. The µ-pillars have uniform geometry throughout the length with a strong adhesion to 

the substrate, which is important for quantitative characterization of mechanical properties.  

The energy dispersive X-ray spectroscopy (EDS) spectra acquired from a µ-pillar (Figure 

4.1H) is shown in Figure 4.2A. The EDS data show that the printed material is high purity Cu 

without significant presence of impurities. Although the printing process is carried out in room 

environment, only small amount of oxygen is present on the surface of the substrate and µ-pillars. 

Note that the gold (Au), chromium (Cr), and silicon (Si) in the spectra originated from the 

substrate.  

Three independent variables in PED include TON, TOFF, and the peak current density (IP), 

as shown in Figure 4.1D. The average current density (IA) in PED is defined as IA = IP × γ, in which 

γ is the duty cycle, γ = TON / (TON + TOFF). Often time, the average current density is used as the 

main process parameter in PED. Increasing the average current density results in increase in the 
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deposition rate. For growth of a µ-pillar, it can be shown that the growth rate (which is equal to 

the withdrawal speed of the nozzle) is given by 𝑣 =
4𝑖𝑀

𝑛𝐹𝜌𝜋𝐷2 , in which i is the applied current during 

deposition, M is the molar mass and ρ is the mass density of the deposited material, n is the number 

of electrons per ion involved in the deposition reaction, F is the Faraday constant, and D is the 

diameter of the µ-pillar.1 This relationship shows that the deposition rate is proportional to the 

average current density (
4𝑖

𝜋𝐷2).  

Figure 4.2B shows the experimental deposition rate for the printed µ-pillars by the L-PED 

process vs. the average current density. The data shows a linear trend between the deposition rate 

and the average current density. The solid line is the deposition rate calculated form the Faraday's 

law. The current efficiency (CE) of the L-PED process can be calculated as the ratio of the 

experimental deposition rate and the deposition rate calculated from the Faraday’s law 38. The 

obtained current efficiency of the L-PED process was calculated to be 90 ± 5%, which implies 

minimum side reactions and “wasted” current in the process. The high CE also implies that the 

side reactions do not produce any significant impurities in the deposited metal, as also confirmed 

by the EDS data (Figure 4.2A). 

The density of twins that are formed during the deposition process highly depends on the 

nucleation rate and the average deposition rate.40 In the bulk PED, it has been shown that the 

systematic change of the average current density enables synthesizing nanotwinned Cu with 

different twin thickness.40 The effect of average current density (hence the deposition rate) on the 

microstructure of the printed metal is examined by the L-PED process. Detailed deposition 

parameters for the µ-pillars are presented in Table 4.1.  
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Figure 4.2. (A) The EDS spectra acquired from a printed µ-pillar. No significant presence of 

impurities was observed in EDS data. (B) The experimental deposition rate for the printed µ-pillars 

by the L-PED process vs. the average current density. The solid line is the deposition rate 

calculated from the Faradays law. The current efficiency of the L-PED process was calculated to 

be 90 ± 5%. (C)-(H) The effect of the average current density (and deposition rate) on the 

microstructure of 3D-printed nanotwinned Cu µ-pillars. The cross-section FIB ion channeling 

contrast image of µ-pillars printed at different deposition rates reveal that increasing the deposition 

rate increases the density and alignment of the twin boundaries (TBs). 

Figure 4.2C-H show the cross-section FIB ion channeling contrast images of six different 

µ-pillars deposited at different average current densities, spanning from ~5 mA/cm2 to ~100 

mA/cm2. This range of average current density results in deposition rates spanning 2 nm/s to 35 

nm/s. The results show that for this range of parameters, all the printed Cu µ-pillars contain twin 

boundaries (TBs). By increasing the average current density and the average deposition rate, the 

density of the TBs increases, which results in refinement of the twin lamella thicknesses. 

Additionally, it is observed that for slower deposition rate, TBs are randomly ordinated within the 
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grains. As the deposition rate increases, the grains become more columnar and the TBs within the 

grains get more aligned perpendicular to the growth direction.  

Table 4.1. The process parameters of the µ-pillars printed using the L-PED process. 

 

The average current density and accordingly the deposition rate in PED process can be 

engineered by adjusting different pulse parameters including the peak current density, ON-time, 

and OFF-time. The influence of each of the pulse parameters on the microstructure of the printed 

Cu is investigated (Figure 4.3). In electrodeposition process, after transfer and incorporation of the 

ions on the cathode surface, there are two competitive processes depending on the electrochemical 

parameters: building up of the existing crystals or growing new ones 76. The increase in the peak 

current density favors the nucleation of new crystals rather than the building up the existing ones. 

µ-pillars were deposited using pulsed currents with the same periodic TON / TOFF ratio (20 ms/2 s) 

and different peak current densities. As can be observed in Figures 4.3A and B, increasing the peak 

current density from 2.77 A/cm2 to 9.85 A/cm2 (corresponding to the deposition rate of 10 nm/s 

and 35 nm/s, respectively) increased the twin density in the metal, and also decreased the grain 

size. The metal printed with smaller average current density exhibits randomly-shaped large grains 

Electrodeposition 

Mode

ON Time 

(s)

OFF Time 

(s)

Peak Current 

Density (A/cm2)

Average Current 

Density (mA/cm2)

Depostion Rate 

(nm/s)

Current 

Efficiency (%)

L-PED 0.02 2 0.55 5.46 2 99

L-PED 0.02 4 2.28 11.37 5 94

L-PED 0.02 2 2.77 27.48 10 99

L-PED 0.02 4 6.98 34.73 12 94

L-PED 0.2 2 0.64 59.25 18 83

L-PED 0.02 2 7.34 72.68 24 90

L-PED 0.02 2 9.85 97.52 35 98
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with few randomly-oriented TBs, while the metal printed with the higher peak current density 

shows smaller columnar-shaped grains with high density of aligned TBs.  

The duty cycle is an important parameter in the L-PED process, which is a function of TON 

and TOFF. In order to investigate the effect of the ON-time on the microstructure of the 3D-printed 

Cu, µ-pillars were fabricated using approximately the same peak current density and OFF-time, 

with different ON-time. The deposition peak current density was kept at ~ 0.6 A/cm2 and TOFF was 

set to 2 s, while the TON was increased from 20 ms to 200 ms. Increase of the ON-time results in 

higher density of TBs, as can be observed in Figure 4.3C and D. This increase in the number of 

TBs is because of the increase in the average current density by nearly ten times (~5.5 mA/cm2 to 

~59.2 mA/cm2). Although there is no significant grain refinement, however, the grains are more 

aligned and with columnar shape. The columnar-shaped grains often tend to grow along the fast 

growth direction of the metal.44  

One of the most important parameters in PED is the time interval between two pulses, or 

the OFF-time. Although no current is applied during the OFF-time, it is believed that this period 

is very active with respect to recrystallization of the deposited metal. It is believed that the TBs 

are formed during the growth interruption and stress relaxation during the OFF-time.49 Figure 4.3E 

and F show two different µ-pillars printed using approximately the same peak current density and 

ON-time, and different OFF-time duration. Increasing the OFF-time from 2 s to 4 s, decreased the 

average deposition rate from 24 nm/s to 12 nm/s, and the average current density from ~72.7 

mA/cm2 to ~34.7 mA/cm2. As a result, the density of the TBs in the printed metal decreased.  
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Figure 4.3. (A) and (B) The effect of the peak current density on microstructure of 3D-printed 

nanotwinned Cu: The cross-section FIB ion channeling contrast image show that increasing the 

peak current density increased the twin density and decreased the grain size. (C) and (D) increasing 

the ON-time results in higher density of twin boundaries. (E) and (F) increasing the OFF-time 

decreases the twin density and increases the grain size. 

 Additionally, the metal deposited using a longer TOFF has significantly larger grains 

compared to the metal printed using shorter TOFF. In the L-PED process, the current interruption 

causes desorption of impurities and inhibitors from the deposits and replenishment of the metal 

ions in the diffusion layer.52 This phenomenon may produce opposite outcomes in terms of 

crystallization mechanism for different metals. For Cu deposition, increase in the OFF-time 
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stimulates grain growth rather that forming new grains, because in this system, the larger grains 

are thermodynamically more stable, and the system reaches the most stable state for longer TOFF.52, 

76 As can be observed in the cross-section of the pillar in Figure 4.3F, increasing the TOFF increased 

the grain size of the metal.  

When TOFF = 0, the process is essentially DC-ED. The effect of the processing parameters 

on the microstructure of the printed metal using DC-ED process is presented in Table 4.2. It is 

generally accepted that increasing the current density in electroplating of thin films promotes larger 

nucleation rate, which in turn results in grain refinement.77 Based on the Faraday’s equation,38 the 

deposition rate of the metal in ED is proportional to the applied current density. µ-pillars with the 

same nozzle diameter were deposited, by varying the applied current to obtain different current 

densities, and hence difference deposition rates. Deposition rates from ~7 nm/s to ~200 nm/s for 

current density of ~20 mA/cm2 to ~550 mA/cm2 were obtained. The average CE (current 

efficiency) of the Cu deposition for the direct current electrodeposition (DC-ED, TOFF = 0) was 

calculated to be 95 ± 4 % (Figure 4.4).  

Applying a constant voltage (DC-ED) during the printing process results in a 

nanocrystalline microstructure with uniformly scattered grains. µ-pillars with different parameters 

were printed using DC-ED to investigate the effect of the current density on the microstructure of 

the metal. It was observed that by changing the current density, the average grain size of the printed 

Cu can be controlled (Figure 4.5), which is in agreement with the bulk electrodeposition process.78 

Specifically, it was found that in the printing process, the larger current density results in reduction 

of the average grain size in the printed metal (Table 4.2 and Figure 4.5). 



 

58 

 

Figure 4.4. The Comparison of the obtained deposition rates of printed pillars by DC-ED process 

with the analytical growth rate calculated from the Faradays law. The obtained average current 

efficiency of DC-ED was calculated to be 95 ± 4 %.  

Table 4.2. The process parameters of the µ-pillars printed using DC-ED technique. 

 

Figure 4.5A-C shows the cross-section FIB ion-channeling contrast images of selected µ-

pillars printed using current densities of 20 mA/cm2, 192 mA/cm2, and 283 mA/cm2, 

corresponding to deposition rates of 7 nm/s, 70 nm/s, and 100 nm/s. Clearly, the average grain size 

reduces by increasing the current density and deposition rate. The average grain size was estimated 

using intercept procedure by counting the number of grains in the FIB cross-section image 

Electrodeposition 

Mode

Current Density 

(mA/cm2)

Depostion Rate 

(nm/s)

Average Grain 

Size (nm)

Current Efficiency 

(%)

DC-ED 20 7 307 ± 47 94

DC-ED 28 10 263 ± 53 98

DC-ED 192 70 174 ± 52 99

DC-ED 283 100 121 ± 18 96

DC-ED 552 200 114 ± 14 99
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intercepted by sufficient number of straight lines widely separated. Quantitatively, the average 

grain size reduced from 307 ± 47 nm to 121 ± 18 nm for deposition rate of 7 nm/s to 100 nm/s.  

 

Figure 4.5. (A)-(C) The effect of the current density and deposition rate on the microstructure of 

Cu printed by DC-ED process. The cross-section FIB ion channeling contrast images of selected 

pillars show that increasing deposition current density causes grain refinement. The grain sizes of 

the pillars are (A) 307 ± 47 nm (B) 174 ± 52 nm (C) 121 ± 18 nm. (D) Average grain size vs. 

current density for the metal printed using the DC-ED process.  

