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Abstract

Laser powder bed fusion (LPBF) has become increasingly popular for its ability to
rapidly manufacture complex metallic parts. However, the surface properties of as-built
LPBF parts may degrade overall performance due to tortuous surface features.
Consequently, post-processing like electropolishing (EP) to reduce the surface asperities
is often needed for LPBF parts to perform as expected. Utilizing experimental and
computational approaches, this project aims to more uniformly EP complex shaped parts
made from LPBF 316L. For the experimental approach, parts with a three-dimensional T-
shape were printed out of 316L stainless steel and EP using an acidic-based and a
polyethylene glycol/NaCl-based electrolyte. A series of cathodes were designed to show
how the uniformity of material removal across the T-shaped parts entire surface varies
when different combinations of electrolyte, cathode, and electrode spacing were used in
the EP process. The first three cathodes tested had a flat, cylindrical, and conformal
shape, each with two different electrode spacings (2 and 20 mm). The results from the
experiments using different cathode shapes were then compared to a COMSOL model
designed to capture the impact of cathode shape on material removal. Based on those
results, a cathode was then optimized using COMSOL, designed in Solidworks, printed
out of LPBF 316L, and used to polish an anode selectively and uniformly. Based on all
the metrics tested before and after EP; mass loss, surface roughness, reflectivity, and
local thickness removal from 3D optical scans, the selective cathode performed the best
compared to the other cathodes. The relationship between cathode shape and uniformity

of material removal across the entire T-shaped parts surface will be discussed in depth.
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Chapter 1 — Introduction

Metal additive manufacturing (AM) is a technology capable of creating incredibly
complex parts. In general, AM processes create parts by depositing material in a layer-
by-layer fashion based on a computerized 3D model. In contrast, traditional
manufacturing techniques typically employ subtractive manufacturing methods in which
a large ingot of metal is machined into its final form. One of the advantages of the AM
process is the ability to create complex parts with features that would otherwise be
difficult to create through traditional manufacturing methods, such as lattices, resulting in
increased design flexibility and in some cases functionality [2]. Additionally, AM
processes can reduce material waste in comparison to traditional subtractive
manufacturing techniques [3]. Another advantage is the ability to prototype parts rapidly
which can be both time and cost-effective. The AM process has become a common tool
in several industries, including aerospace, automotive, and medical [4].

Although AM offers a variety of advantages, it also presents challenges as metal
AM in particular makes parts with as-built surfaces that are highly tortuous [2-4]. Several
factors, contribute to the increased surface roughness and heterogeneous microstructures
inherent to the AM process. These surface morphologies, microstructures, and internal
stresses include the stair-step effect, partially fused particles, porosity, and residual
stresses among others [2]. Untreated AM parts typically exhibit issues in terms of
corrosion and fatigue behaviors, which are detrimental to part life and reliability [3]. As a
result, as-printed (AP) metallic AM parts typically require post-processing to remove

these surface defects and internal stresses [4].



Surface treatments are available to smooth AM surfaces, including mechanical
polishing, media blasting, chemical polishing, and electropolishing. Electropolishing
stands out as a particularly effective post-processing treatment, as it removes surface
impurities without inflicting additional mechanical stresses. Electropolishing is also
capable of polishing parts with complex geometries that would otherwise be inaccessible
through other surface finishing techniques. However, there is limited research on the
intricacies of the electropolishing process, with even less publications on AM parts [4].

Electropolishing is highly dependent on several factors such as electrolyte
composition, electrode spacing, and cathode geometry, yet there is limited research on
these topics. Typically, metallic parts are electropolished using strong acids, which are
hazardous, and few studies have investigated alternative, environmentally friendly
electrolytes. A study conducted by Ferreri et al., successfully developed a procedure to
electropolish titanium samples using an alternative ethanol-ethylene glycol-NaCl
(sodium-chloride) electrolyte [S]. Another study by Han and Fang compared a
conventional acid-based electrolyte to an alternative NaCl-based electrolyte for
electropolishing 316L stainless steel and found that both produced comparable results [6].

Electrode spacing, the distance between the anode (the part) and cathode
(supplying electricity), is known to influence current density distributions across the
anode’s surface [7]. Lassel conducted a study electropolishing AM Ti-6Al1-4V with
electrode spacings of 5, 7.5, and 10 mm and found that as the electrode gap reduced, so
did the resultant surface roughness [8]. Other work by Chaghazardi shows 316L stainless

steel tubes exhibited a significant improvement in surface brightness the smaller the



electrode spacing gets (the smallest gap being 1 mm) [9]. No work could be found on
electrode gaps smaller than 0.5 mm.

To date, there are few studies investigating the impact of cathode geometry on
electropolishing results, as most employ flat or cylindrical cathode geometries [7, 8, 10,
11]. One study by Lynch et al. successfully electropolished an AM Inconel 718 cubic
lattice with a slotting cathode assembly, achieving up to a 70% reduction in surface
roughness on the internal lattice anode [12].

The current research was undertaken to determine how varying electrolyte
composition, electrode spacing, and cathode geometry impact electropolishing of LPBF
316L stainless steel. The electrolytes chosen for this study were a conventional acid-
based electrolyte and an environmentally friendly NaCl-PEG-based electrolyte. Electrode
spacing ranged from 2 mm to 20 mm. Cathode geometries with increasing conformity,
consisting of a flat, cylindrical, and conformal cathode, were compared. Electropolishing
results were quantified through surface roughness, mass change, visible light reflectivity,
optical imagery, and 3D profilometry. Additionally, a COMSOL model was developed to
inform cathode design to increase overall uniformity of material removal across the entire
surface. The optimized cathode was tested and potential improvements to this

optimization process will be discussed.



1.1: Background

There are several different AM techniques. Among the most prominent is Fused
Deposition Modeling (FDM) in which a thermoplastic polymer is heated and extruded in
a layer-by-layer fashion. Stereolithography is one of the earliest AM techniques in which
a UV light is used to cure layers of resin or monomer into a desired shape. Directed
Energy Deposition is a technique in which an energy source (typically a laser or electron
beam) fuses material by melting the substrate as it is deposited.

Laser Powder Bed Fusion (LPBF) is one of the most common techniques used to
create metallic parts. LPBF uses a high-powered laser to selectively melt and fuse thin
layers of powder onto a build plate. Subsequent powder layers are rolled over the existing
layers and fused together, rapidly solidifying to form the part/parts as dictated by the
computerize 3D design [13]. LPBF results in significant temperature gradients, because
the melt pool created by the laser is liquid for fractions of a second, resulting in cooling
rates on the order of 100,000 K/sec. Large temperature gradients generate fine-grained,
anisotropic microstructures that are far from equilibrium and can cause considerable
residual stresses to develop in parts.

1.1.1: Surface Morphology of AM Parts

AM surfaces are notorious for having heterogenous microstructures that influence
their performance. One of the biggest challenges with AM parts is the large surface
roughness which can be attributed to the stair-step effect, partially fused particles, and
porosity. Residual stresses, generated by rapid heating and cooling during the LBPF, can

lead to distortions and fractures if able to exceed the yield or ultimate tensile strength of



the material. The following section describes in detail how these defects form on AM
parts [4].
1.1.2: Stair-step Effect

LBPF processes typically produce AP parts with high surface roughness which
can be attributed to various factors inherent in the process. Among these factors is the
stair-step effect. As material is deposited layer by layer, the edges create a stepped
appearance when one layer is deposited slightly offset from the previous layer. This
becomes particularly prominent on curved or inclined surfaces, thereby contributing to
surface roughness [14, 15]. Similar effects are seen on the “top” surface of a part where
melt pools are deposited next to each other creating a periodic surface morphology
dictated by the hatch spacing of the melt pools. Both the hatch spacing, and layer height
are critical to defining the amplitude of the periodic surface morphology and contribute
directly to the waviness portion of the surface roughness measurement.

One method of reducing the effect is by decreasing the layer thickness, which
leads to longer build times and increased cost. Another alternative is to reduce powder
particle size; however, finer powders tend to be more expensive and can cause other
issues like poor chemistry control or they become more hazardous to work with [16].
Reducing slope angle has been thought to reduce surface roughness. However, Strano et
al. conducted a study investigating the effect of slope angle on the surface roughness of
316L stainless steel parts made by LPBF and found minimal correlation. At slope angles
between 5°-45°, surface roughness was 16 pm. On highly sloped surfaces between 80°-
90°, surface roughness was expected to be minimal; however, it was measured to be 14

um which did not differ significantly from the roughness of lower sloped angles [15].



1.1.3: Partially Fused Particles

Several studies agree that partially fused particles are a significant factor
contributing to the increased finer scale surface roughness features found on LPBF parts
[4, 15, 17-22]. These parts often contain sharp, high aspect ratio features formed through
the partial melting and adhesion of powder particles on the outermost edge (Figure 1)
[17]. The study by Strano et al. analyzed LBPF samples through scanning electron
microscopy (SEM) and found that partially fused particles were responsible for increased
surface roughness. It was also observed that as the slope angle increased, a larger density
of partially fused particles was found along the step edges. This is believed to be caused
by insufficient heat at the edge borders, not adequate to completely melt the powder
particles [15]. Another study by Melia et al. concurs that surface roughness is influenced
by the amount of partially fused particles, which is dependent on build angle for a LPBF
316L stainless steel part printed with a parallelepiped prism shape. Surfaces with larger
build angles (>90° — overhanging features) were shown to exhibit larger roughness
values, attributed to partially fused particles, when compared to surfaces with smaller
build angles (<90° — upward facing surfaces) [17].
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Figure 1. Cross-sectional schematic of the LPBF process (Melia et al., 2020).



1.1.4: Porosity

SLM techniques, like LPBF, often result in porous parts due to the absence of
mechanical pressure during the process [4]. Liu and Shin have reported porosity values in
SLM parts to range from approximately 0.1 to 0.5 vol% [23]. Benedetti and Morgan et al.
have attributed this porosity to several factors, including powder contaminants, gas
bubble entrapment during solidification, and insufficient fusion of thicker areas of
powder layers due to inadequate laser energy and surface roughness from previous layers
[24]. Chaghazardi claims that the static and dynamic strengths of the part are reduced due
to these porosities, as they reduce the overall load-bearing area. Porosities act as stress
concentration sites which enable crack initiation. They also influence corrosion
susceptibility as they promote early pitting [4].
1.1.5: Residual Stresses

The rapid heating and cooling inherent to the SLM process results in the retention
of thermal and residual stresses within the material. Chaghazardi attributes different
phases present in the microstructure and dislocations in the material as significant
contributors to microscopic residual stresses observed in AM parts [4]. Vayssette et al.
compared residual stresses between two techniques: LPBF and E-beam powder bed
fusion (PBF). E-beam PBF parts were reported to have very low residual stress values in
comparison to SLM parts, which ranged between 100-500 MPa [25]. AM parts can
become distorted or fractured if residual stresses reach and surpass the material’s yield
strength [4]. Residual stresses are known to increase material brittleness and reduce part
strength [26-28]. When combined with porosity, residual stresses can also lead to stress

corrosion cracking [4]. Overall, residual stresses significantly compromise the



mechanical behavior of AM parts; future sections will discuss methods to mitigate these
effects.
1.1.6: 316L Stainless Steel

Stainless steels, and especially 316L stainless steels, are known for their enhanced
corrosion resistance and mechanical properties. 316L is typically composed of iron, 16-
18% chromium, 10-14% nickel, and 2-3% molybdenum. The material obtains “stainless”
qualities as the chromium forms a passive oxide layer which aids in the prevention of
corrosion. 316L stainless steel produced through traditional manufacturing techniques,
including casting and forging, typically has a homogeneous microstructure. In contrast,
316L stainless steel produced through AM techniques oftentimes exhibits unique surface
morphologies that impact mechanical properties and performance [29].
1.2: Impact of AM Microstructure on Mechanical Properties

Surface roughness and microstructure heterogeneities significantly impact the
mechanical properties of AM surfaces, particularly in terms of fatigue behavior and
environmentally assisted cracking. Rough AM surfaces are more susceptible to corrosion
as they provide a larger area and more potential sites for corrosion initiation. Surface
defects such as partially fused particles and non-metallic inclusions act as stress
concentrators, affecting the fatigue life of AM parts. The following section will detail the
impact of AM microstructures on mechanical behaviors.

Several studies have demonstrated that surface roughness significantly influences
the corrosion resistance of a part [4, 17, 30-34]. Some studies have suggested that
heterogeneities in AM microstructures, such as partially fused particles and non-metallic

inclusions, act as corrosion initiation sites, and that reducing these heterogeneities results



in enhanced corrosion resistance [35, 36]. One study conducted by Melchers et al.
investigated the effect of surface finish on marine immersion corrosion exposures. The
findings revealed that surface finish significantly influenced corrosion rates, especially
during the early weeks of exposure. The study attributed this effect to the fact that
surfaces with greater surface roughness have a larger overall area susceptible to corrosion
[4, 34]. Another study by Melia et al. investigated how surface roughness affected
corrosion initiation and susceptibility of AM 316L stainless steel surfaces in a 0.6M NaCl
solution. The study found that surface roughness and partially fused features are major
contributors to passivity breakdown, indicating that rougher AM metal surfaces have an
increased susceptibility to corrosion. The results also found that polished samples with
the greatest reduction in surface roughness performed best, exhibiting statistically larger
(p-value < 0.05) breakdown potential values when compared to as-printed surfaces [17].
These results were confirmed by a study conducted by Cabrini et al., which investigated
the effect of surface finish on the corrosion resistance of AM Al-Si10-Mg surfaces [37].
The results demonstrated that the corrosion resistance of these surfaces increased
significantly after shot peening and polishing, especially when compared to unpolished
surfaces [37].