The mechanical properties of selected nanotwinned Cu µ-pillars were characterized using 

in situ SEM micro-compression experiments in order to investigate the microstructure-property 
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relationship of the printed copper by the L-PED process. The mechanical properties of the µ-pillars 

printed at three different deposition rates of 10 nm/s, 18 nm/s, and 24 nm/s corresponding to 

average current densities of ~27.5 mA/cm2, ~59.2 mA/cm2, and ~72.7 mA/cm2, respectively, were 

examined. Figure 4.6A shows an SEM image of the micro-compression experiment on an array of 

printed Cu µ-pillars. A zoomed-in view of one the µ-pillars after the compression experiment is 

shown in Figure 4.6B.  

The compression stress-strain responses of the µ-pillars are presented in Figure 4.6C. The 

true stress-strain was obtained by assuming a constant volume for the material during compression. 

Figure 4.6D is the comparison of the flow stress for the printed metal at different deposition rates 

and average current densities. Several observation can be made. First, variations in the stress-strain 

responses for the µ-pillars printed with the same parameters are low. This indicates that the process 

is repeatable and the obtained microstructure is consistent. Second, a near-perfect elasto-plastic 

behavior with a smooth flow stress and no noticeable hardening was observed in compression 

stress-strain responses. There was a slight drop in the flow stress in the transition to the plastic 

region after the peak stress, which was attributed to the sudden initiation of the plastic deformation 

after dislocations pile-up against the TBs up to the point of maximum stress.57 In nanotwinned Cu, 

the TBs effectively block the motion of dislocations similar to the grain boundaries, while they 

create more local sites for nucleation of dislocations. They also accommodate dislocation motion 

to elevate the ductility of the material.  

Third, there was a clear difference between stress-strain responses of the µ-pillars printed 

with different average current densities. The flow stress of the µ-pillars deposited at 10 nm/s 

ranged from 616 MPa to 646 MPa with an average of 630 ± 15 MPa. The flow stress of the µ-
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pillars deposited at 18 nm/s ranged from 765 MPa to 784 MPa with an average of 773 ± 9 MPa. 

And the flow stress of the µ-pillars deposited at 24 nm/s ranged from 885 MPa to 931 MPa with 

an average of 909 ± 23 MPa. As shown in Figure 4.2, increasing the deposition rate in the L-PED 

process results in formation of grains with more aligned TBs and higher density of TBs. Densely 

packed printed nanotwinned Cu using the deposition rate of 24 nm/s and the average current 

density of ~72.7 mA/cm2 exhibited ~44% higher flow stress compared to the Cu printed at the 

deposition rate of 10 nm/s and the average current density of ~27.5 mA/cm2. Lastly, overall the 

strength of the printed metal was remarkable, considering that often time mechanical properties of 

the printed materials are inferior compared to their counterparts fabricated with other processing 

methods. A yield strength in the range of 600 MPa to over 900 MPa is several times of the bulk 

Cu. It is noted that the diameter of the µ-pillars is large enough so that there is no size-effect in the 

obtained properties.  

It is believed that dislocations are originated at the grain boundary triple junctions due to 

the stress concentration 57. In the nanotwinned metal, the partial dislocations are not only blocked 

by the grain boundaries, but also TBs similarly block the intersecting slip planes. Dislocations are 

only allowed to propagate parallel to the TBs, and they pile up at the boundaries. The strength of 

the specimen increases by higher density of TBs following the Hall-Petch relation.40 Additionally, 

for a metal with columnar-shaped grains, the plane orientation of the TBs with respect to the load 

direction significantly affects the strength.44 The highest compression yield strength and flow 

stress are achieved when the loading axis is perpendicular to the planes of the TBs.60 Therefore, 

the mechanical behavior of such materials strongly depend on the density and orientation of TBs. 
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Well-aligned and high density of TBs result in a lower density of stacking faults in the columnar 

grains, which enhances the strength of the metal.57  

 

Figure 4.6. (A) In situ SEM micro-compression experiment on µ-pillars printed using three 

different deposition rates (and average current densities). (B) SEM image of a compressed µ-pillar.  

(C) Stress vs. strain responses of the µ-pillars printed in three different deposition rates. (D) 

Comparison of the average flow stress of each microstructure. 

Figure 4.7 shows a summary of the process-microstructure-property relationships for 

microscale printed Cu using the L-PED process. Employing constant current density in DC-ED 

mode results in nanocrystalline microstructure.  Increase in the applied current density in DC-ED 

mode decreases the size of the grains through increase in the nucleation rates. Interestingly, PED 

by introduction of the OFF-potential during the process enables printing of nanotwined Cu. Results 
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revealed that deposition parameters in PED have significant effect on the microstructure of the 

printed metal. Raising the ON-time increases the density of TBs and their alignment within the 

grains by increasing the average current density and deposition rate. Boosting up the peak current 

density increases the twin density while decreasing the grain size significantly. Moreover, 

increasing the OFF-time period increases the grain size while decreasing the twin density.  

 

Figure 4.7. Illustration of (A) process – microstructure and (B) microstructure – property relations 

in microscale 3D printing of Cu by localized pulsed electrodeposition (L-PED) process.    

Nanocrystalline Cu is known to be stronger than ultrafine-grained Cu because more grain 

boundaries can block the partial dislocations within the material. Therefore, based on the Hall-

Petch relation.79, 80 decreasing the grain size results in an increase the strength of the metal. The 

introduction of TBs within the grains increases the strength, since TBs can block the intersecting 
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slip planes similar to the GBs.42 Hence, the strength increases with increasing twin density, 

following the Hall-Petch relation.40 Additionally, the orientation of the TBs has significant effect 

on the strength of nanotwinned Cu; more aligned TBs results in a much lower density of stacking 

faults within the grains and enhances the strength.57 

4.4 Conclusions 

The promise of microscale additive manufacturing (µ-AM) of metals is that the material is 

added layer by layer to form a desired geometry for various functional applications such as 

electronics, sensors, photonic, among others. Since the microstructure of a metal governs it’s 

mechanical and electrical properties, in addition to the geometry, the microstructure of the metal 

needs to be also engineered to achieve desired material properties. Our experimental results show 

that in the localized pulsed electrodeposition (L-PED) µ-AM process, the average current density 

is the critical electrochemical process parameter for the control of the microstructure of the 3D 

printed copper. Increase in the average current density enhances the deposition rate of the metal, 

and in turn, results in the increase in the density of the twin boundaries (TBs), increase in the 

alignment of the TBs within the grains, and transition to columnar grains from randomly oriented 

grains. The results of the in situ SEM nanomechanical experiments show that such change in the 

microstructure directly enhances mechanical properties of the 3D-printed metal. Specifically, 

~1.7-fold increase in the average current density results in ~1.4-fold increase in the deposition rate 

of the metal, which results in ~44% enhancement in the flow stress of the printed metal. 

Specifically, the results show that the flow stress of the 3D-printed nanotwinned copper can be 

tuned from ~630 MPa to ~910 MPa (3-5 times of the bulk copper) by changing the microstructure 

during the printing.
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CHAPTER 5 

THERMAL STABILITY OF NANOTWINNED COPPER IN INTERCONNECTS 

ADDITIVELY MANUFACTURED BY LOCALIZED PULSED ELECTRODEPOSITION 

  

5.1 Introduction 

The trend in miniaturization of electronic devices requires development of innovative 

micro/nanoscale metal fabrication techniques. While there is still no established additive 

manufacturing (AM) method for fabrication of metallic structure at the small scale, various 

techniques are under development for different applications.2 These techniques are expected to 

benefit the integration of electronics and sensors. One of the most important driving factors of this 

process is fabrication of high quality and thermally stable materials with similar properties to the 

bulk level.  

Among different AM methods recently introduced, the localized pulsed electrodeposition 

(L-PED) process as a cost-effective technique with high flexibility in preparing high quality 

metals, can be considered as one of the candidates to complement the conventional 

microfabrication of interconnects.54, 68 The L-PED process is based on the localized 

electrodeposition of metals at the tip of an electrolyte-containing nozzle steered in 3D-axis using 

precision positioning stages to fabricate omni-direction or layer-by-layer metallic structures 

(Figure 5.1A). The L-PED process offers significant advantages compared to other processes for 

patterning and 3D printing of metals, including: (1) direct printing of pure metal without any need 

for additional post-processing, (2) no significant porosity in the structure after printing, (3) single 

step and low-cost process in room environment, (4) metal fabrication at wide ranges from nm to 
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mm using different nozzle diameter, and (5) control over the microstructure of the printed metal, 

and hence control over its mechanical and electrical properties. For instance, the L-PED enabled 

fabrication of nanotwinned copper (nt-Cu) with controlled twin density and thickness for the first 

time.68 Nt-Cu interconnects with remarkable combination of mechanical and electrical properties 

are promising candidates for a range of  applications in electronics.39 

While the L-PED process aims to address some of the challenges in different applications 

in nanotechnology and electronics through fabrication of actual products such as interconnects, it 

is important to determine their maximum service temperature and thermal stability. The 

microstructure evolution at elevated temperatures, which usually causes unexpected failure in 

systems, is one of the most critical challenges in the high-performance applications. To date, there 

is no comprehensive study on thermal stability of the printed nt-Cu interconnects by the L-PED 

process. Therefore, understanding grain growth mechanism in 3D-printed interconnects requires 

further investigations, specifically for applications where the working temperature is higher than 

room temperature.  

Generally, the nanocrystalline (nc) metals without any impurities are thermodynamically 

unstable, and grain growth may occur at lower temperature compared to nt-metals 81, 82. Abnormal 

grain growth is reported for nc pure metals even at ambient environment 83. The major driving 

force for the grain growth in metals is the high energy of the grain boundaries (GBs) and grain 

boundary junctions.84 In order to improve the stability of pure metals, the driving force can be 

reduced by incorporation of more low energy boundaries in the microstructure.84 For instance in 

copper, the energy stored at high-angle grain boundaries is approximately 20 times higher than the 
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twin boundary (TB) energy.81 Therefore, the driving force for growth of grains is more than the 

force for coarsening TBs thickness.  

Low energy coherent twin boundaries (CTBs) reduce the driving force for grain growth in 

Cu,85 hence the presence of large number of coherent nanotwin (nt) boundaries within the 

microstructure results in better thermal stability. The superior thermal stability of nt-Cu may be 

because CTBs have close-packed atomic arrangement and low energy compared to the GBs, which 

makes CTBs less mobile at higher temperature. Also, it has been reported that the triple junctions 

formed in the intersection of a TB and a GB help to pin the grains and make them more stable.85 

However, the presence of high density of coherent twins is not sufficient for thermal stability, and 

the twin structure, including the defect content and network topology needs to be considered as 

well.86 For instance, existence of random columnar GBs and large fraction of incoherent TBs 

significantly reduce the thermal stability.86 It is noteworthy that the purity is one of important 

factors that should be considered in thermal stability of such structures, since impurities can pin 

GBs and keep them more stable.85 

There are various processes for fabrication of nt-Cu. Each process results in different 

microstructures with distinct material properties.85 Different factors such as GB energy, twin 

density and structure, and the presence of impurities can contribute to the stability of nt-Cu. 

Although aspects of thermal stability of nt-Cu  are previously investigated at the bulk level, and it 

has been shown that nt-Cu films are much more stable than nanocrystalline (nc) and ultrafine 

grained (UFG) counterparts with high angle GBs,82  a systematic study of grain growth kinetics in 

additively manufactured microscale nt-Cu interconnects as well as potential impacts on their 

mechanical and electrical reliability are required. The proposed research in this dissertation is 
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designed to address this critical gap. In this chapter, a comprehensive study on the thermal stability 

and reliability of the 3D-printed micro/nano-scale nt-metallic interconnects is presented to 

demonstrate the feasibility of using L-PED as an innovative AM technique for fabrication of high 

conductivity nt-metal features in electronics.  

5.2 Materials and methods 

Description of printing process of nt-Cu interconnects by L-PED: Nt-Cu micro-pillars were 

printed using a glass micropipette nozzle pulled to diameter of ~5 µm (P-97 pipette puller, Sutter 

Instrument). The micropipette was filled with the electrolyte of CuSO4 (100 mM) and H2SO4 (1 

M). A copper wire as anode electrode inserted from the back of the micropipette, and a gold-coated 

silicon substrate served as the cathode electrode. The nozzle tip was moved close to the substrate 

surface using a coarse motion control system (Newport Inc.) to form a meniscus (liquid bridge) 

between the tip and the substrate. Once the liquid bridge was formed, a pulsed current was applied 

between the two electrodes using a potentiostat/galvanostat (VersaSTAT 4, Princeton Applied 

Research) to deposit the metal at the limited area of the cathode surface. A high resolution (4 nm) 

three-axis nano-positioning system (Newport Inc.) was employed to control the motion of the 

substrate during deposition. The synchronized motion of the substrate and deposition resulted in 

3D printing of pure nt-Cu interconnects. The relative humidity in the printing environment was 

controlled at ~ 65%. The printing process was monitored in real-time using a high-resolution 

system including an optical objective lens coupled with a CCD camera (XM-10, Olympus). The 

schematic of the printing setup is shown in Figure 5.1A. 

Thermal annealing: Each sample was annealed individually at 150 °C, 300 °C, and 450 °C for 4 

hours, under identical conditions using the infrared lamp heater in a sputtering chamber (AJA 
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Orion Sputter) maintained at a vacuum pressure of ~5 × 10-6 Pa. The heating rate was 10 °C/min, 

and the samples were cooled down to room temperature after heat treatment at the average rate of 

~3 °C/min. Large Argon gas flow was used to increase the cooling rate. Initially, the temperature 

dropped at a faster rate, and the cooling rate became much lower when the temperature in the 

chamber was below 100 °C. 

Microstructure characterization: The microstructure of the 3D-printed interconnects were 

characterized utilizing the scanning electron microscopy (SEM, Zeiss Supra 40) and high-

resolution focused ion beam (FIB, FEI Nova Nanolab 200). The surface morphology and size of 

the micro-pillars were examined under the SEM. The FIB was used to evaluate the grain size, twin 

boundary presence, and void formation in the cross-section of the micro-pillars, and to characterize 

the microstructural changes of printed samples after thermal annealing at different temperatures. 

A final acceleration voltage of 30 keV and current of 10 pA was used to mill and image the cross-

section of the micro-pillars. 

Mechanical characterization: In situ micro-compression experiment was performed in SEM to 

characterize the mechanical properties of the 3D-printed interconnects before and after thermal 

annealing. The tests carried out using an in situ SEM nanoindentation system (NanoFlip, 

Nanomechanics) with a 50 µm diameter flat punch conductive diamond tip. Three samples were 

tested for each deposition parameter and heat treatment condition. The average diameter of the 

samples was ~4.5 ± 0.1 μm with the length-to-diameter aspect ratio of ~2.7:1 to minimize the 

buckling effects. The top surface of the micro-pillars were flattened using the FIB. The tests were 

performed under displacement-control mode at a constant displacement rate and constant strain 
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rate of 1 × 10-3 s-1. The deformation of the micro-pillars were monitored in real-time during 

experiment. 

5.3 Results and discussion 

Figure 5.1B and C demonstrates the feasibility of direct printing of micro-pillar 

nanotwinned-Copper (nt-Cu) interconnects using the ambient environment L-PED process. 3D nt-

Cu interconnects were additively manufactured using pulsed electrodeposition at the tip of an 

electrolyte containing nozzle. In L-PED, the microstructure of the 3D printed interconnects, 

including twin boundary and grain formation, can be engineered by adjusting the deposition 

parameters. The mechanisms for control of the grain texture and twin densities by changing the 

peak current density and adjusting ton and toff (duty cycle) are reported in chapter 4. 

In order to study the thermal stability of 3D-printed nanotwinned metallic interconnects, 

nt-Cu microbumps/micropillars were directly printed at two different deposition rates by 

modifying the peak current density. The detailed deposition parameters are presented in Table 5.1. 

Four sets of samples were printed at each deposition condition and each set was annealed at 

different temperature. The samples were annealed at 150 °C, 300 °C, and 450 °C for 4 hours.  

The representative SEM images of the 3D printed pillars before and after annealing are 

presented in Figure 5.2. The post-annealing surface morphology of both type of the samples was 

investigated at different temperatures. It is clear that as the annealing temperature increases, the 

microstructure of the pillars is evolved. The annealing temperature is the driving force for growth 

of the grains, and once the temperature exceeds the critical temperature, which can be determined 
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based-on the microstructure, the grains start growing abnormally and coalesce. The grain growth 

may results in grain boundary groove deepening, void formation, or agglomeration. 

 

Figure 5.1. (A) Schematic view of the L-PED 3D printer setup. (B) A close-up view of 3D printed 

micro-pillar. (C) An array of printed micro-pillars interconnects.  

The surface of the pillars were smooth and undamaged before annealing process (Figure 

5.2A and E) and remained intact at lower annealing temperature. However a severe surface damage 

was observed in the Cu pillars after annealing at higher annealing temperature (Figure 5.2D and 

G-H).  For the samples with higher deposition rate, the evolution occurs at 450 °C, while for the 

lower rate ones the evolution happened at lower temperature of 300 °C. Two different types of 

damage were observed in the samples. In the sample deposited at higher deposition rate, grooves 

were observed after annealing at 450 °C, whereas in the sample with lower deposition rate, isolated 

voids were formed after annealing at 300 °C.  
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The groove type damage is known to be formed along the grain boundaries in materials 

with a very large grains with high proportion of twin boundaries. On the other hand the voids are 

usually formed at the grain boundary triple junctions in materials with small grain size without 

significant amount of twin boundaries.87 The damage type in Cu samples can be determined by 

understanding the distribution of mis-orientation angle. Park et al. suggested a microstructural 

parameter to predict the damage morphology in Cu film consists of grain size, film thickness, and 

fraction of the high energy grain boundaries.87 The grooves and voids are formed along random 

high angle grain boundaries with mis-orientation angle of greater than 15°. In comparison, twin 

boundaries and low angle grain boundaries have lower grain boundary energy and diffusivity. 

Therefore, the size of the sample, grain size, and annealing temperatures affects the microstructure 

evolution of the annealed Cu. These factors control the phenomena by minimizing the energy 

including: surface energy, interface energy, and strain energy (elastic strain energy and plastic 

strain energy).88  

FIB ion channeling contrast imaging was utilized to observe the microstructure of the 

cross-section of the pillars to investigate the microstructure evolution of the samples after heat 

treatment, and the location of the voids and their formation correlation with any microstructure 

components (Figure 5.3). Results exhibited significant difference in microstructure of the samples 

printed at two different deposition rates prior to annealing process. The sample deposited at higher 

rate revealed nt-Cu structure with columnar-shaped grains, while the ones deposited at lower rate 

exhibited nc-Cu microstructure with some grains containing TBs.  
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Figure 5.2. SEM surface images of nt-Cu micro-pillars with high density of twins (A) as-deposited 

and after 4 hours annealing at (B) 150 °C (C) 300 °C (D) 450 °C and nt-Cu micropillars with low 

density of twins (E) as-deposited and after 4 hours annealing at (F) 150 °C (G) 300 °C (H) 450 °C. 

All scale bar are 3 µm. 

Table 5.1. The process parameters of micro-pillars printed using the L-PED process. 

 

 

A comparison on grain growth of two samples illustrated the superior thermal stability of 

nt-Cu. The microstructure of both samples remained intact at 150 °C. In nc-Cu samples, grains 

grew rapidly at 300 °C where voids were formed in the entire sample (Figure 5.3G), while the twin 

boundaries in nt-Cu remained stable, and no void is observed (Figure 5.3C). At 450 °C, large 

grains were formed in both samples. Although an anisotropic crystal growth was reported in 

reference 89 for nt-Cu annealed at 450 °C, both samples printed using L-PED did not show any 
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extreme abnormal grain growth. The seed layer, which serves as nuclei at the substrate interface, 

plays a critical role in the microstructure of the samples. There exist an ultrafine grained transition 

layer between the seed layer and the preferred (111) orientation nt-Cu, which can result in 

inconsistent microstructure and properties. Therefore, the stability of the base of the pillars are 

different from the main body of the sample, and some micro-voids are observed in transition region 

of nt-Cu pillars. Previous studies show that some voids preexist in as-deposited electroplated nt-

Cu structures surrounding columnar grains.90 Also, some of these voids appear on the interface 

between the seed layer and deposition where the micro-cracks interrupt the electroplating due to 

their small size and poor wettability.91 The desired microstructure can be achieved in this layer by 

engineering the properties of the seed layer. 

The formation of voids is not desirable in in 3D-printed Cu interconnects because it 

increases the electrical resistance and limits the attainable maximum anneal temperature. Although 

there were some investigations on formation of voids in Cu after heat treatment, the actual cause 

of the phenomena is still matter of debate. The results show that the voids are formed mostly along 

the grain boundaries due to diffusion creep at grain boundary triple junctions and at grain 

boundaries. However there are few voids in grain interior, too. Formation and growth of void is 

driven by the stress gradient.92 Therefore, the understanding of the stress distribution in 

microstructure helps to realize the stress induced voiding in samples. 

During heat treatment, the sample is subjected to thermal strain, but in Cu samples the 

elastic moduli for a given strain is different for grains with different orientation. This anisotropy 

results in different thermal stresses, and stress concentration arises at the interfaces to satisfy the 

boundary conditions.93 Although decreasing the stress is the thermodynamic driving force for void 



 

75 

formation, the microstructure influences stress voiding resistance significantly. As can be seen in 

Figure 5.2C and 5.3C, the nt-Cu pillars with more textured microstructure revealed better 

resistance to void formation. The results indicates that the void formation is noticeably associated 

with non-perfect local texture. In the voided regions, the grain boundaries allowed more diffusion 

than the ones within the intact regions. Hence, local variations in microstructure plays an important 

role in affecting the reliability of printed structures. This difference in orientation of the two grains 

contributes to the concentration of thermal stress. During annealing process the density of strong 

texture is decreased, the diffusion is enhanced and therefore voids are formed at a grain boundaries 

triple junction where there were at least two grains with high biaxial elastic modulus.  

The lower stability of non-textured sample is consistent with previous studies showing that 

the voids were located at the locally weaker [111] texture with higher diffusivity and twist 

boundaries.94 The comparison of boundaries in immediate vicinity of voids and the ones from 

intact regions revealed that the zones associated with more favorable kinetics such as lower 

strength [111] texture, grain boundaries with higher angle character with twist components are 

more subjected to formation and growth of voids.95  

In Figure 5.3F, voids can be observed at the intersections of grain boundaries with twins. 