Porosity has also been shown to influence corrosion susceptibility of an AM part.
Sander et al. conducted a study on SLM 316L austenitic stainless steel samples,
examining the relationship between porosity to cyclic polarization as well as pitting
behaviors. The results concluded that samples with higher porosity experienced a greater
frequency of metastable pitting. Additionally, the results demonstrated that repassivation

potential decreased as sample porosity increased [36].



It is well understood that fatigue properties are primarily affected by surface
roughness and porosity [4, 38-40]. A study conducted by Wycisk et al. analyzed the
mechanical characteristics of AM Ti-6Al1-4V. The results indicated that the endurance
limit of polished AM surfaces increased from 210 MPa to 500 MPa in comparison to as-
printed AM surfaces. The authors attributed the increase in endurance limit to the
reduction of surface roughness and defects presents on AM surfaces [38]. Another study
conducted by Chan et al. corroborated the influence of surface roughness on fatigue
behavior between AM and rolled Ti-6A1-4V. The results demonstrated that rough AM
samples exhibited a significantly lower (p < 0.05) fatigue life when compared to the
smoother rolled material [41].

Although, surface roughness is a significant factor influencing fatigue behavior, it
is not the only one [4, 38-40]. Edwards et al. demonstrated that as rough surfaces are
polished, underlying porosity is exposed. These porosities can accelerate the premature
failure of a part. The study concluded that while surface roughness significantly affects
fatigue behavior, special caution must be exercised when polishing these surfaces, as
underlying porosity can create stress concentration sites for crack initiation [42]. Another
study by Wycisk et al. examined crack initiation in AM Ti-6Al1-4V samples. The results
indicated that, on as-printed surfaces, cracks initiated on the outer surface and progressed
inward. However, on polished surfaces, cracks initiated both on the outer surface and at
interior pores [4, 38].

1.3: Post-Processing Treatments
Post-processing is a crucial step in the production of AM parts when failure risk is

needed to be minimized [4]. Numerous studies [4, 17, 30-34, 37, 38, 41-43] have
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demonstrated that removing defects on AM surfaces through polishing techniques have
significantly enhanced mechanical and corrosion properties, highlighting the importance
of post-processing AM surfaces. The following section will discuss post-processing
techniques, such as heat treatments and polishing, which are necessary to remove these
defects.

1.3.1: Heat Treatments

Heat treating AM samples has been demonstrated to improve mechanical
performance [4]. Brandl et al. investigated the effects of peak hardening on the
microstructure and mechanical properties of AM Al-Si10-Mg surfaces. The results
indicated that peak hardening significantly increased the Weibull constants corresponding
to fatigue limit and tensile strength, thereby enhancing the fatigue resistance [44].
Another study by Song et al. examined the effect of heat treatment under vacuum on AM
iron parts. The results demonstrated that the annealing heat treatment process relieved
residual stresses, led to grain refinement, and increased both yield strength and ultimate
tensile strength [45].

Another approach to heat treating is through hot isostatic pressing (HIP), which
combines the use of high temperatures and pressures. Several studies have shown that
HIP reduces and even closes pores on AM surfaces, relieves residual stresses, enhances
the microstructure of the part, and improves overall fatigue behavior [4, 28, 40, 46-48].
One such study by Qui et al. demonstrated the effect of HIP on porosity in AM Ti-6Al-
4V samples. The authors observed that most pores closed, and the martensite was
transformed into o and B phases after a HIP process [49]. Another study by Wycisk et al.

investigated fatigue properties of AM Ti-6Al1-4V after post-processing. The study

11



concluded that the HIP process effectively resolved defects inherent to the AM process,
thus improving fatigue performance and reducing crack initiation [43].
1.3.2: Mechanical Surface Modifications

While the AM process is renowned for its ability to create parts with complex
geometries, these intricate designs often prove challenging to mechanically polish.
Mechanical polishing typically requires direct contact between the tool and the part
which can be difficult when dealing with overhangs, channels, or lattice structures on
AM parts. For this reason, obtaining a uniformly polished AM surface through traditional
mechanical polishing techniques, such as machining and hand polishing, is very
challenging [50-52]. Sandblasting is commonly used to modify an AM surface; however,
this process still requires line of sight with the surface which is not always possible [53].
Residual stresses are known to form on surfaces that have been mechanically polished
[4], with some studies noting that hardening can occur which may not always be desired
[54, 55]. Consequently, alternative polishing methods that do not require direct contact
with the workpiece have been explored.
1.3.3: Chemical Polishing

Chemical polishing in an alternative polishing technique that can be used for
metallic AM parts. In this process, the workpiece is submerged in a corrosive solution,
typically composed of harsh chemicals, such as hydrofluoric acid, and polishing is
achieved without an external power supply. A viscous oxide film forms on the surface of
the workpiece as it reacts with the corrosive solution. It is believed that peaks on the
surface have a higher dissolution rate as the viscous oxide film is thinner at these points

compared to the valleys. One of the advantages of chemical polishing is its ability to
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access surfaces that are unreachable through traditional polishing techniques. However,
the low polishing rates [56] and use of hazardous chemicals are significant deterrents to
using chemical polishing [4].
1.3.4: Electropolishing

Another option when surface finishing metallic AM parts is electropolishing. This
process utilizes an electric current to anodically dissolve the workpiece, resulting in a
smoother surface free of impurities [57]. This process enhances corrosion resistance of
AM parts by removing surface defects, such as oxides and non-metallic inclusions, and
replacing them with a homogenous protective passive layer [51, 58]. Electropolishing
also improves fatigue behavior through the removal of defects which can act as stress
concentration sites [4]. One of the key advantages is that it requires no physical contact,
allowing better access to hard-to-reach surfaces [51, 58] and avoiding the formation of
residual stresses [4]. Additionally, part shape and dimension are less affected by the
electropolishing process when compared to traditional polishing techniques [52, 59, 60].
Overall, it has been demonstrated that electropolishing is a viable option for polishing
metallic AM parts [4, 57, 58, 61]. However, some disadvantages of electropolishing
include the inability to remove deep scratches and non-metallic inclusions, and a heavy
dependence on phase homogeneity. The following chapter discusses the electropolishing

process in greater detail.
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1.4: Fundamental Principles of Electropolishing

Electropolishing (EP) is a finishing process which modifies surface characteristics
through the removal of material by electrolytic anodic dissolution. A standard
electropolishing cell (Figure 2) is composed of an anode and cathode submerged in a
conductive electrolyte. When a power supply is connected to both electrodes and an
external potential is applied, the anode, otherwise known as the workpiece, is positively
charged while the cathode is negatively charged. The anode oxidizes, losing electrons
causing the metal ions to dissolve into the electrolyte. In contrast, the cathode gains
electrons generating hydrogen through a reduction reaction on the cathode’s surface in
aqueous electrolytes [7]. Positively charged ions tend toward the cathode while
negatively charges ions move away. The opposite movement of anions and cations
generates an electric current [62]. The result of the anodic dissolution process is a
modified surface that is often times smoother and brighter than the as-received part, along
with a reduction in surface impurities [7].
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'\ Gas
+— bubbles

Dissolved

metal ions

Anode Cathode

\ Electrolyte /

Figure 2. Schematic showing the electropolishing process (adapted from Han and
Fang, 2019).
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1.4.1: Defining Equations
During electropolishing, a current is applied to cause anodic dissolution of an
anode’s surface. In an acidic electrolyte, the primary reactions in the electropolishing of
stainless steels includes the oxidation of iron (Equation 1), chromium (Equation 2), and
nickel (Equation 3). These reactions can be represented as:
Fe » Fe3t + 3e™ #(1)
Cr— Cr3t + 3e™ #(2)
Ni— Ni?* + 2e~ #(3)
2H,0 - 0, + 4HY + 4e #(4)
Hydrogen reduction on the cathodes surface can be described as:
2H30" + 2e7—>2H,0 + H, #(5)
As the metal ions dissolve into the electrolyte, the anodic surface becomes smoother.
1.4.2: Faraday’s Laws
Electropolishing material removal rates generally follow Faraday’s laws of
electrolysis [63]. The first law relates the amount of material dissolved is proportional to
the current passing through the system. The second law states that the amount of material
dissolved by an equal quantity of electricity is directly proportional to their equivalent

weights. These laws can be summarized by Equation 6 below,

_ M
m= —— #(6)

where m is the amount of dissolved material in grams, n is the atomic valency, F is
Faraday’s constant, M is the atomic weight, I is the current in amps, and t is the polishing
time in seconds. Equation 6 demonstrates that material mass removed, m, is dependent on

the current [ and total polishing time t [7].
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1.4.3: Current Density-Voltage Curves

The kinetic behaviors of an electrochemical reaction are detailed in a current
density-voltage (I-V) curve. The polarization curve is generated by gradually varying the
voltage and plotting it against the current [7, 62, 63]. Figure 3 shows a characteristic I-V
curve that is observed during the electropolishing process with four regions identified
corresponding to etching, passivation, polishing, and gas evolution. In the etching region,
current density increases linearly with voltage until reaching a maximum value and there
is dissolution of the anode at the high energy sites (grain boundaries, etc). In the
passivating region, a passive oxide layer is generated on the anodes surface which causes
the current density to decrease slightly as the voltage increases and yield minimal
material dissolution [7, 62]. The polishing regime exists as a limiting current plateau
where the voltage continues to increase while the current remains relatively constant at a
value where material dissolution is possible and occurs uniformly across the anode [7].
Here, the passivation is stabilized and anions from the anodes surface diffuse through the
layer [62, 64, 65]. As the voltage continues to increase, the curve enters the gas
evolution/pitting regime where the passive film breaks down. At this stage, oxygen
begins to evolve on the anode and is easily trapped, causing pitting on the anodic surface.

The I-V curve helps to guide parameter selection for electropolishing and ideally lands
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somewhere in the polishing regime [7, 62].
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Figure 3. Current Density-Voltage curve (adapted from Han and Fang, 2019).

1.5: Fundamental Theories of Electropolishing

Electropolishing mechanisms are primarily driven by anodic dissolution and
viscous films forming on the anodic surface. The driving mechanism is dependent on the
anodic material and the electrolyte used. For example, in the electropolishing of stainless
steel in an acid-based electrolyte, anodic dissolution may be favored as the iron and
chromium are oxidized. The electrolyte and polishing material are critical factors in
determining which electropolishing mechanism is favored [66].
1.5.1: Viscous Film Theory

The viscous film theory, initially proposed by Jacquet in 1935, has served as a
foundation for electropolishing theories [67]. The theory suggests a film forms on the
anodic surface during the electropolishing process because of dissolution products. The

film is described to have a high electrical resistance which decreases current density and
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limits material removal rates [62]. The viscous film is assumed to be flat on the side
facing the electrolyte with an uneven thickness due to the peaks and valleys across the
anode’s surface. The thinner film at the peaks exhibits a lower electrical resistance
allowing material to dissolve more rapidly compared to the valleys. The viscous film
theory suggests that potential differences in material removal rates at the peaks and
valleys of the anodic surface cause a polishing effect [7].

1.5.2: Mass Transport Theories

The salt film model, introduced by Grimm et al. [68], proposed a theory based on
diffusion in which two salt films form on the surface of the anode due to an excess
buildup of cations: a compact film and a porous film. The porous film is saturated with
electrolyte containing anions and cations at the saturation concentration [7]. These ions
conduct current through migration within the pores [62]. In the compact film, a solid
dielectric barrier is formed, and cations are transported through solid-state ionic
conduction in the presence of a high electric field. As the salt film thickens, the potential
drop across the polishing region increases [7]. The diffusion of metal ions through the
salt film is greater around the raised parts due to higher concentration gradients which
regulates material removal rates and leads to smoothing. [62].

The adsorbate acceptor (AA) model was proposed by Matlosz et al. [69] and
describes an alternative mass transport theory in the absence of a salt film. This theory
suggests that metal cations dissolve and adhere to the anode’s surface. For these cations
to diffuse, they require an anion which reacts with the cation allowing it to diffuse away

from the anodic surface. Mass transport is limited by the diffusion of the acceptor species
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through the bulk electrolyte diffusion layer. Both the salt film and adsorbate acceptor

models are used to describe electropolishing in current work.

1.6: Influence of Parameters

Electropolishing is heavily influenced by a variety of parameters which impact
material removal rates and final surface finish quality. However, it is important to note
that a universal electropolishing parameter set does not exist. Different materials, anode
geometries, and electrolytes require a unique set of parameters which can be costly and
time-consuming to define and optimize [4, 7, 62]. The following section will discuss the
impact of electrolyte temperature, polishing duration, initial surface roughness, applied
potential, and current signals on electropolishing results.
1.6.1: Electrolyte Bath Temperature

Electrolyte bath temperature is regarded as one of the most influential parameters
in the electropolishing process, as it is directly related to mass transport [4, 7]. At higher
bath temperatures, ion diffusion rates increase, facilitating the movement of ions away
from the anodic surface [4] and the movement of acceptor ions towards the anodic
surface [7]. Additionally, the solubility rate of ions in the electrolyte increases which
contributes to an increase in the current density [4]. Elevated temperatures also reduce the
viscosity of the electrolyte, providing fresh electrolyte to promote dissolution between the
peaks and valleys of the surface [7]. An electropolishing study conducted on austenitic
stainless steel in a solution of phosphoric and sulfuric acid tested bath temperatures of 60
°C, 70 °C, and 80 °C. The results corroborated the fact that current density values

increased at the bath temperature increased (Figure 4) [70]. However, a study on
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electropolishing aluminum samples in a solution of perchloric acid and ethanol yielded
results that challenged this notion. Ma et al. concluded that high temperatures should be
avoided, as a temperature of 40 °C would create pits on the aluminum surface [71].
Although elevated temperatures can increase the electropolishing effect, excessive
temperatures can make it difficult to sustain a diffusion layer on the anodic surface,

leading to unwanted etching or pitting due in part to excessive gas evolution [4, 7, 62].
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Figure 4. I-V curve of austenitic stainless steel in bath temperatures of 60 °C, 70 °C,
and 80 °C.