The annealing twins were formed in Cu samples during heating process. As these new orientations 

are developed, the texture strength became weak. The properties of incoherent annealing twin 

interfaces are analogous to common grain boundaries with large angle.93 Therefore, the interface 

energy and the diffusivity is higher in these [322] twins compared to the [111] twins, which make 

the void formation and growth easier. Sekiguchi et al. found a consistent correlation between the 

void formation sites and terminating corners of incoherent twins in [322] planes.92 The correlation 
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between the void formation tendency and twin formation can be explained as follows. During 

heating process, annealing twins are formed which has different crystallographic orientations from 

the parent matrix. When the sample is subjected to the isotropic thermal strain, the large elastic 

anisotropy of Cu makes different thermal stress in the twin and the parent matrix. This difference 

results in stress concentration at the twin interfaces, corners, and intersections.92 This stress 

concentration can drive diffusion along the interfaces which leads to formation of the voids. The 

work for nucleation of a void is estimated to be twice the surface energy minus the twin interface 

energy.96 The larger twin interface energy in incoherent twins compared to coherent twins makes 

the void formation in presence of concentrated stress easier. At regions with stress concentration, 

the voids are formed by interface decohesion failure, and get the round shape by diffusion. Hence, 

it’s unlikely to nucleate decohesion-type voids in strong coherent twin interfaces.  

The compression strength of the micro-pillars printed at two different deposition rates of 

18 nm/s and 23 nm/s was examined in situ SEM using micro-compression for as-deposited and 

after annealing at 300 °C for 4-hour samples. The SEM images of the micro-compression 

experiment on the array of printed nt-Cu samples before and after the tests are shown in Figure 

5.4A-C. Figure 5.4D presents the true stress-strain responses of the pillars at different conditions 

obtained from the load-displacement data. It is noteworthy that with low initial porosity of the 

voided sample, there is no significant volume reduction during compression test and true stress 

can be estimated by standard procedure.97 As expected, the stress-strain responses shift downwards 

with decreasing the deposition rate. The results show slight difference between the strength of the 

pillars printed at two different deposition rates prior to annealing. In nt-Cu, the TBs block the 
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motion of intersecting dislocations, which increases the strength of the material, and 

accommodates parallel dislocation motion to elevate the ductility of the material.  

 

Figure 5.3. Cross-sectional FIB ion contrast images reveal the microstructure of nt-Cu micro-

pillars with high density of twins (A) as-deposited and after 4-hour annealing at (B) 150 °C (C) 

300 °C (D) 450 °C; and nt-Cu micropillars with low density of twins (E) as-deposited and after 4-

hour annealing at (F) 150 °C (G) 300 °C (H) 450 °C. Scale bars are 2 µm. 

Moreover, it is evident that the strength of samples decreases after annealing process at 

both deposition rates. Near-perfect elasto-plastic behavior without hardening is perceived in stress-

strain responses for the printed pillars before annealing and annealed ones deposited at 23 nm/s. 

The slight drop in the flow stress in the plastic region is attributed to the initiation of the plastic 

deformation and dislocations pile-up against the TBs. However, substantial strain hardening 

occurred for annealed pillars printed at 18 nm/s. The strain hardening can be related to the strain 

hardening of the Cu structure and the void closure during compression.97  
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Figure 5.4E reveals the comparison of the flow stress at 5% strain of the pillars before and 

after annealing for the printed metal at different deposition rates. The flow stress of the pillars 

deposited at 18 nm/s ranged from 760 MPa to 854 MPa with an average of 811 ± 47 MPa, while 

the flow stress of the samples printed at 23 nm/s ranged from 860 MPa to 875 MPa with an average 

of 868 ± 8 MPa. Increasing the peak current density and accordingly the deposition rate resulted 

in columnar structured nt-Cu with higher density of TBs, which leaded to ~7% higher flow stress 

compared to the nt-Cu with lower TBs density. The flow stress of nt-Cu with high density of TBs 

decreased to approximately 522 ± 25 MPa after 4 hours annealing at 300 °C. With increasing the 

grain size and twin thickness, the strength of nt-Cu decreased gradually.  

In comparison, the strength of the low density nt-Cu pillars with random oriented grains 

after annealing in the same condition dropped significantly to 229 ± 5 MPa. Hence, the strength of 

pillars deposited at 23 nm/s decreased 39%, while it decreased 72% for the samples printed at 18 

nm/s. The results confirm the microstructure evolution observation and can be interpreted as higher 

thermal stability of the nt-Cu pillars with high density of TBs with columnar grains. 

The strong textured microstructure with lower surface energy plays an important role in 

higher thermal stability of columnar-grained nt-Cu in comparison to the ones with randomly 

oriented grains. The energy of columnar grain boundaries is less than that stored in equiaxed 

grains. Also, the faceted columnar GBs, which originated from the propagation of twin boundaries 

in lateral direction, employ a pinning effect on the grain growth.82 It has been reported that the 

optimal microstructure for maximum thermal stability can be achieved by incorporation of high 

density of CTBs within columnar grains with three-120° configuration.84 
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Figure 5.4. (A) In situ micro-compression experiments on an array of nt-Cu micro-pillars printed 

using the L-PED process. (B) The close-up SEM view of micro-pillar at beginning of the test. (C) 

SEM image of compressed micro-pillar. (D) True stress-Strain responses of the micro-pillars 

printed in two different deposition rates of 23 nm/s and 18 nm/s and annealed for 4 hours at 300 

°C. (E) Comparison of the average flow stress of each micro-pillar at 5% strain.  

5.4 Conclusion  

An investigation was carried out on thermal stability and mechanical properties of 3D-printed 

micro-scale nt-Cu interconnects at different temperatures. The results show that L-PED enables 

microstructure engineering to enhance the material’s performance at elevated temperature and 

avoid the void formation. Nt-Cu with low and high density of TBs were printed at two different 

deposition rates and annealed at different temperatures. Surface damage was detected in the nt-Cu 

pillars after annealing for 4 hours at 450 °C and 300 °C for the material printed at deposition rates 

of 23 nm/s and 18 nm/s, respectively. TBs in nt-Cu pillars with columnar shaped grains printed at 
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23 nm/s remained stable at temperature of 300 °C. The pillars exhibited high compression strength 

of 522 MPa after annealing, decreased from 868 MPa in as-deposited state, which indicates the 

high thermal stability of such 3D-printed interconnects. In general, the strength and stability of the 

printed metal was remarkable, and was not inferior compared to their counterparts fabricated with 

other processing methods.  Understanding of the effects of temperature on the grain growth 

combined with microstructure engineering can enhance the material’s performance in wide range 

of industrial applications. This research can yield important advancement in 3D printing of 

electronics, and be of considerable value for use in nanotechnological applications.  
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CHAPTER 6 

A MICROSCALE ADDITIVE MANUFACTURING APPROACH FOR IN SITU 

NANOMECHANICS 

  

6.1 Introduction 

There is a constant demand for the development of high performance metals and alloys 

with enhanced strength at a lower weight. Development of metals and alloys with new 

microstructure and/or composition often requires knowledge on the process – microstructure – 

property relationship. In particular, to understand the effect of the microstructure on mechanical 

properties, various experimental methods such as simple tension, three-point bending, and fracture 

toughness tests are used. Often times, knowledge on the deformation mechanism at the micro and 

nanoscale is required to complement the bulk mechanical properties.98 In situ scanning electron 

microscope (SEM) and transmission electron microscope (TEM) experiments have provided 

powerful characterization methods for the direct observation of deformation mechanisms.58, 99-105 

In particular, in situ SEM micro-pillar compression has been the hallmark of nanomechanical 

characterization techniques.3, 5, 59, 106-113 In this experiment, pillars with diameters of several 

microns or sub-micron are compressed using a flat microscale tip, meanwhile the deformation of 

the pillar is captured in a series of SEM images. The obtained SEM micro-graphs are analyzed 

combined with the acquired force-deformation responses to construct the deformation mechanism 

of the material.  

To obtain the micro-pillars for in situ SEM micro-compression experiments, often thin 

films or bulk of the material of interest are milled using the focused ion beam (FIB) in consecutive 
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steps in a top-down approach. A typical micro-pillar may require FIB time of few hours to more 

than 24 hours,106, 108 which can mount to hundreds to a few thousands of dollars for sample 

preparations, considering high cost of FIB. The long duration exposure to heavy ions in FIB can 

also introduce damage into the material.4, 6, 7, 108 Ions from the beam may also get embedded into 

the material of the micro-pillar in this process. It has been shown that the composition and 

microstructure of the surface layer of the material can be compromised in FIB milling process. 

This in turn, may alter the true deformation mechanism in the material and lead to compromised 

conclusions. Moreover, there are practical difficulties with fabricating accurate pillars with 

diameter of less than 0.5 µm.106, 108  

An alternate nanofabrication method has been also reported based on electroplating into a 

PMMA (Poly(methyl methacrylate)) template that is patterned by electron beam lithography.10 

The developed technique is a non-damaging method for fabrication of isolated metal nanopillars 

with diameter of less than 100 nm for mechanical characterization. While this method is efficient 

for rapid fabrication of arrays of nanopillars, it requires additional processes for fabrication and 

removal of the template.  

In this chapter, a bottom-up process, termed localized pulsed electrodeposition (L-PED) is 

introduced, which is based on microscale AM to enable a more convenient method for in situ SEM 

studies of mechanical properties and deformation mechanisms of metals and alloys.  This process 

enables direct deposition of nano-pillars and micro-pillars of metals and alloys in room 

environment. In addition to the size, this process enables control over the microstructure of the 

deposited material to facilitate investigation of microstructure – property relationship.  Depending 

on the size and type of the desired microstructure, a typical micro-pillar can be fabricated in a 
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single step in few minutes to tens of minutes at a low-cost and without any beam-induced damage. 

When combined with in situ instrumentation, this approach may enable high-throughput 

investigation of the process – microstructure – property relationship in particular for nano-

crystalline and nano-twinned metals and alloys. In Figure 6.1, this microscale AM process is 

schematically compared to the FIB milling and template-based electrodeposition approaches for 

fabrication of micro-pillars for in situ SEM studies.  

6.2 Materials and methods 

Direct printing of Cu micro-pillars were carried out using glass micropipettes that were 

pulled to the desired pillar diameter. Solution of CuSO4 (100 mM) and H2SO4 (1 M) was utilized 

as the plating electrolyte. A substrate of gold-coated silicon and a copper wire inserted from the 

back of the nozzle functioned as the working electrode and the counter electrode, respectively. The 

RH of the printing environment was controlled at 65% during the process. The morphology and 

geometry of the micro-pillars were investigated using a SEM (Supra 40 Zeiss). High-resolution 

FIB imaging (FEI Nova Nanolab 200) was utilized to study the microstructure of the printed Cu. 

The cross-section of the micro-pillar was milled at a final acceleration voltage of 30 keV and a 

current of 10 pA, and observed with the same parameters. 

Micro-compression experiments were carried out on the printed micro-pillars using an in situ 

SEM nanoindentation system (NanoFlip, Nanomechanics). A 50 µm diameter flat punch tip was 

used as the compression anvil. The tests were run at displacement-control mode at a constant 

displacement rate (constant strain rate of 1 × 10-3 s-1). The true stress-strain response was calculated 

based on the obtained load – displacement data, and the geometry of each specimen. The electrical 

characterization of individual pillars were performed in situ SEM using a nanomanipulator 
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(Kleindiek Nanotechnik), a power supply, and a picoammeter (Keithley). Three samples were 

tested for each characterization type. 

 

Figure 6.1. Comparison of the L-PED AM process with the FIB milling and template-based 

electroplating approaches for fabrication of micro-scale pillars. AM enables fabrication of 

specimens in a single step at low-cost in room environment.  