1.6.2: Polishing Duration

Total polishing time is a critical factor that significantly influences the final
quality of an electropolished surface. Electropolishing duration is dependent on initial
surface roughness values. It is well established that surface roughness values experience a
significant decrease during the early stages of electropolishing [4]. Wagner developed an
equation to predict surface roughness changes during the electropolishing process as a
function of several parameters, including polishing time [72]. Wagner predicted that as
electropolishing time increased, the surface profile amplitude decreased exponentially —
which was confirmed by several other studies [7, 64, 72, 73]. One such study was
conducted by Lee, where it was observed that 316L stainless steel anodic surface
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roughness decreased drastically at first then decreased slowly as polishing time increased
[7, 64]. A study by Haidopoulos on the electropolishing of 316L stainless steel also found
that surface roughness values decreased exponentially with time until reaching a limiting
value [4, 7, 73]. Han and Fang claim that initial potential distributions between peaks and
valleys are large, resulting in a quick polishing effect. However, as time passes and the
surface becomes smoother, the potential differences decrease resulting in a slower
polishing rate [7].
1.6.3: Initial Surface Roughness

As previously mentioned, final surface roughness values reach a limit and a major
contributor is the initial surface roughness of the anode. [7]. Lee et al. conducted a study
electropolishing nitinol samples in an acidic electrolyte, comparing results with initial
surface roughness (R;) values of 1 um and 2 um. After 50 s, the sample with the initial
surface roughness value of 1 um decreased to less than 0.5 um; however, it did not
decrease significantly with extended polishing time. After 300 s, the sample with initial
surface roughness of 2 um decreased to 0.98 um with no significant improvements after
300 s (Figure 5) [1]. The results concluded that initial surface roughness values should be
taken into account because of the natural limiting polishing effects during

electropolishing [7].
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Figure 5. Plot of electropolishing time vs. initial surface roughness [1].
1.6.4: Applied Potential or Current

The applied potential is an important parameter as it directly influences the
material removal rate in the electropolishing process. It is well understood that high
voltages accelerate metal dissolution, however, excessive voltages may result in poor
surface quality [4, 74]. Alrbaey et al. electropolished AM 316L stainless steel samples in
a choline chloride ionic electrolyte with varying applied potentials between 4 V and 8 V.
The results indicated that at higher voltages, there was non-uniform anodic dissolution
which affected the dimensional accuracy of the part. The authors also found that
potentials between 4 V and 5.5 V yielded the lowest surface roughness values [4, 74].

The overpotential electropolishing process is suggested for parts that have
extreme surface roughness values, such as additively manufactured 316L stainless steels
and maraging steels. The overpotential electropolishing process utilizes a voltage which
is slightly above the voltage obtained from the polishing regime [4]. Chang et al.
conducted a study using the overpotential electropolishing process for 20 min followed

by a conventional electropolishing step for 20 min on additively manufactured 316L
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stainless steel parts. The results indicated that the process was successful in removing
cling-on powder particles while reducing the overall surface roughness values [3].
Determining an appropriate applied potential is vital to successfully dissolve material
while avoiding unwanted damage to the anodic surface [4, 7].
1.6.5: Current Signals

Current signals influence material removal rates and resulting surface quality of
the electropolishing process. It is well known that pulsed current waveforms, such as
pulse/pulse reverse (PPR) currents and pulsed currents (PC), result in larger material
removal rates when compared to direct currents (DC) [62, 75]. During the off-times of a
PPR current, ion diffusion is facilitated, allowing for an even distribution of cations and
anions within the electrolyte which is otherwise not found when using DC currents [62].
In addition, gas molecules diffuse off the surface resulting in less pitting. This can be
attributed to the overall larger current density values experienced with pulsed currents [4,
7]. A study conducted by Ferchow et al. compared resulting Sa roughness values of
electropolished additively manufactured 316L stainless steel internal pipe structures in a
sulfuric and phosphoric acid-based electrolyte using DC, PPR, and PC. The results
indicated that a brighter surface was observed with DC electropolishing, however, a
smoother surface was obtained using PPR electropolishing.
1.6.6: Electrolyte Flow

Electrolyte flow is an important parameter in the electropolishing process as it
influences mass transport and current distributions across the anodic surface. Electrolyte
flow helps clear dissolved metal ions from the anodic surface. Datta and Landolt found

that electrolyte flow helps to determine the overall electropolishing quality as current

23



distributions are influenced. The authors claimed that proper electrolyte flow promotes
consistent material removal across the anodic surface as current density distributions are
kept uniform [76].
1.7: Electropolishing Parameters Literature Review

Electropolishing is a delicate process which requires the adjustment of several
parameters to create a uniformly polished part. While some parameters have been studied
extensively, there are still several critical factors that are not yet thoroughly investigated.
These include electrolyte composition, electrode gap, and cathode geometry which
directly influence current density values on the anode’s surface [4]. Uniform current
density distributions on an anodes surface are vital in producing high-quality polished
parts. The following section will go into detail on the current gaps in electropolishing
literature pertaining to electrolyte composition, electrode spacing/gap, and cathode
geometry.
1.7.1: Electrolyte Comparison

Electropolishing efficacy is highly dependent on the electrolyte composition used.
Traditionally, metallic parts are electropolished with combinations of acids, such as
sulfuric acid (H,SO,), phosphoric acid (H3PO,), perchloric acid (HCIOy), or hydrofluoric
acid (HF) (Table 1) which are known to significantly reduce surface roughness values [4,
8-10, 12, 17, 51, 55, 77]. However, there are serious health and environmental risks that
arise with the handling and disposing of such hazardous chemicals [5, 6, 78]. These
aggressive electrolytes have also been shown to produce unwanted surface defects, such
as pitting, in certain electropolishing conditions [4]. Due to this, some researchers have

turned to alternative electrolytes composed of ethanol, ethylene, glycol or NaCl mixtures
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[5, 6, 78]. These alternative electrolytes offer a more environmentally friendly option
while reducing health hazards associated with traditional electrolytes. The following
section will look at studies that were able to successfully use alternative electrolytes in an

electropolishing process.

Table 1. Conventional electrolytes used to polish metallic AM parts (adapted from
Chaghazardi, 2022).
AM Alloy Electrolyte Chemical Voltage Current Density
Composition Range Range
316L Phosphoric acid + sulfuricacid | 2V —6V mA mA
Stainless with/without water [9, 17, 51, 500 cm2 800 cm2?
Steel 55]
Ti-6Al-4V Perchloric acid + acetic acid - mA mA
with/without water[77] 160 —5— 320 —3
Hydrofluoric acid + acetic acid
+ sulfuric acid [4]
CoCr Phosphoric acid + sulfuric acid 12V -
+ water [79, 80]
Inconel 625 | Sulfuric acid + methanol [81] 30V -
Inconel 718 | Sulfuric acid + methanol [12] 7V—-13V -

One study by Ferreri et al. developed a procedure to electropolish titanium (Ti)
samples using a non-conventional electrolyte. Typically, Ti samples are electropolished
in acidic electrolytes consisting of hydrofluoric, perchloric, and sulfuric acid [4]. Instead,
Ferreri et al. utilized an ethanol-ethylene glycol-NaCl electrolyte to electropolish Ti
samples. Their anodes consisted of pure a-Ti samples before and after plastic
deformation, as well as alloyed Ti-6Al-4V samples created by additive manufacturing in
both stress-relieved and heat-treated conditions. After electropolishing, the samples were
then characterized using electron backscatter diffraction (EBSD). The results indicated

that unpolished surfaces showed non-uniform areas of localized charge while the
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electropolished surfaces showed a uniform charge distribution throughout. The authors
successfully developed a procedure using a safer alternative electrolyte for
electropolishing Ti samples [5].

Few studies have directly compared electropolishing results between conventional
and alternative electrolytes. One of these studies was conducted by Han and Fang, where
they compared NaCl-based electrolytes to conventional H,SOy4-based electrolytes in the
electropolishing of 316L stainless steel [6]. The alternative electrolyte they used was
composed of a pure ethylene glycol solution containing NaCl with additional ethanol.
The conventional electrolyte studied was a H,SOy4-based electrolyte composed of 98
vol% sulfuric acid, 81 vol% phosphoric acid, and pure glycerol with a volume ratio of
5:4:1. They electropolished in a standard three-electrode cell utilizing an electrode gap of
10 mm. The electrodes consisted of a titanium mesh cathode and a flat 316L stainless
steel anode. At room temperature, the NaCl-based electrolyte demonstrated overall lower
surface roughness values (S,) when compared to the traditional H,SOy4-based electrolyte.
At higher temperatures (66 °C), the Sa values were 20.4 nm and 100 nm for the NaCl-
based electrolyte and H,SO4-based electrolyte, respectively. The results indicated that the
environmentally friendly NaCl-based electrolyte outperformed the conventional H,SOy4-
based electrolyte in terms of reducing surface roughness [6].

Whether considering a conventional or alternative electrolyte, another important
factor is the ionic mobility of species. Yang et al. suggests that environmentally friendly
electrolytes, such as ethylene glycol, have reduced conductivity which may be beneficial
in focusing the electric field on surface defects [62]. However, the low conductivity of

environmentally friendly electrolytes presents other challenges. The reduced conductivity
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and high viscosity can limit the mobility of ions within the electrolyte, leading to non-
uniform current distributions and slower material removal rates across the anode’s
surface. Additionally, utilizing low-conductivity electrolytes may result in excessive
heating which can lead to elevated gas evolution and pitting due to a higher electrolyte
resistance, as noted in a study by Eozenou et al. [82]. Therefore, while alternative
electrolytes offer certain advantages, their inherent properties may limit their
effectiveness.

There is limited research comparing the effectiveness of conventional versus
alternative electrolytes on AM metal surfaces, as of now. As previously discussed, AM
parts possess heterogeneous microstructures that result in excessive surface roughness.
The lack of extensive studies leaves a gap in understanding how different electrolytes can
address the specific challenges unique to AM surfaces. Further investigation is needed to
evaluate the performance of alternative electrolytes on AM metal surfaces.

1.7.2: Electrode Spacing

To date, there are few studies investigating the effect of varying electrode gap on
electropolishing, especially within the realm of additive manufacturing [4]. There are
even fewer studies examining the effect of particularly small electrode gaps (~less than 5
cm). The limited number of studies on this topic is surprising, given the widely
acknowledged effect of electrode gap on current density [78]. As the electrode gap
decreases, there is a lower ohmic voltage drop and the current density typically increases,
resulting in reduced surface roughness values [11, 64].

One study by Lassel investigated the impact of varying electrode gap in final surface

roughness values of electropolished surfaces. Lassel electropolished additively
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manufactured TigAl,V samples in a non-aqueous, alcohol-based electrolyte composed of
70 vol% ethyl alcohol and 30 vol% isopropyl alcohol. Electrode spacing was varied from
5, 7.5, and 10 mm and polishing time from 60, 300, 600, and 1200 s. After
electropolishing for 60 s, the surface roughness (Ra) values were ~20, 22, and 23 um for
the electrode gaps of 5, 7.5, and 10 mm, respectively. After the samples were polished for
1200 s, the roughness values dropped to ~7.5, 15, and 20 um, respectively. Overall, a
trend emerged indicating that the smaller electrode gap resulted in lower surface
roughness (Ra) when compared to larger gaps of equal polishing time [8].

Another experiment conducted by Chaghazardi looked at the effect of electrode gap
on electropolishing results, specifically focusing on final surface roughness and surface
brightness. Chaghazardi electropolished 316 stainless steel tubes (outer diameter of 25.5
mm) with cathode tubes of varying diameters (2, 8, 12, and 15 mm) placed within the
anode. The tube was electropolished at a potential difference of 4V for 20 minutes in an
electrolyte of 50 vol% phosphoric acid, 35 vol% sulfuric acid, and 15 vol% water. The
results indicated that the final surface roughness varied only slightly with changes in the
electrode gap. However, a major difference was observed between the surface brightness
of each sample. The smallest electrode gap produced a significantly brighter surface
compared to the larger gaps upon visual inspection [9]. Lassel and Chaghazardi both
concluded that the smallest electrode gap tested produced the best results in terms of
either surface roughness or brightness [8, 9].

However, achieving the smallest possible electrode gap may not always be the most
desirable because it can result in the formation of pits and bubble marks on the anodes

surface. Han and Fang electropolished a 1 mm diameter tungsten wire mounted in resin
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with a flat copper sheet in a NaOH electrolyte of different concentrations. They tested
different electrode gaps which varied from 0.15, 0.5, 1, and 1.5 mm. The authors
demonstrated that the surface finish improved as the electrode gap was reduced; however,
if the gap were too small (0.15 mm) it could lead to the formation of pits on the surface.
Han and Fang found that the ideal electrode gap was 0.5 mm because it resulted in an
optimal current density while avoiding bubble effects on the surface [78]. Notably, their
idealized electrode gap is considerably smaller than those reported in most other studies
(8, 9].
1.7.3: Custom Cathodes

Although additive manufacturing can create increasingly complex structures, a
significant challenge emerges in the electropolishing of these intricate designs. Several
studies have demonstrated the struggle to attain uniform polishing on both internal and
external surfaces of an AM structure [4, 9, 51]. The underlying cause of this issue has
been attributed to non-uniform primary current distributions over the complex additively
manufactured components [66, 83-85]. The local current density of an additively
manufactured part is dependent on cell geometry, shape, and part position if mass
transport and charge transfer are neglected. The complex details on an AM surface may
be physically unreachable by a cathode which can influence a non-uniform polishing
effect [4].

To date, there are few studies investigating the impact of cathode geometry on
electropolishing results, as most of the research employs flat or cylindrical cathode
geometries [6, 8-11, 78]. The following section describes some of the few studies

outlining the implementation of a customized cathode.
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In a study conducted by Urlea and Brailovski, an electropolishing setup was designed
to simulate the polishing of an internal surface of a tube through careful arrangement of
the electrodes. The study primarily aimed to investigate the effects of additive
manufacturing build direction on electropolishing behavior, however, it also touched on
the effects of cathode conformity and proximity. The electropolishing experiment was
conducted with AM Ti-6Al-4V electrodes in a 60 vol% perchloric acid and glacial acetic
acid in a 1:9 volume ratio. The anodes were printed in a stave geometry with different
build angles and placed in a circular arrangement with other anodes. The cathode
consisted of a star-shaped geometry placed in the center of the anode arrangement. The
results showed that the surface roughness (R,) value was improved as much as 92% and
build orientation has little effect on the amount of material dissolved [77].

Lynch et al. conducted a study investigating the effects of a conformal cathode tool
on electropolishing deep into a lattice anode structure. The electrodes used for this study
were additively manufactured with Inconel 718. The anode was a cubic lattice structure
composed of unit cells with an overall dimension of 4 mm. The cathode assembly was
built to surround the exterior of the anode cube while also being inserted between the
lattice anode structure. The authors used a potential difference of 7V, and a current of
13A to electropolish the lattice structures for 30 minutes. The electrolyte composition
was: ethanediol, ammonium nitrate, ammonium chloride, ammonium sulfamate, and
water. Surface roughness values of the internal lattice anode were measured to be reduced
on the order of 70%. Results showed a significant amount of material was removed deep

into the lattice structure. COMSOL modeling results verified their experimental results
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by demonstrating that material removal rates are lower on surfaces further from the

cathode, highlighting the importance of cathode conformity and proximity [12].
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1.8: Research Objective
The purpose of this study was to investigate the effects of cathode geometry,
electrode gap, and electrolyte composition on the electropolishing of LPBF 316L
stainless steel. Additionally, a COMSOL model was developed to inform cathode design.
The specific goals of this research were:
1. Determine the effect of increasing cathode conformity on surface roughness,
reflectivity, mass, and profilometry.
2. Determine the effect of varying electrode spacing on surface roughness,
reflectivity, mass, and profilometry.
3. Compare electropolishing results between a traditional acid electrolyte and an
alternative, environmentally friendly NaCl-PEG electrolyte.
4. Develop a COMSOL model to inform cathode design and create a unique cathode

that ensures uniform current density distributions across an anode’s surface.
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Chapter 2 — Experimental Methods

2.1: Sample Preparation

LPBF anodes and cathodes were printed on 3D Systems ProX-200 using 316L

stainless steel powder provided by (3D Systems). A total of 28 T-shaped anodes were

printed on a single 316L build plate. The print parameters for all samples are summarized

in Table 2. The general chemical composition of the LPBF powder can be found in Table

3. The T-shaped samples were printed normal to the build plate, as shown in Figure 6a-b,

to guarantee that the initial roughness of all tested surfaces was consistent. Figure 6b-c

also shows a schematic of a T-shaped sample with labeled surface orientations top,

bottom, front, left, left-wall, and back. Parts were removed from the build plate using

wire electrical discharge machining (EDM) with a brass wire.

Table 2. LPBF sample printing parameters.
Machine Power Scanning VED Hatch Layer Scan
Model W) velocity (J/mm3) spacing | thickness | Pattern
(mm/s) (1m) (1m)
3D Systems 113 1400 54 50 30 Hexagon
ProX200
Table 3. Printing powder chemistry.
Wt% | Al C Cu| Fe |Mn | Mo | N Ni 0] S Si
0.003 | 0.018 | 17.12 | 0.15 | 67.2 | 1.28 | 2.19 | 0.12 | 11.18 | 0.11 | 0.013 | 0.49
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Figure 6. (a-b) Images of T-shaped anodes on their build plate, (c-d) images of a
labeled T-shape, and (e) schematic of a T-shape including dimensions.

Cathodes were printed according to 3 different latticed geometries, flat,
cylindrical, and conformal. Each cathode geometry was printed on its own individual
build plate. The flat lattice cathode was printed in a direction parallel to the build plate as
shown in Figure 7a. The cylindrical and conformal lattice cathode geometries were
printed in a direction normal to the build plate, as shown in Figure 7b-c. To test the effect
of electrode spacing on electropolishing efficacy, varying sizes of cylindrical and
conformal lattice cathodes were created- although, for the purposes of this study, only the
two smallest sizes per cathode were tested. The two sizes used for the cylindrical lattice
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cathodes were of diameters 3.5 cm and 9.5 cm. The sizes used for the conformal lattice

cathodes created electrode spacings of 2 mm and 20 mm.

[ e

Figure 7. Build plate images of (a) flat cathode, (b) cylindrical cathode, and (c)
conformal cathode.

After the T-shaped anodes were removed from the build plate, fiducial markings,
as shown in Figure 8, were engraved on their tabs using a drill press. This fiducial

marking served as a reference point to align images taken before and after polishing.

Figure 8. Image of a fiducial marking on a T-shaped part.

Prior to electropolishing, the as-printed T-shaped anodes were sonicated for 10

min in ultrapure Millipore water (18.2 MQ cm) deionized (DI) water followed by a 10
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min sonication in acetone. Samples were then dried with house nitrogen gas. The as-
printed cathodes were submerged in a 10 vol% nitric acid bath for 10 min. The cathodes
were then rinsed with DI water and dried with house nitrogen gas. The nitric bath
cleaning process was repeated for both the anode and cathode after electropolishing to
remove contaminants.

Each anode had a total exposed surface area of approximately 25 cm? which
included the front, left-wall, left, back, right-wall, and right orientations (Figure 6¢). Top
and bottom surfaces of the T-shaped anode were masked-off to limit the amount of
surface area exposed to the electrolyte. Anodes were masked using a liquid epoxy (3M™,
Scotchkote™ Liquid Epoxy Coating 323, USA).

2.2: Surface Characterization
2.2.1: Mass Measurements

After undergoing the cleaning process, T-shaped anodes were placed in a
desiccator (Fisherbrand™, Massachusetts USA) overnight to remove excess moisture.
Mass measurements of the anodes were then collected using an analytical balance
(Mettler Toledo, XP105 Semi-Mirco Analytical Balance, USA) and recorded for both the
as-printed and polished state.

2.2.2: Reflectance Measurements

Reflectance measurements were obtained in the center of the back surface of the
T-shaped anodes (Figure 9a) to standardize the imaging area. Measurements were made
with a DH-2000 Deuterium-Halogen Light Source that covers a range of 200-2500 nm,
the Ocean QE Pro High Performance Spectrometer UV-VIS-NIR, and an ISP-R Fiber

Optic Integrating Sphere of 30 mm diameter with a spectral range of 200-2500 nm
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(Ocean Optics, USA) (Figure 9b). Connections were established between the light source,
integrating sphere, and spectrometer with fiber optic cables. The Deuterium-Halogen
Light Source was allowed 20 min to warm up before acquiring any measurements. A
reflectance standard was used as a reference according to standard WS-1-SL. Specular
measurements were acquired by capturing the reflection of light at 90 degrees. Further

acquisition parameters are shown in Table 4.

(@)

% Integrating
"‘ﬁqﬂecttmce Sphere
Standard

Figure 9. (a) Schematic of T-shape back surface with reflectance measurement area
outlined, and (b) image of reflectance measurement setup.

Table 4. Additional parameters for reflectance measurements.

Integration Time | Scans to Average | Boxcar Averaging Non-linearity
Correction
Automatic 1 5 On

2.2.3: Topographical Measurements

Surface topography of each sample was measured using two different instruments
utilizing non-contact, optical-based techniques. Optical surface roughness measurements
of 4 orientations on the T-shaped anode (front, left, left-wall, and back) were obtained
using white light interferometry (Zygo, NexView, USA). An area of 2.8 x 2.8 mm was
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scanned and stitched together from the center of each surface with a 3 x 3 Gaussian
denoising filter (no other filters were used). Using the metrology software
(MountainsMap® V 7.4), roughness values, including average surface roughness (S,) and
maximum surface peak/depth (S,) were extracted from a 2.5 x 2.5 mm area, according to
ISO 25178. Measurements obtained through white light interferometry were corrected for
general tilt. Topographical measurements were performed on the anodes cleaned surfaces

(Figure 10) in the as-printed and polished state.

(a) (b) (c) (a)

Figure 10. Schematics detailing the standardized area for capturing optical images
on the: (a) front face, (b) left-wall, (c) left side, and (d) back surface.

2.2.4: 3D Optical Profiler

The Keyence VR-6000 uses while light triangulation and a motorized rotation
unit to optically profile surfaces in the 3D space. This instrument projects a white light
pattern which is distorted and correlated to height. The samples were rotated and imaged
in 360° and resulting images were stitched together to create a 3D scan of the entire
sample. Images were captured using a low, 12x magnification. The z resolution is listed
by the manufacturer as 400 nm. 3D optical scans were obtained using the same model of

machine at two distinct locations (Los Alamos and Albuquerque, New Mexico).
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2.2.5: Optical Imaging
Macroscopic optical images were captured on a microscope using a 5x
magnification (Keyence, VHX5000, USA). The samples were imaged with this

magnification in a 45° and top-down view, as shown in Figure 11.

Figure 11. (a) T-shape imaged at a 45° view. (b) T-shape imaged in a top-down view.

Microscopic optical images were acquired with a microscope at two different
magnifications: 20x and 200x (Keyence, VHX 7000, USA). The imaging area was
standardized by acquiring images in in the center of each surface as shown in Figure 10.
All samples were imaged in the as-printed and polished states.

2.3: Electrolyte Composition

This study compared two electrolytes of different compositions: an
environmentally friendly electrolyte and a conventional acid electrolyte. Each
electropolishing test was performed in a 1,600 mL bath of the respective electrolyte.

The environmentally friendly electrolyte consisted of a NaCl-polyethylene glycol
(PEG) solution of 36 vol% 6M NaCl and 64 vol% polyethylene glycol. The electrolyte
was prepared using the following procedure: a 6M NaCl solution was created by slowly

dissolving 201.92 g NaCl in 576 mL DI H,O using a magnetic stir plate. The NaCl
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solution was then combined with 1,024 mL of PEG, diluting the solution to a 2 M NaCl
solution. Mixing this electrolyte triggers an exothermic reaction, therefore, it was allowed
to cool 1 hour before use. A new batch of NaCl-PEG electrolyte was produced for each
electropolishing test.

The conventional acid electrolyte consisted of 50 vol% phosphoric acid, 25 vol%
sulfuric acid, and 25 vol% glycerol added to extend the bath life. The electrolyte was
prepared by first combining 800mL phosphoric acid with 400 mL sulfuric acid and
placing the solution in a water bath to cool while stirring with a magnetic stir plate for 1
hour. Then, 400 mL of glycerol were added to the solution and stirred vigorously to
combine. The acid electrolyte bath was discarded after polishing 3 samples.

Immediately before electropolishing, the conductivity of the electrolyte was tested
using a calibrated conductivity probe (Traceable™, Conductivity Meter, USA). The
conductivity range of the probe is 0.1-199.9 uS with an accuracy of £0.3% + 1 digit.

2.4: Linear Sweep Voltammetry (LSV) Scans

Prior to running electropolishing tests, electrochemical measurements were
conducted on wrought stainless steel, flat coupons using a standard three electrode cell
with a stainless steel mesh counter electrode and a Ag/AgCl (saturated KCI) reference
electrode (+0.197 V vs. SHE). The flat coupons (dimension x dimension x dimension)
were masked using a liquid epoxy (3M™, Scotchkote™ Liquid Epoxy Coating 323,
USA) to control the amount of area exposed. The exposed area values were either 1 cm?,
2 cm?, or 4cm?.

Anodic potentiodynamic polarization measurements were carried out to determine

each samples polishing window (Figure 3) on a Biologic VMP300 multichannel
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potentio/galvanostat. The samples were immersed at open circuit potential (OCP) for 10
min in the environmentally friendly NaCl-PEG and acid-based electrolyte. The
potentiodynamic measurements started 0.5 V below the samples OCP and scanned at
rates of either 0.5, 1, 3, 5, or 10 mV/s in the anodic direction to +1.5 V zg/aeci or the
experiment was stopped when a current density of ~100 mA/cm? was reached.
2.5: Electropolishing

Prior to electropolishing, an stainless steel wire was attached to the tabs of the
smallest cylindrical and conformal cathodes, as seen in Figure 12, with tack welds. This
facilitated the connection to the power supply. Both anode and cathode were submerged
in a 10 vol% nitric acid bath for 10 min to remove any contaminants prior to

electropolishing.

(a) J

Stainless steel wires

Figure 12. Stainless steel wires attached to smallest (a) cylindrical cathode, and (b)
conformal cathode.