6.3 Process description 

The new approach for AM of metallic micro-pillars for in situ SEM micro-compression 

experiments is based on 3D printing via localized electrodeposition (Figure 6.2A).54, 68 This 
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process is described in details in Chapter 2. The input to the program is a CAD model of the desired 

geometry to be fabricated, which in this case will be a straight micro-pillar. When the nozzle 

approaches to a conductive substrate, a meniscus (or also known as liquid bridge) forms between 

the tip of the nozzle and the substrate. This liquid bridge between the tip of the nozzle and the 

substrate forms the electrolyte bath for the localized electrodeposition process, and it moves with 

the nozzle in 3D-XYZ as the material is being deposited. A potentiostat/galvanostat applies the 

desired potential between the anode inserted in the nozzle and the cathode (substrate). Metal ions 

from the electrolyte reduce at the growth front within the electrolyte meniscus, and through 

controlled relative motion of the nozzle and the substrate, metal is printed in any desired 3D 

geometry (Figure 6.2B).  

The initial distance between the nozzle tip and the substrate to form the liquid bridge 

depends on different factors including the surface condition, which comes from the nature of the 

solution and the nozzle, and the diameter of the tip. In this study, the formation of the meniscus is 

perceived by real-time monitoring of the current profile in the circuit during the process. In 

approaching step, an appropriate low potential (-0.02 V) is applied between the electrodes. A sharp 

rise in the current indicates the formation of the liquid bridge between the nozzle tip and the 

substrate. The approaching potential is chosen low to not deposit any metal in this stage. 

6.3.1 Process parameters for micro-pillar manufacturing  

Size of the printed pillars: The size of the printed pillars depends on the size of the 

electrolyte meniscus between the tip of the nozzle and the growth front (initially the substrate). 

Based on the theoretical models of the liquid capillary, the diameter and height of the meniscus is 
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on the order of the magnitude of the nozzle tip, which can vary from sub-100 nm to several 

millimeters, based on the size of the desired pillar to be fabricated. Often, a glass pipette puller is 

used for fabrication of nozzles with the desired diameters.  

 

Figure 6.2. (A) Schematic view of the L-PED 3D-printing setup. (B) The printing process of a 

micro-pillar using the L-PED process includes approach of the nozzle-tip to the substrate, 

formation of the meniscus (liquid bridge) between the tip and the conductive substrate as the 

confined electrodeposition bath, application of an electric potential between two electrodes and 

deposition of the metal ions at the growth front followed by controlled withdrawal motion of the 

nozzle. (C)-(D) Process parameters of the L-PED process can be adjusted, which enables control 

over the microstructure of the printed structures: (B) Pulsed electrodeposition (PED) results in 

nanocrystalline nanotwinned microstructure, while (C) DC electrodeposition (DC-ED) produces 

nanocrystalline microstructure. 

The multi-physics models and experimental results have shown that for a given nozzle 

diameter,  pillars in the range of 0.5- to 0.9-time of the diameter of the nozzle can be 3D-printed 

(Figure 6.3A) 31. This is because increasing the withdrawal speed of the nozzle stretches the 

electrolyte liquid bridge within its stable range and results in a finer diameter pillar for a given tip 

diameter of the nozzle. Therefore, the size of the printed pillars can be controlled by adjusting the 

withdrawal speed of the nozzle. On the other hand, the withdrawal speed of the nozzle depends on 
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the deposition rate of the pillars, which depends on the deposition parameters such as concentration 

of the electrolyte, the RH of the environment, and the applied potential. Figure 6.3B and C show 

two different Cu micro-pillars with diameter of 0.73 μm and 5.25 μm printed using the L-PED 

process by two different nozzles. The height of the pillars that can be fabricated is only limited by 

the travel range of the piezo actuator. For in situ SEM micro-compression experiments, micro-

pillars are preferred to have specific aspect ratio (generally 2:1 to 3:1 height-to-diameter) to ensure 

that they are not too short to be affected by the top and bottom constraints, and not too tall to 

buckle during the micro-compression experiment.  

 

Figure 6.3. (A) Dependence of the diameter of the printed pillar (DP) on the diameter of the nozzle 

tip (DN). Micro-pillars with diameter in the range of 0.5- to 0.9-time of the diameter of the nozzle 

can be printed. (B) – (C) Cu micro-pillars printed using the L-PED process with different diameters 

of 0.73 μm and 5.25 μm by different nozzles. 

Microstructure control: The L-PED process is capable of control over the microstructure 

of the printed pillars, similar to the extent of microstructure control in the bulk electrodeposition 

process. Specifically in electrodeposition, the grain size, grain orientation, nanotwin density and 

orientation can be controlled through process parameters. This capability may enable investigation 

of process – microstructure – property relationship of different materials. The deposition 

parameters can be controlled during the printing process at different modes of direct current 
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electrodeposition (DC-ED) or pulsed current electrodeposition (PED) with arbitrary current 

densities and duty cycles. As demonstrated schematically in Figure 6.2C and D, the DC-ED 

process results in nanocrystalline (nc) microstructure, while introduction of the OFF-time during 

the PED changes the microstructure of the printed metal to nanocrystalline nanotwinned (nc-nt) 

microstructure with columnar-shaped grains 68. The process can be extended to control over the 

grain size and orientation, density of twins and orientation by adjusting the deposition parameters.  

For instance in electrodeposition of nt-Cu, increasing the average current density and 

accordingly the deposition rate of nt-Cu, increases the twin density.40 In particular, increasing the 

peak current density increases the twin density significantly while decreasing the grain size. Rising 

the pulse ON-time period during printing process increases the density of TBs and their alignment 

within the grains by increasing the average current density. Additionally, increasing the OFF-time 

period increases the grain size while decreasing the twin density. 52, 76 The FIB and TEM imaging 

are often employed to investigate the microstructure of the pillars. The FIB ion-contrast image of 

the cross-section of the pillar provides a primary qualitative knowledge on the microstructure, and 

TEM can deliver the details in higher resolution.  

Deposition rate: One advantage of the L-PED process is high throughput fabrication of the 

micro-pillars compared to the FIB-based milling process. The printing speed of the micro-pillars 

depends on the deposition mode and the process parameters for specific microstructure. Generally 

higher average deposition rate is achieved in DC-ED mode where there is no interruption in growth 

during printing (TOFF = 0). However, in order to obtain various microstructures, in particular twin 

boundaries (TBs) within the grains, the OFF-time is introduced periodically to interrupt the 

growth, which significantly lowers the printing speed. For instance, introducing OFF-time with 
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duty cycle of 1/100 (
𝑇𝑂𝑁

𝑇𝑂𝑁 + 𝑇𝑂𝐹𝐹
) while keeping the ON-current density constant, results in 100 

times reduction in the printing rate.  

Based on the experiments, using different deposition modes and parameters including the 

applied current density and duty cycle, Cu micro-pillars with the printing rate in the range of 2 

nm/s to 250 nm/s depending on the desired microstructure can be fabricated. For example, 

fabrication of a typical nc-Cu micro-pillar with 5 µm diameter and 15 µm height at an average 

deposition rate of 100 nm/s takes about 2.5 minutes. As a comparison, fabrication of the same 

pillar with the FIB milling would take more than 4 hours of ion milling, which, in addition to the 

prohibitive cost, may leave the sample with damaged microstructure.  FIB milling approach has 

certain advantages for preparation of micro-pillars for in situ SEM micro-compression 

experiments. FIB can operate on almost all types of metals and alloys. While the AM method 

discussed here can be applied to a sub-set of metals and alloys that can be electrodeposited. 

Additionally, the deposition rate of the pillars is highly dependent on the electrolyte concentration. 

Increasing the concentration of Cu ions in the electrolyte increases the current density during the 

ON-time and accordingly increases the deposition rate. Due to the fast evaporation of water in the 

L-PED process, the concentration of metal ions in the meniscus varies from the bulk concentration 

and increases during the OFF-time. Therefore, there is a limitation for increasing the concentration 

because in the nozzles with smaller diameter, which the volumetric evaporation rate is higher, this 

will cause clogging of the tip. It should be noted that during the ON-time period, the concentration 

of ions decreases due to the ion consumption. The detailed history of the electrolyte concentration 

during the process is discussed in multi-physics simulation studies presented in our recent 

publications.54 
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6.4 Results and discussion 

Figure 6.4A shows a SEM image of an array of directly printed Cu micro-pillars using the 

L-PED process with a diameter distribution of 4.60 ± 0.08 µm and height of 11.80 ± 0.11 µm. The 

micro-pillars were printed with Ton of 20 ms, Toff of 2 s.  The peak current density during deposition 

was ~3.7 A/cm2 at a deposition rate of 12 nm/s. The printing of each micro-pillar took about ~16 

minutes, at this deposition rate, which is much faster compared to the FIB milling process. The 

pillar was sectioned using the FIB to reveal its internal structure. It can be observed that the pillar 

is fully dense with no apparent porosity.  

Figure 6.4B presents the FIB ion channel contrast image of the cross-section of a micro-

pillar printed using the L-PED process. The result exhibited ultrafine-grained microstructure, and 

the channeling contrast revealed the existence of TBs within most of the grains. The introduction 

of the OFF-time in the L-PED process changes the microstructure of the printed metal similar to 

the bulk PE process. The L-PED deposited pillars demonstrated nanotwinned microstructure with 

columnar-shape grains with an average diameter of ~300 nm, separated into twin/matrix lamellar 

structures by TBs. The average grain size was measured using the FIB cross-section image and 

intercept procedure.  

Fig. 6.4C shows the dark-field TEM image of the cross-section of a micro-pillar. The inset 

diffraction pattern reveals the polycrystalline structure of the micro-pillar. A grain with TBs is 

highlighted in the image. The high resolution TEM image of a TB is presented in Fig. 6.4D. The 

TB is shown by the dashed line. The two sides of the TB exhibit mirror symmetry. Fig. 6.4E shows 

the histogram of twin thickness distribution in the printed nt-Cu pillar. A peak twin thickness of 

≈17 nm was obtained for the selected grains, and the average twin thickness was 27.0 ± 17.9 nm. 
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Figure 6.4. (A) An SEM image of an array of directly printed Cu micro-pillars using the L-PED 

process with a diameter distribution of 4.6 ± 0.08 µm. The micro-pillars were printed with Ton of 

20 ms, Toff of 2 s and the peak current density of 3.74 ± 0.17 A/cm2 at a deposition rate of 12 nm/s. 

The printing of each micro-pillar took about ~16 minutes. (B) The micro-pillar was sectioned using 

FIB to reveal its internal structure. The deposited material is fully dense with no apparent porosity. 

The ion-channeling contrast image reveals the microstructure of the printed metal including the 

grain size and shape and existence of the twin boundaries. One of the columnar-shaped grains is 

delineated by dashed line. (C) Dark-field TEM image of the pillar printed by the L-PED process 

shows a typical grain with the corresponding diffraction pattern (inset), which reveals the 

nanocrystalline nanotwinned (nc-nt) structure. (D) HRTEM (high resolution TEM) image of a 

typical twin boundary shown by the dashed line. (E) Histogram of twin thickness distribution in 

the grains with peak at ~17 nm. 

6.4.1 In situ Characterization 

Mechanical properties of the micro-pillars printed by the L-PED process were 

characterized using in situ SEM micro-compression experiments using a nanoindenter with a 

specialized punch.  Figure 6.5A and B show photographs of the nanoindenter and the substrate 

containing the 3D-printed micro-pillars in situ SEM. A conductive flat punch tip was employed as 
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the compression anvil. The conductive tip is required for in situ SEM experiments to avoid 

charging of the indenter tip by the electron beam. Experiments can be carried out under both load-

control and displacement-control modes. The nanoindenter is intrinsically a load-controlled 

system, however a constant displacement rate can be achieved by a feedback control loop. Figure 

6.5C shows micro-compression experiment in situ SEM on individual micro-pillars from an array 

of 3D-printed pillars using a conductive diamond flat punch tip with diameter of 50 µm. In 

practice, such experiment can be automated for a large array of micro-pillars precisely 3D printed 

using the described AM process in regular distances.  