A copper braid was used to establish a connection between the terminals of the power
supply (Dynatronix, Microstar DP/DPR Model, USA) and the threaded electrode holders.
A current probe (BK Precision, CP62 Current Probe, USA) was attached to the copper

braid connected to the negative terminal of the power supply. The current probe readings
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were recorded using a data acquisition system (DATAQ, DI-245 Thermocouple and
Voltage Data Acquisition System, USA) every 20 ms. The electropolishing bath
containing a stir bar was placed over a magnetic stir plate which was set to 300 rpm
intended to help with agitation and flow. The electrode holders were carefully placed to
fully submerge the electrodes in the electrolyte while keeping their respective tabs above
the water line. The electrode spacing between anode and cathode was controlled with a
polycarbonate 3D printed fixture individualized to maintain a uniform spacing for each
cathode geometry (flat, cylindrical, conformal, and selective). An image depicting the

electropolishing experimental setup can be seen in Figure 13.

Hall Probe S _ — (-) Connectionll

I W\ (+) Connection

EP Bath with —»\
Electrolyte

-'*

Figure 13. Image of a labeled electropolishing experimental setup.
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For this study, two different electrode spacings were tested per cathode geometry: 2 mm,
and 20 mm. Figure 14 demonstrates how the anode and cathode were placed relative to

one another for each cathode geometry at the smallest spacing.

T-shaped anodes

Cathodes
Figure 14. Images demonstrating the closest electrode spacing for different cathode
geometries.

The electropolishing took place over 40 min in both electrolytes. A current
density of ~80 mA/cm? (total applied current of 2 A) was used in the NaCI-PEG
electrolyte and ~560 mA/cm? (total applied current of 14 A) was used for the acid
electrolyte based on results from the polarization scans (adjusted for rough AM surfaces).
A pulse of 25 ms on and 25 ms off was used to allow for diffusion, especially in an
electrolyte as viscous as NaCl-PEG. Table 5 summarizes and compares electropolishing

parameters between the two electrolytes.
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Table 5. Electropolishing parameters for both electrolytes.

Parameters NaCl-PEG Electrolyte Acid Electrolyte
Current 2A 14 A
Current Density ~80 mA/cm? ~560 mA/cm?

Exposed Area 25 cm? 25 cm?
Masking Technique Skotchkote™ Epoxy
Pulse 25 ms ON /25 ms OFF
Total Polishing Time 40 min (20 min effective polishing time)
Flow Stir bar @ 300 RPM
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Chapter 3 — Computational Methods
3.1: Introduction

COMSOL Multiphysics was utilized to guide the development of a “selective
cathode” which was created to achieve uniform current distributions on the anode’s
surface. The objective of the selective cathode was to prevent targeted electropolishing at
the exterior corners of the anode while still effectively targeting the inner corners, thereby
creating a more uniform electropolishing effect across the entire surface. The COMSOL
model was constructed using primary current distribution and deformed geometry
interfaces to simulate the electropolishing process. The model allowed for the evaluation
of local current density values at various points on the anode’s (and cathode’) surface.
The selective cathode was designed to minimize the range of current densities to ensure a
uniform electropolishing result.
3.2: Model Physics

Utilizing COMSOL multi-physics, a fully coupled 2D model was created to study
current density distributions across the T-shaped anode’s surface using a variety of
cathode shapes and electrolyte conductivities. The deformed geometry, primary current
distribution interface, and Multiphysics interface were used along with a time-dependent
study. The primary current distribution interface describes both the transport of ions in an
electrolyte, which is assumed to have a uniform composition, and current conduction in
electrodes using a charge balance and Ohm’s law. Activation overpotentials resulting
from charge transfer reactions are neglected. This interface allows for the estimation of
ohmic loses in electrochemical cells that have been simplified. The domain equations for

the primary current distribution are derived from the Nernst-Planck equations which
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describe the flux of charged species through diffusion, migration, and convection.
However, it is important to note that in the primary current distribution interface,
convection and diffusion terms are neglected, making it solely dependent on migration
(i.e. electrolyte conductivity) [86]. The current density vector in an electrolyte using the

primary current distribution interface is as follows:

= — F? Z Z{ U, iV #(7)
Where i; is the current density vector in an electrolyte, F is the Faraday constant, c; is the
concentration of the ion, z; is the valency of the ion, u,, ; is the mobility of the ion, and
@, is the electrolyte potential. The conductivity of the electrolyte, assuming a uniform

composition, can then be expressed by:

o, = F? Z Z2Up iC; #(8)
Thus, the current density in the electrolyte can be rewritten by:
L= — oV #(9)
Indicating that the current density value is dependent on the product of electrolyte
conductivity and electrolyte potential [86].
3.3: Model Setup
3.3.1: Geometry
The geometry of the 2D model was constructed to represent the physical 3D
electropolishing system. The T-shape anode was modeled with rectangular elements,
reflecting the actual dimensions of the part (Figure 6e). Initially, three iterations of the
model were designed with varying cathode geometries representing the flat, cylindrical,
or conformal cathode geometry. The electrode spacing was varied according to
experimental measurements. Figure 15 shows a schematic of the three cathode
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geometries at the closest spacing of 0.2 cm.
OYe U e N D - S [ RN
| B Ol D

Figure 15. Schematic of model geometry and boundary conditions for (a) flat
cathode, (b) cylindrical cathode, and (c) conformal cathode.

er 9

3.3.2: Model Parameters

The electrical conductivity of the electrolyte and average current density were set
to 1 S/m and 80 mA/cm?, respectively, based on experimental measurements obtained
using the environmentally friendly NaCI-PEG electrolyte. The dissolving species was
assumed to be iron (Fe), and its density (7850 kg/m?) and molar mass (0.05584 kg/mol)
values were obtained from literature sources [36].
3.3.3: Boundary Conditions

The boundary conditions of the primary current distribution interface are
illustrated in Figure 15. The anode and cathode surfaces (boundary 1 and 2, respectively,
as shown in Figure 15) both act as electrode surfaces within the model. The anode surface
on boundary 1 is designated as the electric ground, with a potential of 0 V. The cathode
surface on boundary 2 is set to apply an average current density of 80 mA/cm?. The
electrolyte domain on boundary 4 is assigned an electrical conductivity of 1 S/m.
Additionally, the Multiphysics interface is incorporated to control deformation

boundaries. The boundary conditions are summarized in Table 6.
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Table 6. Summary of Boundary Conditions
Boundary Definition
Boundary 1 Anode / Electric Ground
2 Cathode / Current Density
3 Insulation
Domain 4 Electrolyte Conductivity
4 Electrolyte Insulation
Multiphysics 1 Deformation

2.3 No Deformation

3.3.4: Mesh

The automatic mesh creator module and corner refinement interface were utilized
to generate a triangular mesh. The predefined mesh size was set to “fine” with a
maximum and minimum element size of 0.186 cm and 0.00105 cm, respectively. The
minimum angle between boundaries utilized for the corner refinement interface was set to
240° with an element size scaling factor of 0.25. Figure 16 depicts the mesh with added

corner refinement for the three cathode designs.
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Figure 16. Schematics of meshes used to model the (a) flat cathode, (b) cylindrical
cathode, and (c) conformal cathode.
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3.4: Selective Cathode Design

The selective cathode design process began with a point evaluation in the
COMSOL model. In COMSOL, the point evaluation involves calculating a specific
variable at a single point within the model. For this study, the variable of interest was the
local current density value at the points indicated in Figure 17. The objective was to
design a cathode that would minimize the range of local current density values across all
points, thereby achieving the most uniform current density distribution across the surface

among the tested cathodes.

2 5 17 26
AR SR _
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22 -
. 20 :
19 ~
18 -
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Figure 17. Labeled schematic of COMSOL point evaluations.

The point evaluation analysis began with the flat, cylindrical, and conformal
cathode geometries (Figure 15). The T-shaped anode was assumed to be symmetric. The
results from the analysis indicated that the local current density at the exterior corners
(generally points 5, 3, and 18) was significantly higher than the values at the interior
corners (point 13). To mitigate this, the cathode geometry was modified by extending it

into circles at the exterior corners, as shown in Figure 18a. However, the flat edges of the
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cathode exhibited low current density values, requiring further modifications to the
cathode geometry as illustrated in Figure 18b-c. This configuration essentially represents
the conformal cathodes with circles/semicircles at the exterior corners. To increase the
distance between the anode and cathode at the corners, a circle was added to each exterior
corner, as shown in Figure 18d. The positions and dimensions of the circles were
modified as shown in Figure 18e-g. Finally, an elliptical cathode was tested, as seen in
Figure 18h. The cathode geometry shown in Figure 18e resulted in the lowest range of
local current density values among the selected points and was therefore chosen was the

optimal selective cathode geometry.

(a) ()

\

&//
0| @

(2) (h)

Figure 18. Schematics of iterations for the selective cathode design.

3.4.1: Selective Cathode

The selective cathode was printed with similar powder chemistry and the same
print parameters and techniques as described for the other cathodes in the preceding
experimental section. The cathode was printed in a direction normal to the build plate, as

illustrated in Figure 19a. The selective cathode and its dimensions are shown in Figure
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19b-c. Lesson’s learned from printing the conformal cathode led to thickening the lattice

structure to improve the rigidity of the selective cathode.

Figure 19. Selective Cathode (a) image on the build-plate, (b) image, and (c)
schematic including measurements.

Subsequently, a stainless-steel wire was attached to the tab of the selective
cathode with tack welds. The cathode was submerged in a 10 vol% nitric bath for 10 min
to remove any contaminants prior to electropolishing. Figure 20 demonstrates the relative
positioning of the anode and selective cathode during the electropolishing process. Using
the selective cathode, the anodes were electropolished as described in chapter 2.

T-shaped anode

Selectlve Cathodé
Figure 20. Image depicting the electrode spacing with the selective cathode.
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Chapter 4 — Results
4.1: Reflectance

The following section presents reflectance measurements obtained from
electropolished samples using various electrolytes, electrode spacings, and cathode
geometries. Reflectivity measurements were obtained as a time-effective method to
quantify electropolishing quality by measuring changes in surface brightness. Reflectance
measurements were taken exclusively on the back surface of polished T-shapes, as
illustrated in Figure 9. It should be noted that the selective cathode was tested only at an
electrode spacing of 2 mm and should therefore be solely compared to cathode
geometries at the 2 mm spacing.
4.1.1: Reflectivity of PEG-based electrolyte

Table 7 presents the increase in reflectivity values averaged in the visible
spectrum (380 nm — 700 nm) before and after electropolishing in the PEG-based
electrolyte, using various cathode geometries at different electrode spacings. The flat
cathode samples exhibited the lowest increase in reflectivity amongst all cathode
geometries at both electrode spacings, indicating poor brightening of the surface. This is
attributed to the lack of cathode proximity on the back surface where reflectance
measurements were taken, as the back surface is the furthest from the flat cathode (Figure
14). The selective cathode samples showed considerably greater reflectivity results
compared to the flat, cylindrical, and conformal cathodes at the closer 2 mm spacing.
This improvement is attributed to better control of electrode spacing (lessons learned
during the first set of electropolishing work on how to mount the anode and cathode),

leading to more uniform current distributions and effective polishing. The change in
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reflectivity for all cathode geometries decreased at the larger electrode spacing
suggesting that an increased spacing negatively affects the brightening of surfaces

electropolished in the PEG-based electrolyte.

Table 7. Increase of reflectivity from as-printed to electropolished
back surfaces using the PEG electrolyte
2 mm spacing 20 mm spacing
Flat Cathode +3.64 % +1.87 %
Cylindrical Cathode +16.95 % +15.98 %
Conformal Cathode +17.38 % +16.09 %
Selective Cathode Trial 1 +28.82 % -
Selective Cathode Trial 2 +25.84 % -

4.1.2: Reflectivity of acid-based electrolyte

presents the increase in reflectivity values averaged in the visible spectrum (380
nm — 700 nm) before and after electropolishing in the acid-based electrolyte, using
various cathode geometries at different electrode spacings. The increase in reflectivity
values were more uniform at the closer 2 mm spacing in the acid-based electrolyte than
the PEG-based electrolyte. The flat cathode produced significantly higher reflectivity
results in the acid-based electrolyte than in the PEG-based electrolyte, which is indicative
of the lower sensitivity to cathode geometries in the acid-based electrolyte. The
cylindrical and conformal cathode samples experienced an increase in reflectivity as the
electrode spacing increased, which is contrary to the results from the PEG-based

electrolyte.
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presents the increase in reflectivity values averaged in the visible spectrum (380

Table 8. Increase of reflectivity from as-printed to electropolished
nm = back surfaces using the acid electrolyte. 700
nm) 2 mm spacing 20 mm spacing
Flat Cathode +32.49 % +23.95%
Cylindrical Cathode +35.27 % +38.00 %
Conformal Cathode +33.74 % +35.71 %
Selective Cathode Trial 1 +31.46 % -
Selective Cathode Trial 2 +38.39 % -

before and after electropolishing in the acid-based electrolyte, using various cathode
geometries at different electrode spacings. The increase in reflectivity values were more
uniform at the closer 2 mm spacing in the acid-based electrolyte than the PEG-based
electrolyte. The flat cathode produced significantly higher reflectivity results in the acid-
based electrolyte than in the PEG-based electrolyte, which is indicative of the lower
sensitivity to cathode geometries in the acid-based electrolyte. The cylindrical and
conformal cathode samples experienced an increase in reflectivity as the electrode

spacing increased, which is contrary to the results from the PEG-based electrolyte.
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4.1.3: Electrolyte Comparison

Figure 21 shows the reflectivity of the back surfaces of T-shapes (Figure 9)
electropolished with different electrode spacings in the PEG-based electrolyte (Figure
21a-c) and the acid-based electrolyte (Figure 21d-f). The acid-based electrolyte produced
consistently brighter surfaces, with reflectivity values approximately 1.5 times as high as
those produced with the PEG-based electrolyte across all cathode geometries and
electrode spacings. This indicates that the acid-based electrolyte is more effective at
increasing surface brightness when compared to the PEG-based electrolyte. Additionally,
the acid-based electrolyte demonstrated more consistent reflectivity results regardless of
cathode geometry. This suggests that the acid-based electrolyte is less sensitive to
variations in cathode design. However, the reflectivity results from the acid-based
electrolyte demonstrate that the cylindrical and conformal cathode configurations
produce brighter surfaces at larger electrode spacings, indicating they may be overly

aggressive at closer distances.
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Figure 21. Plots of reflectance values comparing electrode spacings for samples
electropolished in either (a-c) the PEG-based or (d-f) acid-based electrolyte.

4.2: Optical Images

The following section presents observations from optical images taken at 200x
magnification of various orientations of as-printed and electropolished T-shaped samples,
including front, back, left, and left-wall surfaces. The images illustrate the effects and
morphological differences between surfaces electropolished with different electrolytes
(PEG-based and acid-based), electrode spacings (2 mm and 20 mm), and cathode
geometries (flat, cylindrical, conformal, and selective). These observations highlight
differences in surface quality and uniformity achieved with each electropolishing
configuration. Figure 22 depicts as-printed surfaces for each surface orientation (all

surfaces were printed to be perpendicular to the build direction and therefore appear
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similar optically in the as-printed state).

As-Printed Surfaces
Front Back Left Left-wall

Figure 22. Optical images of as-printed surfaces for each surface orientation.

4.2.1: Front Surfaces

Figure 23 illustrates the optical images of the electropolished “front” surfaces
(Figure 10a) of the T-shaped samples, utilizing different electrolytes, cathode geometries,
and electrode spacings. In the PEG-based electrolyte, the flat cathode at the 2 mm
electrode spacing was the only configuration to produce a reflective surface. Surface
streaking, attributed to flow, was observed for the flat cathode at the 20 mm spacing and
the cylindrical cathode at the 2 mm spacing. It should be noted that the imaging area was
standardized for all samples (Figure 10a), and streaking was observed only in specific
portions of the surface, not across the entire surface. The conformal and selective
cathodes produced relatively smooth surfaces with occasional pitting.

Front surfaces polished in the acid-based electrolyte exhibited consistent results
across all configurations, with varying densities of dimpling on the surface. At the 2 mm
spacing, the dimpling density increases with the conformity of the cathode, progressing
from flat to cylindrical to conformal to selective. Overall, the surfaces are more uniform

and reflective in the acid-based electrolyte compared to the PEG-based electrolyte.
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Figure 23. Spread of microscopic optical images of electropolished front surfaces.

4.2.2: Back Surfaces

Figure 24 illustrates the optical images of the electropolished “back”™ surfaces
(Figure 10d) of the T-shaped samples. The overarching trends between the two
electrolytes were similar. The following observations were drawn from the data for both
electrolytes. In the PEG-based electrolyte, the flat cathode at both electrode spacings
appeared minimally polished, which is attributed to the lack of cathode proximity on the

back surface. A similar unpolished appearance was noted for the flat cathode at the 20
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mm spacing in the acid-based electrolyte. The selective cathode produced the most
uniform and smooth back surfaces of those polished with the PEG-based electrolyte. The
2 mm spacing for the cylindrical and conformal cathodes appeared rougher than their 20
mm spacing counterparts in both electrolytes. Overall, the back surfaces exhibited the
roughest appearances among all configurations across all anode surfaces polished with

either electrolyte.

Back Surfaces
PEG Acid
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Conformal Cylindrical
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Figure 24
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4.2.3: Left Surfaces

Figure 25 illustrates the optical images of the electropolished “left” surfaces
(Figure 10c) of the T-shaped samples. Left surfaces polished with the flat cathode in the
PEG-based electrolyte exhibited similar behavior to back surfaces, appearing minimally
polished due to the lack of cathode proximity. The PEG-based electrolyte resulted in
several smooth surfaces, including the conformal cathode at the 2 mm spacing, the
cylindrical cathode at both electrode spacings, and the selective cathode. In the acid-
based electrolyte, surfaces polished with the cylindrical cathode at both electrode
spacings and the conformal cathode at the 20 mm spacing exhibited less dimpling and
more uniformity. Overall, the left surface exhibited the smoothest appearances among all

configurations across all anode surface polished in either electrolyte.
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Figure 25. Spread of microscopic optical images of electropolished left surfaces.

4.2.4: Left-wall Surfaces

Figure 26 illustrates optical images of the electropolished “left-wall” surfaces
(Figure 10b) of the T-shaped samples. Several configurations of the PEG-based
electrolyte exhibited minimally polished appearances, including the flat and cylindrical
cathodes at both electrode spacings and the conformal cathode at the 20 mm spacing.
This indicates the limited electropolishing effect of the PEG-based electrolyte on surfaces
furthest from the cathode. The selective cathode produced the smoothest appearing
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surfaces among those polished with the PEG-based electrolyte, with some surface
streaking attributed to flow. The left-wall surfaces polished in the acid-based electrolyte
exhibited smoother appearances than the front and back surfaces. The cylindrical and
conformal cathodes at the 20 mm spacing produced the smoothest appearing left-wall

surfaces among those polished in the acid-based electrolyte.

Left-Wall Surfaces
PEG Acid

2 mm 20 mm 2 mm 20 mm

Flat

Conformal Cylindrical

Selective

Figure 26. Spread of microscopic optical images of electropolished left-wall surfaces.
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4.2.5: Summary

The optical images reveal differences among the front, back, left, and left-wall
surfaces of T-shaped samples, as well as between PEG-based and acid-based electrolytes.
The front and back surfaces generally appeared rougher than the left and left-wall
surfaces across both electrolytes. The acid-based electrolyte consistently produced more
uniform and reflective surfaces across all configurations, with less sensitivity to cathode
geometry and electrode spacing. In contrast, the PEG-based electrolyte exhibited greater
variability, with certain configurations showing minimal polishing or surface streaking.
The selective cathode generally produced the smoothest surfaces in the PEG-based
electrolyte, while the cylindrical and conformal cathodes at 20 mm spacing yielded the
best results in the acid-based electrolyte. Overall, the acid-based electrolyte created more
reflective and uniform surfaces than the PEG-based electrolyte.
4.3: Surface Roughness

The following sections compare roughness data between the “front”, “back”,
“left”, and “left-wall” surfaces of electropolished T-shape samples in both the PEG-based
and acid-based electrolyte. Surface roughness is characterized through S, (arithmetic
mean height) measurements. The measurement is collected as a mean plane is established
over a specific area and the average height of the surface profile is calculated.
4.3.1: Front Surfaces

Figure 27a illustrates the surface roughness values for “front” surfaces of T-
shaped samples before and after electropolishing, using various cathode geometries and
electrode spacings in the PEG-based electrolyte. Among all the samples electropolished

in the PEG-based electrolyte, the flat cathode at the 2 mm spacing resulted in the highest
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surface roughness. In contrast, samples polished with the cylindrical cathode exhibited
consistently low surface roughness values in the PEG-based electrolyte.

Figure 27b depicts surface roughness data for “front” surfaces electropolished in
the acid-based electrolyte. Notably, the sample polished with the flat cathode at the 20
mm spacing exhibited one of the highest surface roughness values, whereas its 2 mm
counterpart displayed one of the lowest values. The second trial of the selective cathode
demonstrates the smoothest surface in the acid-based electrolyte. While the front surfaces
electropolished with the acid-based electrolyte demonstrated the best consistency, those
polished in the PEG-based electrolyte generally exhibited lower surface roughness
values. Overall, surface roughness values were reduced for all electropolished front

surfaces.
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Figure 27. Plots of front surface roughness for samples electropolished with (a) the
PEG-based electrolyte, and (b) the acid-based electrolyte.

4.3.2: Back Surfaces
Figure 28a depicts the surface roughness values for “back” surfaces
electropolished in the PEG-based electrolyte. The surfaces electropolished with the flat

cathode exhibited increased roughness compared to their initial state. This is attributed to
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the lack of cathode proximity, as the back surface is not directly aligned with the flat
cathode. All other cathode geometries significantly reduced the initial surface roughness,
except for the conformal cathode at the 2 mm spacing.

Figure 28b depicts the surface roughness values for “back” surfaces
electropolished in the acid-based electrolyte. The back surfaces exhibited similar
behavior to the front surfaces, with samples electropolished in the acid-based electrolyte
producing consistent results across all parameters. However, back surfaces
electropolished in the PEG-based electrolyte generally had lower surface roughness
values. Notably, the back surface had the highest initial surface roughness among all

sides, which was significantly reduced after electropolishing.
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Figure 28. Plots of back surface roughness for samples electropolished with (a) the
PEG-based electrolyte, and (b) the acid-based electrolyte.

4.3.3: Left Surfaces

Figure 29 illustrates the surface roughness values for “left” surfaces
electropolished in both the PEG-based and acid-based electrolyte. Among the samples
electropolished in the PEG-based electrolyte, the flat cathode at the 20 mm spacing

notably became rougher than its initial state. The other cathodes performed consistently
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and significantly reduced the initial surface roughness, except for the flat cathode at the 2
mm spacing and the conformal cathode at the 20 mm spacing. The left surfaces polished
in the acid-based electrolyte also demonstrated excellent performance, showing both
consistency and overall surface roughness reduction. Among all surfaces, the left surface
is one of the few where the acid-based electrolyte performed more consistently at
reducing surface roughness across all parameters compared to the PEG-based electrolyte.
Overall, the left surface exhibited some of the lowest initial surface roughness values

amongst all orientations.
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Figure 29. Plots of left surface roughness for samples electropolished with (a) the
PEG-based electrolyte, and (b) the acid-based electrolyte.

4.3.4: Left-wall Surfaces

Figure 30 illustrates the surface roughness values for “left-wall” surfaces
electropolished in both the PEG-based and acid-based electrolyte. Among the samples
electropolished in the PEG-based electrolyte, the flat cathode at the 20 mm spacing
stands out for its minimal reduction in surface roughness, performing notably worse
compared to other samples. All other left-wall surfaces electropolished in the PEG-based

and acid-based electrolytes performed consistently with significant reductions in initial
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surface roughness. Overall, the electropolished left-wall surfaces exhibit considerably

reduced final surface roughness compared to front and back surfaces.
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Figure 30. Plots of left-wall surface roughness for samples electropolished with (a)
the PEG-based electrolyte, and (b) the acid-based electrolyte.

4.3.5: Summary

Overall, the acid-based electrolyte generally yielded more consistent results
across all parameters when compared to the PEG-based electrolyte. However, the PEG-
based electrolyte produced lower surface roughness values when compared to the acid-
based electrolyte on the front and back surfaces, while the left and left-wall surfaces
showed more consistent values for both electrolytes. Among the various cathode
geometries, the cylindrical cathode produced the most consistent results on the surfaces
in both electrolytes. The front and back surfaces generally exhibited higher final surface
roughness values than the left and left-wall surfaces, with the left surfaces exhibiting the
lowest final surface roughness values across all parameters.
4.4: Mass Changes

Mass measurements were obtained before and after electropolishing T-shaped

anodes. The results are organized by electrolyte type and include comparisons between
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the PEG-based and acid-based electrolytes. Similarities were observed between the PEG-
based and acid-based electrolytes. However, inconsistencies between applied current
density values and mass changes were observed for samples electropolished in the acid-
based electrolyte.

Table 9 and Table 10 demonstrate the changes in mass exhibited by samples
electropolished using varying cathode geometries at different electrode spacings in the
PEG-based and acid-based electrolyte, respectively. The overall mass loss for an
individual electrolyte was similar between the 2 mm and 20 mm electrode spacings,
except for the flat cathode, which exhibited significantly less removal at the 20 mm
spacing in both electrolytes. Samples polished with the cylindrical cathode exhibited the
highest material removal at both electrode spacings, potentially indicating a more
targeted electropolishing effect at corners. At the closer electrode spacing, the flat
cathode removed more material than the conformal cathode, while the opposite was true
at the larger electrode spacing. This could be attributed to inadequate flow experienced

by the conformal cathode at the closer electrode spacing.

Table 9. Mass loss for PEG-based electrolytes.
2 mm spacing 20 mm spacing
Flat Cathode 0.643 g 0.463 g
Cylindrical Cathode 0.650 g 0.630 g
Conformal Cathode 0.514 ¢ 0.617 ¢
Selective Cathode Trial 1 0.637 ¢ -
Selective Cathode Trial 2 0.634 ¢ -
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Table 10. Mass loss for acid-based electrolytes
2 mm spacing 20 mm spacing
Flat Cathode 1.021 g 0.663 g
Cylindrical Cathode 1.140 g 1.132 ¢
Conformal Cathode 0929 g 1.031 ¢
Selective Cathode Trial 1 0.964 g -
Selective Cathode Trial 2 1.047 g -

Although the two electrolytes demonstrated similar trends, there were notable
differences in the behavior of both with relation to mass loss. For the flat cathode, the
PEG-based electrolyte showed less variation in mass loss between the 2 mm and the 20
mm spacings compared to the acid-based electrolyte. The cylindrical cathode consistently
showed the highest mass loss at both electrode spacings in both electrolytes, while the
conformal cathode landed somewhere in between the two other cathodes.