A representative stress-strain response from one of the micro-pillars is shown in Figure 

6.5D. The stress-strain response of each micro-pillar was calculated from the obtained load and 

displacement data, and the geometry of the micro-pillar. The true stress-strain was calculated based 

on the assumption of constant volume for the pillars during the experiments. The pillars exhibited 

near-perfect elasto-plastic behavior with no clear hardening and smooth flow stress. TBs act as 

barriers to dislocation, prevent rapid deformation process in nc-nt samples.  

Figure 6.5D illustrates the average flow stress at 5% strain for the printed pillars. The flow 

stress is reported at 5% strain due to the fact that the yield point was not clear in such small-scale 

testing of the samples. The result indicates an average flow stress of 701 ± 45 MPa for the nc-nt 

Cu pillars, which agrees with the previously reported strength for such microstructure 39. In nc-nt 

Cu micro-pillars, the twin boundaries block the motion of dislocations, giving rise to such 

remarkable flow stress. This is noteworthy given that such micro-pillar was fabricated with an AM 

process.  



 

93 

 

Figure 6.5. (A)-(B) Photographs of the nanoindenter and the substrate containing the 3D printed 

micro-pillars in situ SEM. (C) Micro-compression experiment in situ SEM on individual micro-

pillars from an array of 3D-printed pillars using a flat punch tip. (D) A typical stress-strain response 

of nc-nt Cu (nanocrystalline-nanotwinned copper) micro-pillar printed using the L-PED process. 

(E) The average flow stress of the pillars at strain of 5%. (F)-(G) SEM images of the micro-pillar 

pre- and post-compression, respectively. 

In situ SEM experiments enable real-time monitoring of the deformation of the material 

and its correlation with the stress-strain behavior. SEM images of the micro-pillar pre- and post-

compression, respectively, are shown in Figs. 6.4F and G. The post-compression SEM image 

reveals localized plasticity in micro-pillar after deformation, supporting that the failure is of a 

ductile nature. Additionally, it can be observed that the pillar after compression still holds a strong 

adhesion with the substrate. This is very important, since a weak adhesion with the substrate can 

compromise obtained mechanical properties. The choice of proper substrate is important to ensure 

such strong adhesion in the AM process. 

There have been several experimental reports on the tension and compression properties of 

nt-Cu metals fabricated with different methods.39, 40, 42, 55, 60, 65, 114-117 The strength of L-PED nc-nt 
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Cu micro-pillars and other nt samples in the form of bulk solids, films, nanopillars or nanowires, 

is presented in Figure 6.6A. All reported nt structures exhibit high strength ranging from 230 to 

2400 GPa. The obtained range of strength for the printed structures by the L-PED process is 

consistent with the recent reports. L-PED pillars with diameter of 4.6 µm and 0.7 µm exhibited an 

average flow stress of 701 ± 45 MPa and 962 ± 26 MPa, respectively. The difference in the strength 

of various samples can be attributed to their specific deformation mechanism caused by their 

microstructure and dislocations behavior. It is known that different synthesis techniques and 

different parameters produce different kinds of microstructure 44, and the mechanical properties of 

nt materials are strongly influenced by the interaction of dislocations and TBs.  

Previous studies revealed that the TBs block the propagation of slip bands similar to that 

of the grain boundaries in acting as obstacles to strain propagation 44. For instance, the strength of 

the nt-Cu increases with decreasing the twin thickness following the Hall-Petch relationship, 

similar to that of grain refinement strengthening in nc metals. While samples with twin thickness 

of lower than 15 nm follow the inverse Hall-Petch relationship 40. Also studies showed that the 

perpendicular orientation of TBs with respect to the loading direction results in more 

strengthening, and samples with orthogonal TB require additional applied stress to fail 60, 66. Other 

microstructural parameters such as grain size and texture affect the properties as well 44.  

Figure 6.6B presents more focused comparison of compression strength in L-PED nc-nt 

Cu micro-pillars and selected similar pillars fabricated with template-based electrodeposition and 

FIB milling. Interestingly, the strengths of L-PED samples are higher than those of their 

counterparts. In the template-based electrodeposited nanotwinned sample 55, grains are equiaxed 

with the TBs inclined to the grain boundaries, while in the L-PED fabricated pillars, most grains 
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have the form of columns where the TBs are approximately perpendicular to the columnar axis. 

Therefore, the L-PED nanotwinned specimens, possessing a pronounced texture with <111> 

planes located preferentially parallel to the substrate, exhibit higher strength. The FIB-milled 

pillars 60 with near equivalent nanocrystalline microstructure and twin orientations, exhibit slightly 

lower strength compared to the L-PED specimen. While this difference can be due to the slight 

dissimilarity in the microstructure of samples, it can also be attributed to the introduced damage 

into the material during the process. The results show that L-PED have capability of fabricating 

pristine controlled microstructure with no initial dislocation, with comparable mechanical 

properties to the bulk sample.54, 68 

 

Figure 6.6. (A) Comparison of the strength of nanotwinned copper L-PED micro-pillars (red 

symbols) and other reported nanotwinned materials in the form of electrodeposited or sputtered 

bulk solids and films, or nanopillars fabricated using FIB milling or template patterning 39, 40, 42, 55, 

60, 65, 114-117. (B) Comparison of compression strength in L-PED nc-nt Cu micro-pillars and similar 

pillars fabricated by the template-based electrodeposition and FIB milling with near equivalent 

nanocrystalline microstructure and twin orientations.55, 60 

The free-standing micro-pillar geometry is also attractive for characterization of electrical 

conductivity of the 3D-printed material. Electrical conductivity of the 3D-printed metal can be also 
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used as an indirect method for probing the microstructure of the metal. The electrical resistivity of 

the 3D printed micro-pillars was measured in situ SEM by a nanomanipulator. The image of the 

experimental setup is shown in Figure 6.7A. The conductive substrate on which the micro-pillars 

were deposited was used as the electric ground, while the tungsten probe was manipulated to 

measure the resistance of the pillar. The probing procedure is presented in Fig. 6.7B and C.  First, 

the probe was tightly pressed on the top of the pillar to measure the total resistance (RT). The total 

resistance is consisted of the intrinsic resistance of the pillar (RP), the contact resistance, resistance 

of the circuitry, and resistance of the substrate (RS).  

The acquired total resistance is shown in Figure 6.7D with the black line. Subsequently, 

the probe was placed on the bottom of the pillar to determine the sum of the contact resistance, 

circuitry resistance, and substrate resistance (RS), which is shown as the red line in Figure 6.7D. 

Assuming the resistances are in series, the resistance of the pillar (RP) was calculated by 

subtraction of RS from RT. Using the geometry of the micro-pillar obtained from the SEM images, 

the resistivity of the pillar can be calculated.  ρ =R·A/L, where R is the intrinsic resistance, A is the 

cross-sectional area, and L is the height of the micro-pillar. The results on the electrical 

characterization of nc-Cu pillars with an average diameter of ~700 nm is presented in Fig. 6.7E. 

The pillars exhibit an average resistivity of 16.14 ± 3.90 µΩ.cm, which is close to the value for the 

bulk nc-Cu at room temperature 39.  



 

97 

 

Figure 6.7. (A) The in situ SEM setup for characterization of electrical properties of the 3D-printed 

micro-pillars. (B)-(C) SEM images of the procedure for measurement of the electrical resistivity 

of a pillar with diameter of ~700 nm. (D) A typical I-V response on the top and bottom of a single 

3D-printed Cu micro-pillar.  (E) The average calculated resistivity of the Cu micro-pillar. 

6.5 Conclusions 

An AM process based-on electrochemical plating, called localized pulsed electrodeposition (L-

PED), was introduced that enables direct printing of nano/micro-pillars of metals and alloys micro-

compression test specimens in room environment. The key contribution of the L-PED process is 

low-cost and high throughput fabrication of small scale test specimens with pristine microstructure 

and no initial dislocation in one single step in room environment. The L-PED process not only 

offers precise control over the size of the sample, but also allows control over the spatial 

microstructure of the deposited metal. The proposed method was demonstrated through fabrication 

and mechanical and electrical testing of nc-nt copper micro-pillars. The microstructure of a 
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selected representative pillar was investigated using high resolution FIB imaging system. 

Mechanical properties of the 3D-printed micro-pillars were characterized using in situ SEM micro-

compression experiment.  The printed nc-nt Cu pillars exhibited an average flow stress of 701 ± 

45 MPa at 5% strain. Additionally, electrical properties of the printed nc Cu pillars were 

investigated in situ SEM. The results showed an average resistivity of 16.14 ± 3.90 µΩ.cm. While 

the L-PED as a unique microscale  metal AM process can be attractive for various applications 

where fabrication of complex geometries are desirable, its combination with in situ 

characterization methods can provide high-throughput investigation of process – microstructure – 

property relationship for full understanding of mechanical behavior of metals and metal alloys at 

the small-scale. 
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CHAPTER 7 

LARGE SCALE METAL 3D PRINTING USING LOCALIZED ELECTRODEPOSITION 

7.1 Introduction 

Additive manufacturing (AM) is revolutionizing the way industry can design and fabricate 

components. The size of global market for 3D printing was about 6 billion dollars in 2015, and 

this value is likely to grow to nearly 50 billion dollars by 2025.118 The 3D printing technologies 

continue to make inroads into various applications, including construction, aerospace, automotive, 

and the medical industries.  

AM has been defined by the ASTM as a process of layer-by-layer assembly of materials to 

fabricate objects from a 3D model.119 Whereas AM of polymeric and plastic materials is in a well-

developed stage, there has been extensive research to advance AM techniques for metals. Among 

these methods, the techniques based on local fusion of metal powders, selective laser melting 

(SLM), and electron beam melting (EBM) are the most common methods which are commercially 

available.2  

According to material feed stock and energy source, the existing commercial metal AM 

techniques can be classified into three main groups: (i) powder bed systems, (ii) powder feed 

systems, and (iii) wire feed systems.120 In the powder bed systems, the powder is grouped across 

the work area. The electron beam or laser beam, as the source, delivers the energy to the surface 

of the bed and melts or sinters the powder. By adding new powder to the work area, and repeating 

the process a solid three dimensional geometry is created. This technique is capable of fabricating 

high resolution features while maintaining great dimensional control.120  
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In the powder feed systems, powders are transferred by a nozzle into the surface of interest, 

and a laser source melts one or multiple layers of the powder into the desired shape. Repeating the 

process results in a solid three dimensional object. This method is advantageous compared to other 

ones because of the fabrication of larger build volume and its ability to be used on actual 

components to refurbish the worn or damaged parts.120 The energy source for wire feed systems 

can be electron and laser beam, and plasma arc. In this process, line of desired material is deposited 

layer by layer to form the solid geometry. This technique can be employed at higher deposition 

rate for large build volumes, but the final product requires more post-processing compared to the 

powder bed or powder fed systems. 120 

While metal AM enables manufacturing of the components that cannot be made with 

standard machining tools, currently the application of the existing methods is limited due to the 

high cost, structural defects, and inferior material properties. Therefore, there is need to develop a 

new low-cost 3D printing technique for metals at macroscale to improve the material performance. 

As demonstrated, the LED process is designed to fabricate high quality layer-by-layer 

micro/nanoscale metallic structures at room environment. Herein, the extension of the LED 

process to enable 3D printing of metals at larger scale is reported. This chapter provides a 

systematic overview of the process for fabrication of precise patterns on different conductive and 

nonconductive substrates with superior material properties which can compete with the 

conventional AM techniques. 