Although the acid-based electrolyte removed more material than the PEG-based
electrolyte, a direct correlation between the current density and material removal was
expected. Samples electropolished in the acid-based electrolyte were subjected to a
current density approximately 7 times higher than samples polished in the PEG-based
electrolyte, yet only ~2 times more material removal was observed, suggesting significant
losses in electropolishing efficiency for the acid-based electrolyte compared to the PEG.
4.5: Experimental and COMSOL Model 3D Profilometry

Profiles of the T-shaped anodes were acquired before and after electropolishing
and compared to profiles from the COMSOL model. Electrode thickness changes were

calculated by manually aligning the as-printed profiles with the electropolished profiles
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for both the experimental and modeling results. Thickness changes between the profiles
were calculated at three points on the surface, as shown in Figure 31. Point 1 (Figure 31a-
b) measures the thickness change at the inner corner of the T-shaped anode. Thickness
changes at the front corner are summarized by points 2 and 3 (Figure 31a,c) which
describe horizontal and vertical thickness changes, respectively. Due to the manual
alignment process and adjustments for tilt, inherent inaccuracies exist within the
following data. It should be noted that the COMSOL model simplifies real-world physics,
and although values obtained from the model are not 100% accurate, the developed

model effectively captures the trends observed in the experimental results of the present

study.
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Figure 31. (a) Schematic of 3D profilometry measurements obtained from (b)
inner corner and (c) front corner.
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4.5.1: Front Corner (Points 2 and 3)

Experimental and modeling results from profile comparisons between the two
electrode spacings in the PEG-based and acid-based electrolyte revealed the following
trends. In both electrolytes, the experimental and model results for the flat cathode
revealed greater thickness changes at the front corner (points 2 and 3 from Figure 31) for
the closer 2 mm electrode spacing compared to the 20 mm spacing. These findings align
with experimental mass change measurements, as the flat cathode removed
approximately 0.2 g more material at the 2 mm spacing for the PEG-based electrolyte and
0.4 g more material for the acid-based electrolyte. This is likely due to a lack of cathode
proximity at the further electrode spacing.

The experimental and modeling profile trends aligned for the cylindrical cathode
results in both electrolytes, indicating greater thickness changes for the front corner
(points 2 and 3 from Figure 31) at the larger 20 mm spacing. Although, experimental
mass measurements for the cylindrical cathode at both electrode spacings in their
respective electrolytes were quite similar, with a difference of only 0.02 g in the PEG-
based electrolyte and 0.01 g in the acid-based electrolyte. The similarities in mass
removal between both electrode spacings, as well as comparisons between 2D profiles
(Figure 32 and Figure 33) suggest that the cylindrical cathode at the 20 mm spacing
causes a concentration of current density at corners, resulting in targeted material
removal in those areas. In comparison, the cylindrical cathode at the closer 2 mm spacing
achieves more uniform current density distributions across the anodic surface, leading to
consistent material removal rather than targeting the corners. The targeted

electropolishing effect at the corners is much more exaggerated by the COMSOL model
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with the acid-based electrolyte at the 20 mm spacing and does not accurately represent
experimental results.

Experimental and modeling results obtained for the conformal cathode also
indicate a greater thickness change at the front corner at the larger 20 mm spacing in both
electrolytes. However, experimental mass change measurements demonstrated more
material removal (approximately 0.1 g in both electrolytes) for the conformal cathode at
the larger 20 mm spacing. Similar to the cylindrical cathode, results from the conformal
cathode indicate a targeting electropolishing effect at corners. However, the differences
in mass measurements between the two electrode spacings and comparisons between 2D
profiles (Figure 32 and Figure 33) suggest that the targeting effect is not as pronounced
as with the cylindrical cathode. The targeted electropolishing effect at the corners is much
more exaggerated by the COMSOL model with the acid-based electrolyte at the 20 mm
spacing and does not accurately represent experimental results.

4.5.2: Inner Corner (Point 1)

The COMSOL model struggled with accurately modeling the inner corner of the
T-shaped anode, likely due to its sharp edge. Future considerations for developing the
accuracy of the model look to modify the sharp edge into a more curve-like feature. Due
to the issues of modeling the inner corner, changes between the as-printed and
electropolished profiles always resulted in a negligible amount.

Experimental 2D profile results for the PEG-based electrolyte revealed the
difficulties of effectively electropolishing the inner corner. In general, experimental
results from the PEG-based electrolyte demonstrated negligible changes between the as-

printed and electropolished profiles of the inner corner. The selective cathode was one of
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the few exceptions, with a change in profiles of about 60 pm. On the other hand,
experimental results from the acid-based electrolyte revealed significant changes to the
inner corner. However, it should be noted that the acid-based samples presented greater
challenges in aligning profiles, which may have introduced some inaccuracies. The
conformal cathode produced the most significant thickness changes for the inner corner
among all cathodes at both electrode spacings. Both the flat and conformal cathode
experienced greater changes at the larger electrode spacing compared to the closer
electrode spacing. In contrast, the cylindrical cathode produced a greater change to the
inner corner at the closer electrode spacing. The selective cathode was the only cathode

to produce negligible changes between AP and EP profiles in the acid-based electrolyte.
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Figure 32. Plots of profilometry results modeling the PEG-based electrolyte.

74




Acid Flat 2 mm: Sample #9 Acid Flat 20 mm: Sample #15
254 2.5+
2.0 . 2.0
m AP Exp = AP Exp
E15_ = EPExp E1_5_ -« EPExp
5 AP Model 5 AP Model
> 1.0+ *_EP Model > 1.0 . EP Model
0.5 0.5-
0.0+ 0.0+
00 05 10 15 20 25 00 05 10 15 20 25
X [em] X [em]
Acid Cylindrical 2 mm: Sample #11 Acid Cylindrical 20 mm: Sample #19
2.5 F - Tj 2.5
2.0 20 rem——t
£ AP Exp
_ = AP Exp . ; " i
g195] * EPExp g5 AP Model
L AP Model < i . EP Model
> 1.0 = EP Model > 1.0 Eh :‘
] g
CO
0.5 0.5 \Jr
0.0+ 0.0
00 05 10 15 20 25 00 05 10 15 20 25
X [cm] X [cm]
Acid Conformal 2 mm: Sample #10 Acid Conformal 20 mm: Sample #17
254 [ } 254
20{ | — 20
= AP Exp | ! = AP Exp
151 « EPExp 151 : i « EPExp
S, AP Model S ; [ . AP Model
> 104 - EP Modsl S 10- . | © EP Model
-
0.5 0.5 EL,/‘E
0.0+ 0.0
00 05 10 15 20 25 00 05 10 15 20 25
X [em] X [cm]
Acid Selective 2 mm: Sample #22
2.5 r }
2.04 ‘ J
] m AP Exp
1.5 ] + EPExp
o AP Model
> 1.0- : EP Model
0.5
00 05 10 15 20 25
X [em]

Figure 33. Plots of profilometry results modeling the acid-based electrolyte.
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Figure 34. Plots of profilometry results modeling the PEG-based electrolyte at (a)
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the front corner, and (b) the inner corner.
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Figure 35. Plots of profilometry results modeling the PEG-based electrolyte at (a)
the front corner, and (b) the inner corner.

4.5.3: Material Removal Uniformity

Averages and standard deviations were calculated from the distances obtained
from 2D profilometry for all three points of interest (Figure 31) from both experimental
and model results. At each point of interest (inner corner, horizontal, and vertical) the
difference in distances between the expected model and actual experimental results were
also calculated. Similar average and standard deviations were then determined to inform
about discrepancies between the model and experimental results. Table 11 and Table 12
contain the average and standard deviation results for the PEG-based and acid-based

electrolyte, respectively.
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As previously mentioned, the COMSOL model simplifies real-world physics, and
although values from the model are not 100% accurate, it is able to effectively capture
trends observed in experimental results of the present study. As a result, average values
from the model seen in Table 11 and Table 12 are not expected to accurately represent
what to expect from the experimental values. However, the standard deviation
calculations for both experimental and model results give us an idea of the degree of
uniform material removal at the three points of interest. Lower standard deviations
indicate more uniform material removal, while higher standard deviations suggest less
uniformity (large differences between material removal at the inner corner, horizontal,
and vertical surfaces). Similarly, standard deviation calculations of the differences
between the model and experimental results indicate the degree of alignment between the
two. Lower standard deviations suggest a closer match between the model and
experimental outcomes at the three points of interest.

In the PEG-based electrolyte, the selective cathode resulted in the lowest standard
deviations for experimental and model results, indicating the most uniform material
removal amongst all cathode geometries. This suggests that the selective cathode is
performing as intended, as it was designed to create the most uniform current
distributions across the anodic surface, thereby achieving the most uniform material
removal. The selective cathode also resulted in the lowest standard deviation values for
differences between experimental and model results for both electrolytes, as outlined in
Table 11 and Table 12, suggesting that the selective cathode achieved the best alignments

between experimental and model results among all cathode geometries.
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Table 11. Material removal averages and standard deviations in the PEG
electrolyte from all horizontal, vertical, and inner corner measurements.

Experimental Model Difference
Spacing Average Standard Average Standard Average Standard

[nm] Dev. [m] Dev. [um] Dev.

- [m] . [um] - [um]

Flat 2 mm 49.1 285 57.1 57.1 30.6 323

Cathode 7" T 267 377 60.1 430 335 457

Cylindrical | 2 mm 42.0 36.9 63.1 50.3 21.1 15.0

Cathode |, T 502 418 121 86.2 61.4 453

Conformal | 2 mm 498 39.0 33.9 24.4 15.9 238

Cathode 507 7T 67.9 322 121 86.2 527 749

Selective | 2 mm 93.6 242 31.4 222 62.2 378
Cathode

Table 12. Material removal averages and standard deviations in the acid
electrolyte from all horizontal, vertical, and inner corner measurements.

Experimental Model Difference
Spacing | Average Standard Average Standard Average Standard

[nm] Dev. [um] Deyv. [um] Dev.
. [m] - [nm] . [um]
Flat 2 mm 123 58.9 462 412 339 357
Cathode = " T 966 248 411 310 315 289
Cylindrical | 2 mm 62.8 53.4 508 402 445 378
Cathode 55" 7 g3.1 384 827 685 744 649
Conformal 2 mm &1.2 21.4 217 154 135 137
Cathode 507 T 124.9 443 1080 877 960 906

Selective | 2mm | 65.76 4758 | 24633 | 17420 | 18056 | 12833

Cathode
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Chapter 5 — Discussion
5.1: Reflectivity, Optical, Roughness, and Electrolyte Comparisons
5.1.1: Electrode Spacings

Miniscule differences were noted in general roughness changes for most cathode
geometries in both electrolytes at the two different electrode spacings (2 and 20 mm).
However, the flat cathode geometry demonstrated a clear impact between the two
electrode spacings. At the further 20 mm spacing, samples electropolished with the flat
cathode in either electrolyte exhibited significantly less mass loss than at the 2 mm
spacing. Similarly, the 20 mm spacing produced larger roughness values on all faces
except the front when compared to the 2 mm spacing. The impact of electrode spacing on
results obtained with the flat cathode are attributed to the lack of cathode proximity
which has been shown to affect current density distributions [78]. The results of the
present study are corroborated by several studies that have outlined the impact of closer
electrode spacings on improvements to surface roughness reductions [8, 9, 11, 64, 78].

In the acid-based electrolyte, reflectivity values measured on the back surface saw
an increase as the electrode spacing increased for both the cylindrical and conformal
cathodes. This was corroborated by optical images which demonstrated a slight decrease
in dimpling density from the 2 mm to the 20 mm spacing for the cylindrical and
conformal cathodes. In the PEG-based electrolyte, reflectivity was slightly higher at the
closer 2 mm spacing for all cathode geometries, although the increase was almost
negligible. Overall, no clear trends emerged to describe the effect of electrode spacing,
indicating that cathode geometry played a more significant role in determining

electropolishing results.
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5.1.2: Electrolyte Consistency

Results from optical images, reflectivity and roughness measurements concluded
that the acid-based electrolyte produced more consistent and repeatable surfaces
regardless of cathode geometry and spacing, whereas the PEG-based electrolyte was
more sensitive those factors. The standard deviation of both reflectivity changes and
roughness values for samples electropolished in the PEG-based electrolyte were up to
twice as high as those in the acid-based electrolyte, indicating a more consistent spread in
data for the acid-based electrolyte (excluding the flat cathode values). The consistency of
samples electropolished in the acid-based electrolyte was also demonstrated in optical
images. The acid-based electrolyte produced bright surfaces with dimpled surface
features regardless of the other parameters. The dimpling of the surface can be caused by
two predominate factors: either the selected current (14 A) did not generate a large
enough current density to get the entire anode surface into the polishing regime, resulting
in an etching-type phenomenon [7, 62-64, 66] or the gas evolution at the anode surface
creates local areas of shielding that can generate these dimples [7, 87].

Meanwhile, the PEG-based electrolyte demonstrated a higher sensitivity to
electropolishing parameters, as seen through the myriad of morphologies observed in the
optical images, such as streaking, variations in color and brightness, and remnants of the
original surface. The PEG-based electrolyte’s sensitivity to cathode geometry is evident
from the poor performance of the flat cathode in terms of reflectance and roughness
results when compared to the acid-based electrolyte. Generally, the selective cathode
performed well in both the PEG-based and acid-based electrolyte through increased

reflectivity and reduced roughness in comparison to other cathode geometries.
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The inconsistencies in results from the PEG-based electrolyte are largely
attributed to the reduced conductivity and increased viscosity compared to the acid-based
electrolyte which impact the uniformity of electropolishing results. Conductivity
measures how easily ions move in a solution, meaning that a larger conductivity
facilitates ion mobility, which can commonly be the limiting factor during the
electropolishing process [7, 62]. Additionally, several studies have shown that elevated
temperatures further improve conductivity and thus, electropolishing effects [4, 7, 62, 70,
71, 88, 89]. Yang et al. claims that as electrolyte temperatures are increased, such as the
increases noted in the acid-based electrolyte, viscosity decreases, resulting in a thinner
diffusion layer on the anodic surface [62]. At too thin a diffusion layer, etching may
occur [67, 90] which may be responsible for the dimpling characteristics consistently
seen across optical images of all surfaces electropolished in the acid-based electrolyte.
Such a phenomenon would explain why the acid-based electrolyte produced more
consistent results when compared to a low-conductivity solution, such as the PEG-based
electrolyte, where ion mobility is more restricted. However, since the process parameters,
temperature, flow, etc., have not been fully optimized for the current setup, etching is still
likely to have occurred.

The PEG-based electrolyte exhibits a significantly increased viscosity when
compared to the acid-based electrolyte. Yang et al. asserts that an increased electrolyte
viscosity causes a thicker diffusion layer to form on the anodic surface which is believed
to control mass transport mechanisms in the electropolishing processes [7, 62]. A thicker

diffusion layer further impedes ion mobility within the solution [62] and may be
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responsible for the variation, optical streaking, non-uniform color, etc., across the anodic
surfaces electropolished in the PEG-based electrolyte.
5.1.3: Roughness Reductions

The original surface roughness (S,) of as-printed surfaces was reduced by
approximately 40-75 % on all orientations after electropolishing in both electrolytes,
except for samples polished with the flat cathode. The flat cathode consistently produced
the highest surface roughness values, regardless of electrolyte or electrode spacing, and is
not recommended as a suitable geometry for electropolishing T-shaped anodes due to
lack of cathode proximity, which is essential for effective electropolishing [6, 8, 9, 11,
64]. Despite variations in reflectance and optical results, the front and back surfaces
electropolished in the PEG-based electrolyte exhibited surface roughness approximately
1 um lower than those electropolished in the acid-based electrolyte. This indicates that
roughness results did not correlate with reflectance measurements, as acid-based samples
exhibited higher reflectance values yet had higher surface roughness. Although
reflectance values are a quick way to quantify surface brightness, they may not accurately
indicate surface roughness, which is a major motivator for electropolishing.

Although the high viscosity and low conductivity of the PEG-based electrolyte
made it challenging to obtain consistent results, these characteristics also explain why
lower surface roughness was obtained compared to an acid-based electrolyte. Several
studies recommend an electrolyte with low conductivity and high viscosity (such as
ethylene glycol) to preferentially remove surface defects on an anode’s surface [62, 66,
89]. Utilizing such electrolytes produces an increased voltage gradient (due to the

increased viscosity and thicker diffusion layer) between peaks and valleys on the anodic
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surface, resulting in preferential removal of peaks and thus, reduced surface roughness
[62, 66, 89]. A study conducted by Abdel-Fattah and Loftis found that acidic electrolytes
(such as those containing phosphoric acid) etched aluminum surfaces at a faster rate than
ionic solutions (such as those based in choline chloride and ethylene glycol). The authors
concluded that acidic electrolytes encouraged excessive hydrogen evolution which
caused pitting on the anodic surface and recommended ionic electrolytes to produce
favorable surface roughness [91]. The results found by Abdel-Fattah and Loftis are
consistent with optical images of the present study of samples electropolished in the acid-
based electrolyte, which demonstrated dimpling contributing to the increased surface
roughness. It should be noted that although the PEG-based electrolyte produced lower
surface roughness values for the present study, variations in the results should be
considered. Due to physical limitations, roughness measurements were obtained from
areas of the anodic surface where significant material removal was expected. Therefore,
the lower roughness measurements observed with the PEG-based electrolyte may not be
indicative of uniform roughness across the entire anode (i.e. the inner corners where less
material removal is expected).
5.1.4: Impact of Initial Surface Roughness

The left and left-wall surface roughness values after electropolishing were
approximately half of the front and back surfaces (after excluding the front cathode)
which is attributed to initial surface roughness. Although the build-direction for the AM
T-shaped anodes was chosen to promote similar starting roughness amongst all sides,
there were significant discrepancies. Left and left-wall surfaces had an average starting

roughness of 8.71 and 8.18 um, respectively. Front and back surfaces had average
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starting roughness of 10.89 and 11.81 pum, respectively, which is 2-3 pum higher than left
and left-wall surfaces. It is well known that final surface roughness for electropolished
parts can be dependent on initial surface roughness [1, 7]. In the present study, the PEG-
based electrolyte demonstrated a higher sensitivity to initial surface roughness than the
acid-based electrolyte. The PEG-based electrolyte was able to reduce the initial increased
surface roughness of the front and back surfaces by approximately 7 and 6.5 pm on
average, respectively. The left and left-wall surfaces, which exhibited a lower initial
surface roughness, were only reduced by approximately 5.8 and 5.3 um on average,
respectively. However, the acid-based electrolyte reduced surface roughness by
approximately 5.5 um, on average, regardless of initial surface roughness values,
indicating less sensitivity to initial surface roughness. The limitation from initial surface
roughness in the electropolishing process is attributed to potential differences in the
viscous layer, which controls the material removal mechanism [4, 7, 62]. Larger potential
distributions, resulting from greater differences between peaks and valleys (i.e., larger
surface roughness), create a greater electropolishing effect. Meanwhile, material removal
rates on smoother surfaces are minimized due to the smaller differences in potential
differences [7]. These results emphasize the significant influence of electropolishing
parameters on results from the PEG-based electrolyte in comparison to the acid-based
electrolyte and would suggest a lower conductivity, higher viscosity electrolyte may be a
good approach to smoothing out the extremely rough as-printed surfaces.

5.2: Mass Changes and 2D Profilometry for Model and Experimental Results

5.2.1: Current Density Efficiencies
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For the present study, a current density approximately seven times higher was
applied to the acid-based electrolyte compared to the PEG-based electrolyte. It is well
known in the electropolishing process that a higher current density results in higher
material removal rates [7], which is corroborated by the results of the present study.
However, the material removal rate of the acid-based electrolyte was only approximately
twice that of the PEG-based electrolyte, despite the significantly higher applied current
density. This is attributed to the higher current efficiency for the PEG-based electrolyte
compared to the acid-based electrolyte, as outlined in several studies [7, 92, 93]. A study
conducted by Haisch et al. tested the current efficiency of a NaCl-based electrolyte in an
electrochemical machining process and found that it had current efficiency values of up
to 115% at high current densities and up to 95% at low current densities (1 A/cm? and
lower) [92]. Another study by Davis et al. investigated the current efficiency of a sulfuric
acid (H,SOy) solution and found current efficiencies significantly lower than 50% for
current densities from 0.1-0.3 A/cm? [93]. Similarly, an electropolishing study by Han
and Fang comparing a NaCI-PEG-based electrolyte to an acid-based electrolyte attributed
the higher material removal rates of the NaCI-PEG-based electrolyte to its higher current
efficiency [6].

Several studies have attributed current efficiency losses to extensive hydrogen
evolution [7, 91, 93-95]. A study conducted by Abdel-Fattah and Loftis compared
electropolishing results between a conventional phosphoric acid electrolyte and a choline
chloride, ethylene glycol electrolyte. The study concluded that hydrogen evolution was
facilitated with the acid-based electrolyte due to faster polishing rates, resulting in pitting

on the anodic surface [91]. A study by Gabe found that high current efficiencies (nearing
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100 %) significantly reduced the occurrence of hydrogen evolution in electroplating
practices [94]. Similarly, Han and Fang concluded that ionic solutions (such as those
composed of choline chloride or ethylene glycol) exhibited negligible gas evolution due
to their higher current efficiencies, making them more attractive than conventional
electrolytes [7].

Overall, results from the COMSOL model aligned more closely with
experimental results obtained from the more current efficient PEG-based electrolyte than
with those from the acid-based electrolyte. The COMSOL model, based on primary
current distributions, is inherently controlled by electrolyte conductivity and applied
currents. The model physics are simplified through assumptions that neglect terms such
as convection and diffusion. As a result, the model is not able to capture key differences
between the two electrolytes, such as current efficiencies. Therefore, the model will
predict that solutions such as the acid-based electrolyte, which have higher conductivity
and applied current densities, will remove more material and act more aggressively than
the PEG-based electrolyte, without accounting for the realistic differences in current
efficiencies. The results imply the need to further develop the model physics to
accommodate vital factors that more accurately represent real-world experiments.

5.2.2: Model Improvements

Future considerations for improving the COMSOL model physics include
switching to tertiary current distributions. Tertiary current distributions include terms
such as convection and diffusion which describe fluid flow and ion movements due to
concentrations gradients, respectively. Such incorporations depict a more realistic

representation of real-world phenomena, with fewer simplifications than primary current
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distributions. The addition of fluid flow to the model would represent the continuous
supply of refreshed electrolyte to the anodic surface, more closely resembling
experimental conditions. Yang et al. explain the importance of electrolyte flow, as it
helps to remove dissolved products from the anodic surface while decreasing the
influence of bubbling and temperature rises often seen in electropolishing [62].

Future considerations also include introducing a pulsed current, similar to the one
used experimentally. The direct current (DC) presently used in the model contributes to
the excessive material removal rates observed in the results. It is well understood that
direct currents selectively target sharp edges in comparison to recessed areas, causing an
uneven current distribution on the anodic surface, as evidenced by model results in the
present study. Yang et al. claim that a pulsed current encourages ion migration, resulting
in more evenly distributed electropolishing effects compared to those achieved with DC

[62].

88



Chapter 6 — Conclusion

In the present work, 316L stainless steel T-shaped anodes were fabricated using the
LPBF AM technique. The effects of varying electrode spacings, cathode geometries, and
electrolyte compositions on electropolishing results were analyzed. Anodes were
characterized through optical imagery, surface roughness, reflectivity, mass, and
profilometry measurements. The conclusions to take away from this work are:

1. The electropolishing process effectively reduced the original surface roughness
(S,) of as-printed surfaces by approximately 40-75 % on all orientations in both
electrolyte compositions, excluding surfaces electropolished with the flat cathode
geometry.

2. The acid-electrolyte demonstrated greater consistency in optical, roughness,
reflectivity, and mass measurements whereas the PEG-based electrolyte exhibited
greater sensitivity to electropolishing parameters. The standard deviation in
surface roughness (S,) was twice as high for the PEG-based electrolyte than the
acid-based electrolyte. The PEG-based electrolyte showed an increased sensitivity
to initial, as-printed surface roughness compared to the acid-based electrolyte.

3. When considering electrode spacing, there was a clear impact when the flat
cathode was used in both electrolytes with a 20 mm spacing showing significantly
less mass loss compared to the 2 mm spacing. Similar trends were seen for the flat
cathode at 20 mm and roughness, most surfaces except the front showing higher
roughness values than the 2 mm counterpart. The impact of electrode spacing on

results obtained with the flat cathode are attributed to lack of cathode proximity.
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4. The selective cathode produced the most consistent and uniform surfaces for the
PEG-based electrolyte. The selective cathode consistently achieved low surface
roughness, produced the brightest and most reflective surfaces, and created
uniform surfaces as evidenced by optical images. In contrast, the flat cathode
performed worst of all cathode geometries in the PEG-based electrolyte. The flat
cathode produced high surface roughness values, low reflectivity, and
inconsistencies in optical imagery.

5. Reflectivity measurements did not correlate with surface roughness (S,) results.
Despite variation and overall lower reflectance values, the PEG-based electrolyte
produced surfaces approximately 1 pm smoother than the acid-based electrolyte.
The reduction in surface roughness for the PEG-based electrolyte is attributed to
its lower conductivity and higher viscosity, which produce an increased voltage
gradient and a thicker diffusion layer. This results in the preferential removal of
peaks, leading to an overall smoother surface. Although reflectance was a quick
technique to quantify changes in surface brightness, it did not accurately indicate
surface roughness.

6. Discrepancies between applied current densities and mass removal rates were
discovered for the acid-based electrolyte. Several studies have demonstrated the
higher current efficiency rates of electrolytes such as the PEG-based electrolyte
[6, 92] when compared to current efficiency rates for electrolytes such as the acid-
based electrolyte [93]. Consequently, the COMSOL model results for the acid-
based electrolyte are overly exaggerated due to its higher conductivity and applied

currents, without considering the real-world differences in current efficiencies.
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These implications suggest the need to further develop the physics of the

COMSOL model to reflect experimental conditions more accurately.
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Future Considerations

Future considerations for this project include studying the impact of electrolyte
flow and temperature on the electropolishing process. Present work has demonstrated that
the PEG-based electrolyte appears to be more sensitive to electropolishing parameters
such as electrode spacing and cathode geometry. However, future work aims to study and
better control parameters such as electrolyte flow to determine the impact on
electropolishing results, particularly in terms of electropolishing uniformity. Electrolyte
flow is essential for maintaining uniform current distributions and removing dissolved
products from the anodic surface [4, 6, 62]. In the present study, electrolyte temperature
was not a controlled parameter. Future work looks to study the effects of electrolyte
temperature which may influence diffusion rates and affect polishing quality [4, 6, 62, 70,
71].

Additionally, future works aims to further develop the physics of the developed
COMSOL model to reflect experimental conditions more accurately. The incorporation
of tertiary current distributions would provide a more realistic representation of
convection and diffusion during the electropolishing process. Introducing a pulse current
to the model will more accurately reflect experimental conditions and better depict ion
migration. The integration of these elements will create an overall more realistic
electropolishing model.

An automated optimization function for designing cathodes that uniformly
remove material from the anode will also be investigated. While manual optimization has
been shown to be possible, modifying the model to optimize the cathode shape itself

would allow for a more quantifiable determination of cathode shape that will best fit the
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ultimate goal of this project, being the uniform removal of materials from an anode.
Improvements to the model via temperature and tertiary current distribution consideration

will make the optimization of the cathode shape much more precise.
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