7.2 Material and methods 

The large scale LED 3D printer system is shown schematically in Figure 7.1A. The system 

includes different components and subsystems including vibration isolation, motion control, 
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current measurement, flow control, and printing tool. The system is mounted on a tabletop 

mechanical vibration isolation platform (VIP100, Newport, Inc.). A mid-travel range three-axis 

linear translation stage with stepper motors (UTS150PP, Newport, Inc.) and a universal controller 

(Model XPS-Q6, Newport, Inc.) drives the printing process. The stages provide smooth and 

accurate positioning with minimum incremental motion of less than 0.3 µm and a travel range of 

150 mm. The controller is connected to a computer, either running manually using a LABVIEW 

program or automatically through a G-Code program.  

 

Figure 7.1. (A) The schematic of the LED setup for large scale printing. (B) Large scale LED metal 

3D printer setup.  

Commercially available plastic syringes with millimeter to sub-millimeter diameter 

dispensing nozzles were used as the working tool. The plastic syringe nozzles are cheap and 

reusable compared to conventional glass pipettes used in micro-scale LED process. Additionally, 

their flexibility in contact with the substrate in lateral movement prevents the tip breakage, and 

facilitate use of the LED process on non-flat surfaces. The syringe is filed with a solution of the 

metal of interest, which is connected to a syringe pump to provide sufficient back pressure to form 

a stable meniscus. It is noteworthy that due to the large diameter of the nozzle, the electrolyte flows 
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out without the control system, since the surface tension of the electrolyte cannot maintain the 

meniscus. The system pumps the electrolyte to the nozzle tip at a constant rate. At higher flow 

rate, the liquid bridge becomes unstable and the electrolyte flows out. At lower flow rate, the 

system cannot provide enough electrolyte and the meniscus breaks.  

For printing Cu structures using this setup, commercially available acid copper plating 

electrolyte solution (Transene) was used. The substrates used in this study were glass slides and 

polyimide (PI) films coated with a thin layer of gold or copper (less than 30 nm), or 3D-printed 

electrically conductive polylactide  (PLA). The substrate served as the working electrode. A copper 

wire was inserted and sealed in the syringe functioned as the counter electrode in the cell. A 

potentiostat/galvanostat (VersaSTAT 4, Princeton Applied Research) was employed to apply the 

electrical potential between the two electrodes and to control the electrodeposition process. The 

printer setup is presented in Figure 7.1B. 

7.3 Results and discussion 

Several of the printed Cu patterns on different substrates are shown in Figure 7.2. The large 

scale LED process follows the same principle of microscale LED described in previous chapters. 

The electrodeposition is localized in a small liquid bridge formed between the nozzle tip and the 

substrate. The appropriate potential is applied between the electrodes, while the nozzle moves 

along the pre-defined path on the substrate surface and pulls the meniscus at a constant rate of 0.1 

mm/s. Metal ions are deposited on the substrate during the process, and if the pattern is repeated, 

layer-by-layer structures can be fabricated.  
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Figure 7.2. Images of several Cu patterns printed on (A) and (B) gold-coated glass slides, (C) (D) 

conductive PLA, and (E) and (F) PET film using large scale LED printing process.  

Considering the differences in the size of the nozzles in large scale LED process and 

conventional LED process, the physics of electrodeposition is different between the two methods. 

As mentioned earlier, microscale LED is an evaporation driven process, and the evaporation of the 
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electrolyte from the meniscus is significant due to the high ratio of surface to volume of the 

meniscus. Therefore, high evaporation rate affects the ion transportation from the electrolyte to the 

cathode surface. However, in nozzles with larger diameter the surface to volume ratio of the liquid 

bridge is not high, and the evaporation rate is lower and does not assist the process. Hence, the 

large scale LED is comparable to the bulk level deposition in this matter. 

The deposition rate of the process can be controlled by process parameters including the 

deposition mode, applied current density, and concentration of the electrolyte. In order to obtain 

the actual volumetric deposition rate of the process, a 20 mm single line was printed on gold-

coated glass slide using a 4-mm diameter nozzle (Figure 7.3A). The printing was performed in 

galvanostatic mode with DC current density of ~32 mA/cm2 and a nozzle speed of 0.1 mm/s. The 

syringe pump fed the electrolyte at a constant rate of 0.1 µL/s. 200 layers were printed in ~11 

hours. The profile of the deposited line is obtained using a profilometer (Figure 7.3B and C). The 

volume of the deposited line is ~6.14 mm3. Therefore, the obtained volumetric deposition rate with 

such parameters is ~0.55 mm3/hr. The LED process parameters of the presented patterns were 

chosen after a set of experiments to obtain the optimal parameters in this scale. For instance, higher 

nozzle speed results in non-continuous deposition, and lower nozzle speed makes the printing 

process and volumetric deposition rate slower.  
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Figure 7.3. (A) A 200-layer copper line printed on a gold-coated glass slide using the LED process. 

(B) Profile of the printed structure (red line) obtained using the profilometer, and (C) the zoomed-

in profile.  

Figure 7.4 A-C presents SEM images of the printed line at different magnifications. The 

results show that high-quality Cu can be printed in 3D geometries with a smooth surface. The 

energy-dispersive X-ray spectroscopy (EDS) analysis of the printed pattern is presented in Figure 

7.4D. The acquired spectra from Figure 7.4C exhibited pure Cu without significant amount of any 

impurities. The EDS results are presented in Table 7.1. Considering the room environment LED 

process, and the tendency of copper to oxidize, small amount of oxygen (0.3 Wt %) was present 

on the surface of both printed Cu pattern. 

 

Table 7.1. Elemental analysis of the printed Cu obtained from EDS spectra. 
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Figure 7.4. (A)–(C) SEM images of the printed Cu pattern and different magnifications. (D) 

Energy-dispersive X-ray spectroscopy (EDS) analysis of the deposited Cu. The spectra shows pure 

Cu deposition free of impurities. 

It is know that the LED process is only achievable on conductive substrates.68 However, in 

this work, an innovative process was implemented to achieve 3D printed metallic structures on 

non-conductive substrates. The process of printing on a non-conductive substrate is shown 

schematically in Figure 7.5A. Prior to printing, the substrate was coated with a thin layer of Cu 

(10-40 nm) as the working electrode. After printing the patterns with desired thickness on the 

substrate, the entire substrate was immersed into Cu etchant solution to etch the deposited thin 

layer. The etching time was set long enough to remove the thin deposited  layer, however it was 

too short to etch the printed pattern. The Cu patterns on non-conductive glass slide after removal 
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of the conductive layer are presented in Figure 7.5 B and C. The adhesion of the printed layer to 

the substrate (PET film or glass) were good, and the patterns were stable under bending of the film.  

 

Figure 7.5. (A) The schematic of the process for printing patterns on a non-conductive substrate 

including thin layer deposition of the metal of interest as the cathode, printing the pattern, and 

etching of the thin layer. (B) and (C) The Cu patterns on a non-conductive glass slide after etching 

the conductive thin layer from the substrate. 

The 3D printing of metallic structures, in particular on flexible substrates, are attractive for 

electrical applications. Electrical resistivity of the LED printed Cu was measured using an 

electrometer. Single lines were printed on non-conductive glass slide as described earlier. The 

resistance of the printed patterns were measured. The total resistant includes the resistance of the 

printed pattern and the thin film deposited under the printed layer. Assuming the resistances are in 

parallel, the electrical resistivity of samples were calculated considering the geometry of the 

printed pattern after deduction of electrical resistivity of the conductive coating. The resistivity of 
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the printed Cu structure was 11 µΩ.cm. The resistivity of the line was calculated using ρ =R·A/L, 

where R is the intrinsic resistance, A is the cross-sectional area, and L is the length of the line. It is 

noteworthy that the resistivity value for the bulk nano-crystalline Cu at room temperature is 18 

µΩ.cm.  

Application of the LED process is demonstrated by fabrication of rectangular planar coiled 

RFID antenna. Figure 7.6 b shows the patterned antenna on a glass slide with a 100 pF capacitor 

and a low current LED connected in parallel. This is a three-turn 45 mm by 40 mm antenna with 

turn width of 3 mm and path separation width of 2 mm. The inductance of the antenna was ~400 

nH. The tag resistance was 2 Ω, and the voltage harvested at a distance of 1 cm was ~5 mV. By 

bringing the RFID reader (SM132, SONMICRO) close to the tag, the connected LED lights up 

(Figure 7.6c). 

 

Figure 7.6. (A) Resistivity of the printed Cu line. (B) A RFID tag printed on a glass slide connected 

to a capacitance and a LED light. (C) By approaching the RFID reader, the LED connected to the 

printed tag lights up.  

 

7.4 Conclusion 

In summary, large scale printing of Cu patterns on different substrates was demonstrated 
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exhibited high quality, with great adhesion to the substrate. An innovative technique was 

introduced for printing of metallic structures on non-conductive substrates. The electrical 

resistivity of the printed Cu structures was comparable with bulk nano-crystalline Cu. The LED 

process can be extended to more complex geometries with in situ control over the microstructure. 

Further studies are needed to enable tuning of material properties of the printed patterns, and 

extension of the process to other metals and alloys. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

In this dissertation, a novel microscale metal additive manufacturing process based on 

localized electrodeposition process in ambient environment was introduced and investigated. This 

capability will be attractive for various applications in nanotechnology, in particular for 3D 

electronics and sensors. The following conclusions were made based on this research:  

• The localized pulsed electrodeposition (L-PED) enables printing of high quality Cu in 3D 

geometries with nanocrystalline-nanotwinned (nc-nt) microstructure with remarkable average 

yield strength of 960 MPa. Additionally, nc-Cu was printed using the same process, under DC 

electrodepositing with an average yield strength of 656 MPa. 

• The size of the printed structures is controlled by the size and the withdrawal speed of the 

nozzle. By increasing the withdrawal speed of the nozzle within a stable range, the meniscus 

stretches which results in finer features. Also, the deposition rate of the wire depends on many 

factors including: the applied potential, electrolyte concentration, and environmental humidity.  

• The process offers control over the grain and twin densities and orientations by controlling the 

process parameters in both DC-ED and PED methods. The average current density is the most 

critical input parameter for the control of the microstructure. Increase in the average current 

density and accordingly the deposition rate results in the increase in the density of the twin 

boundaries and their alignment within the grains, and transition to columnar grains from 

randomly oriented grains. The results of the in situ SEM nanomechanical experiments show 

that such change in the microstructure directly affects the mechanical properties of the 3D-

printed metal.  
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• The investigation on thermal stability and mechanical properties of 3D printed micro-scale nt-

Cu interconnects showed the capability of L-PED to enhance the materials performance and 

avoid the void formation at elevated temperatures. The nt-Cu interconnects exhibited high 

compression strength at high temperature of 450 °C, which indicates the high thermal stability 

of such 3D printed structures. This research can yield important advancement in 3D printing 

of electronics, and may provide considerable value for use in Nano technological applications. 

• The L-PED process in combination with in situ characterization methods enables low-cost and 

high-throughput investigation of process – microstructure – property relationship by direct 

printing of small scale test specimens with pristine microstructure and no initial dislocation in 

one single step in room environment. 

• Large scale LED is developed for printing of high quality metallic patterns on different 

substrates with good adhesion to the substrate. An innovative technique is introduced for LED 

printing on non-conductive substrates.  

8.1 Outlook 

There are some remarkable topics beyond the work in this dissertation that could be 

considered as future research. This work was focused on feasibility of using the localized 

electrodeposition as an advanced microscale AM method for fabrication of metals in electronics 

by printing Cu as a representative metal. However, this technique can be extended to other type of 

materials and alloys that can be electrodeposited. Two example of preliminary works is presented 

as following: 
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8.1.1 Electrodeposition of Nickel and Nickel Alloys 

Nickel and Nickel alloys are one of the most attractive metals for a wide variety of 

structural and electrical applications due to their high corrosion resistant, heat resistance, and 

electrical conductivity. In spite of extensive research on bulk electrodeposition of Ni, AM of this 

metal at both small scale and large scale is very limited. Therefore, I started additive manufacturing 

of Ni using the LED method. Figure 8.1 presents some of the preliminary works on 3D printing of 

Ni and Cu/Ni. A pure Ni micro-pillar with 8.8 µm diameter and a 40-layer circular pattern were 

printed using a glass micropipette nozzle with 10 µm diameter (Figure 8.1A and B). In this study, 

commercial Watts solution (Trancene) was used as the electrolyte, and a copper wire inserted into 

the nozzle served as the anode. The EDS results show high purity of Ni with only negligible 

amount (0.5 Wt %) of Oxygen.  

1 M of CuSO4 was added to the Ni solution in order to print alloy of Cu/Ni. Figure 8.1C 

presents lines of 80 µm printed at two different conditions. The first one printed applying -0.2 V 

and the second one printed at voltage of -0.8 V. The EDS results show significant difference in the 

lines composition. The first line deposited at lower voltage exhibited 0.13 ratio of Ni-to-Cu, while 

the line deposited at higher voltage revealed the ratio of 1.83. It is in agreement with the fact that 

reduction of Cu occurs at lower potential compared to Ni, and increasing the potential results in 

more deposition of Ni during printing. Continuous deposition of lines printed at different applied 

potentials exhibited similar results (Figure 8.1D). Increasing the applied potential lead to inclusion 

of more Ni into printed patterns. 
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Figure 8.1. Printed pure Ni (A) micro-pillar with diameter of 8.8 µm and (B) 40-layer circular 

pattern using the LED process. (C) and (D) Printing Cu/Ni alloy lines using different potentials. 

Higher potential results in increased volume deposition and inclusion of more Ni in the printed 

structures. 

8.1.2 Metal matrix composites 

There is a major effort for tailoring material properties in composites in order to meet 

desired specifications in manufacturing. Metal-matrix composites (MMC) made by 

electrochemical codeposition of particles with metal enable reliable cost-effective enhancement of 

tribological and mechanical properties.121, 122 Particles with wide range of size, from tens of 

nanometers to hundreds of microns, and different shapes can be incorporated during metal 

deposition. First the charged particles are formed due to absorption of ions and surfactant on their 
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surface, and transported towards the cathode surface by convection. Then, the particles are 

physically entrapped into the growing metal matrix.121 The desired composite structure can be 

achieved depending on various factors, including the particles’ concentration, type, size, etc., 

electrolyte’s concentration, additives, temperature, pH, current density, the flow during 

electroplating, and type and size of the electrode.121 

Figure 8.2 shows the preliminary results on 3D printing of MMC using the LED process. 

In this study, the electrolyte was composed of 100 mM CuSO4 and 1M H2SO4 with addition of 2 

g/L γ–Al2O3 having an average particle diameter of 20 nm or Silicon Carbide (SiC) with an average 

particle diameter of 40 nm (Skyspring Nanomaterials). Figure 8.2A presents layer-by-layer 

printing of Cu with inclusion of Alumina particles, and Figure 8.2B exhibits a Cu micro-pillar with 

inclusion of SiC. However, the EDS results revealed that the percentage of particle inclusion in 

the 3D printed structure is very low (<1%). A new solution with the same characteristics but higher 

molarity of 1 M CuSO4 was used for large scale LED printing and bulk electroplating with and 

without agitation. The results for large scale LED printing was similar to the small scale, however 

the percentage of inclusion was significantly higher in the case of regular bulk plating with 

agitation (>7.5%). The result shows the importance of flow and agitation during printing process 

for inclusion of the particles. Therefore, more particles can be incorporated in metal matrix 

composites with enhancing the convection in the LED process. Increasing the flow in large scale 

LED and increasing the evaporation rate by decreasing the humidity in small scale may play an 

important role as an alternative to the agitation in bulk process.   
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Figure 8.2. SEM images of (A) 3D printed layer-by-layer Alumina-Cu composite and (B) micro-

pillar SiC-Cu composite using micro-scale LED process. SEM micrographs of (C) Alumina-Cu 

composite line (inset) printed by the large scale LED and (D) Alumina-Cu composite electroplated 

in bulk with agitation. The result show better inclusion of particles at the bulk level with agitation. 
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OF MICROSCALE NANOTWINNED COPPER INTERCONNECTIONS USING LOCALIZED PULSED 

ELECTRODEPOSITION (L-PED)”, ASME MSEC2018, College station, Texas, June 2018. 

• Soheil Daryadel, Ali Behroozfar, Rodrigo A Bernal, Majid Minary-Jolandan, “Additive Manufacturing of 

Nanotwinned Copper by Localized Pulsed Electrodeposition”, SEM Annual Conference & Exposition on 

Experimental & Applied Mechanics, Greenville, South Carolina USA, June 2018. (accepted) 

• (P) Soheil Daryadel, Ali Behroozfar, Rodrigo A Bernal, Majid Minary-Jolandan, “3D Printing of Nanotwinned 

Metallic Nanostructures by Localized Pulsed Electrodeposition”, MRS Spring 2018, Phoenix, Arizona USA, 

April 2018. 

• Ali Behroozfar, Soheil Daryadel, Rodrigo A Bernal, Majid Minary-Jolandan, “Microscale Additive 

Manufactuirng of Nanotwinned Copper Using Pulsed Localized Electrodeposition (P-LED)”, MRS Spring 2018, 

Phoenix, Arizona USA, April 2018. 

• Soheil Daryadel, Majid Minary, Ali Behroozfar, Seyedreza Morsali, “Additive Manufacturing of Metals at 

Micro/Nanoscale by Localized Electrodeposition: Microstructure and Mechanical Properties”, SEM Annual 

Conference & Exposition on Experimental & Applied Mechanics, Indianapolis, Indiana USA, June 2017. 

• Soheil Daryadel, Majid Minary, Ali Behroozfar, Seyedreza Morsali, “Additive Manufacturing of Metals at 

Micro/Nanoscale by Localized Electrodeposition: Microstructure and Mechanical Properties”, SEM Annual 

Conference & Exposition on Experimental & Applied Mechanics, Indianapolis, Indiana USA, June 2017. 

• Amin Abbasalipour, Mohammad Mahdavi, Varun Kumar, Siavash Pourkamali, Soheil Daryadel, Majid Minary, 

“Nano-precision micromachined frequency output profilometer”, SENSORS, 2016 IEEE Confrence, 1-3, 2016. 

• (P) Soheil Daryadel, Damian Stoddard, Arunachalam Rajendran, “Dynamic response of glass under high-strain 

rate compression loading”, A.S.M.E Early Career Technical Conference, Birmingham, Alabama, November 

2014. 

• (P) S. Daryadel, H. Rajabi, A. Darvizeh, “Experimental and numerical investigations on quail eggshells composite 

structure”, The 3rd International Conference on Composites: Characterization, Fabrication and Application 

(CCFA-3), pp 99-101, Tehran-Iran, December 2012. 

 

TEACHING AND MENTORING EXPERIENCE: 

 

Graduate Teaching Assistance, University of Texas at Dallas, Richardson, TX                                       2015-2018 

 

Graded homework assignments and quizzes. Lectured selected sessions. Held office hours and review sessions before 

exams. 

 

• Mechanical Vibration (1 Semester)   Under Supervision of: Dr. Park 

• Mechanics of Material (1 semester)   Under Supervision of: Dr. Baughn 

• Intro to Nanostructured Materials (1 Semester)  Under Supervision: Dr. Voit 

Graduate Teaching Assistance, University of Mississippi, University, MS                                                2013-2015 

 

Drafted and graded homework assignments and quizzes. Lead, supervised, and planned undergraduate laboratory 

classes. Held office hours and review sessions before exams. 

 

• Structures and Dynamics Laboratory (2 Semesters) Under Supervision of: Dr. Mantena 



 

 

• Kinematics: Analysis and Synthesis (1 Semester)  Under Supervision of: Dr. Mantena 

• Intro to Mechanical Engineering (2 Semesters)  Under Supervision of: Dr. Rajendaran 

Graduate Teaching Assistance, University of Guilan, Rasht, Iran                                                             2011-2012 

 

Graded homework assignments and quizzes. Responsible for preparing and leading weekly problem sessions (~40 

students)  

• Physic I (2 Semesters)     Under Supervision of: Dr. Abdollahi 

Mentoring   

• Undergraduate student volunteers, University of Texas at Dallas                            2015-2018 

• High school students, NanoExplorers Program, NanoTech Institute, University of Texas at Dallas      2017-2018 

• Advised an undergraduate honors college student for thesis preparation, University of Mississippi      2014-2015 

 

INDUSTRY EXPERIENCE: 

 

Mechanical Engineer in Geo technical projects, Baspar Pey Iranian Co., Tehran, Iran                           2011-2013 

 

• Role: Supervisor, responsible for the overall daily activities including: planning, collecting and analyzing data  

 

AWARDS AND FELLOWSHIPS: 

 

• NSF Student Travel Award for ASME MSEC2018, College Station, TX                                    2018 

• PhD Research Small Grant, University of Texas at Dallas, Richardson, TX                                     2017 

• STEM Graduate Research Assistant Scholarship, University of Texas at Dallas, Richardson, TX         2015-2018 

• STEM Graduate Research Assistant Scholarship, University of Mississippi, University, MS            2013-2015 

• Full scholarship, BSc in Mechanical Engineering at the University of Guilan, Rasht, Iran            2008-2013 

 

PROFESSIONAL ACTIVITIES AND LEADERSHIP: 

 

• Member of American Society of Mechanical Engineers (ASME), Society for Experimental Mechanics (SEM), 

Materials Research Society (MRS). 

• Referee for the journals of MRS Communication, Strain, Part L: Journal of Materials: Design and Applications, 

Structural Engineering and Mechanics 

• Session Co-Chair for the MSEC2018 conference, College Station, TX, 2018. 

• Senator of Graduate School Council, University of Mississippi, University, MS, 2014-2015. 

 

TECHNICAL SKILLS AND SOFTWARE: 

 

• Microscale Metal Additive Manufacturing (3D Printing): >3 years of experience in research and development 

(R&D), and design of experiments (DOE)  

• Nanomanipulation and testing of micro/nano-scale materials in-situ SEM and TEM: Preparation and mechanical 

and electrical characterization of samples  

• Mechanical Characterization: ASTM-based tension, compression, bending, and shear tests, Nanoindentation, 

MTI microstage test, Split Hopkinson pressure bar (SHPB), Dynamic mechanical analysis (DMA) 

• Microscopy and Metrology (>1000 Hr. of experience): Focused ion beam (FIB), Scanning electron microscope 

(SEM), Optical microscopy, Contact angle measurement (CAM), Profilometer 

• Electronics: Four probe measurements in nanowires, Precision electrical measurements (e.g., source-meter, probe 

station) 



 

 

• Thin film deposition: Electrodeposition, Electroless deposition, Electron-beam evaporator, Sputter deposition 

system 

• Analytical chemistry techniques: X-ray diffraction (XRD), Energy Dispersive Spectroscopy (EDS), Fourier-

transform infrared spectrometer (FTIR), Cyclic voltammetry (CV) 

• Software: Computer aided design (CAD): Solidworks, Digital image correlation (DIC): GOM, ProAnalyst 

Motion Analysis Programming Languages: MATLAB, General: Microsoft Office (Word, PowerPoint, Excel), 

ImageJ, OriginLab 
 




