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Abstract for Masters

Investigating how electropolishing influences the surface roughness of aluminum parts fabricated
through additive manufacturing (3D printing), with a focus on optimizing process parameters and

comparing electrolyte systems.

Nadia Eslami, Masters
Concordia University,2025

Producing complex metal components, particularly with aluminum-based alloys, has been
significantly advanced by the growing adoption of 3D printing technologies. However, the surface
finish of 3D-printed parts remains a key challenge, often requiring post-processing to meet the
quality standards for functional applications. Electropolishing is a promising surface finishing
technique that can enhance the smoothness and uniformity of metal parts by selectively dissolving

microscopic surface asperities.

The present research investigates the effect of electropolishing on the surface roughness of 3D-
printed aluminum-based alloys, specifically AISi10Mg and a custom alloy referred to as CP1. The
study focuses on evaluating and optimizing key process parameters—including electrolyte
composition, applied voltage, polishing duration, and bath temperature—to determine their
influence on surface quality. Two electrolytic systems are explored: a conventional acidic mixture

(phosphoric and sulfuric acid) and a neutral organic system (ethylene glycol with sodium chloride).

Surface roughness changes are quantified using both portable contact profilometry and confocal
laser scanning microscopy, enabling detailed analysis of topographical improvements.
Comparative assessments between the two alloys and electrolyte systems offer insights into the

electropolishing behavior of different microstructures and alloy chemistries.

The findings contribute to a deeper understanding of electropolishing as a viable finishing method
for improving the surface condition of additively manufactured aluminum components and guiding

process selection for industrial applications requiring high surface quality.
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1. Introduction

1.1Background on 3D Printing Technology

Additive Manufacturing (AM), commonly known as 3D printing, has evolved from a rapid
prototyping technique into an advanced manufacturing process capable of producing fully dense,
high-strength metal components across various industries [1-3]. Metal additive manufacturing
(AM) technology allows to produce highly intricate and customized components. It offers
significant cost reductions by enabling a rapid transition from design to final part production,
minimizing manufacturing steps by eliminating assembly processes, and reducing both material

and energy waste [4-6].

Metal additive manufacturing (AM) has become a game-changer across multiple industries due to
its versatility. One of the first sectors to adopt this technology was aerospace, where it is used to
create lightweight and complex parts like turbine blades and fuel nozzles, helping improve
efficiency and reduce material waste [3], [7]. In the medical field, AM enables the production of
patient-specific implants, leading to more precise surgeries and better patient outcomes. For
example, laser-based AM can manufacture implants tailored to an individual’s anatomy [8]. Both

the biomedical and aerospace industries have been using additive manufacturing since 2011 [9].

Other industries, such as automotive and energy, benefit from AM’s ability to consolidate multiple
components into single structures, eliminating the need for fasteners and welding while improving

structural integrity and reducing production costs [10].

1.2 Powder Bed Fusion (PBF) for Aluminum Components

Aluminum alloys play a crucial role in additive manufacturing (AM) due to their exceptional
strength-to-weight ratio, making them highly desirable for aerospace, automotive, and RF

applications where both weight efficiency and mechanical performance are critical [11].

Among the various AM techniques, Powder Bed Fusion (PBF) is one of the most widely used
processes for fabricating aluminum parts. This method utilizes a high-energy laser or electron
beam to selectively melt fine metal powders, building components layer by layer based on a
Computer-Aided Design (CAD) model. PBF enables the production of complex geometries with

high precision and minimal material waste [12]. A defining characteristic of PBF is its extremely
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high cooling rates, typically ranging from 10° to 10® K/s, depending on the process parameters and
material properties. These rapid solidification conditions significantly affect the microstructure,
mechanical properties, and residual stresses of the printed material, influencing its overall

performance [10-11].
Common Aluminum Alloys in PBF

Two aluminum alloys, AlSi10Mg and CP1 (Al-Fe-Zr), have gained significant attention in PBF

due to their unique properties and suitability for high-performance applications.

AlSi10Mg: One of the most extensively studied aluminum alloys in AM, AlSi10Mg is valued for
its excellent castability, low thermal expansion, and high strength-to-weight ratio. The
microstructure of AISi10Mg consists of a fine cellular-dendritic network, with ultrafine silicon
particles dispersed along grain boundaries. This refined microstructure enhances tensile strength,
ductility, and thermal stability, making it a preferred material for lightweight structural components

in the aerospace and automotive industries [13-16].

CP1 (Al-Fe-Zr): Recently, CP1 alloys have gained increasing interest due to their exceptional
thermal stability and refined grain structures. The addition of Zirconium (Zr) promotes the
formation of AlsZr particles, which encourage equiaxed grain formation during solidification. This
grain refinement enhances tensile strength while reducing susceptibility to hot cracking, making

CP1 alloys particularly well-suited for high-temperature aerospace structural applications [17-18].

Both AlSi10Mg and CP1 offer unique advantages in PBF-based manufacturing, allowing for the
development of lightweight, high-performance aluminum components tailored for demanding

industrial applications.

1.3 Challenges of Surface Roughness in 3D-Printed parts

While metal additive manufacturing (AM) offers significant mechanical advantages, its
widespread application requires high surface quality and durability under cyclic loading conditions
[19-21]. One of the key challenges of AM parts is their layer-by-layer fabrication process, which
inherently leads to high surface roughness [22]. This roughness impacts aesthetics, dimensional
accuracy, corrosion resistance, and mechanical performance. One prominent contributor to this
issue is the “stair-stepping effect,” which arises when inclined or curved surfaces are built from

stacked horizontal layers. Because these layers cannot fully conform to sloped geometries, small
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step-like discontinuities form along the surface. The severity of this effect depends on factors such
as layer thickness, build orientation, and printer resolution. Shallower build angles and thicker
layers typically exacerbate the issue, increasing surface roughness and decreasing dimensional
fidelity. The stair-stepping effect not only affects appearance but can also reduce fatigue life,
disrupt fluid flow, and complicate post-processing. While techniques like electropolishing or
machining can alleviate it, stair-stepping remains an inherent limitation of layer-based AM

technologies [22-23].

Beyond geometric limitations, surface roughness is also significantly affected by loosely bound or
partially fused powder particles that adhere to the surface during fabrication [22]. These particles
often persist even in regions where the stair-step effect should be minimal, introducing additional
texture and irregularities. For instance, Strano et al. reported that even near-vertical surfaces (80°—
90°), which theoretically should exhibit low roughness due to reduced layering effects, still showed
average roughness values around 14 pm—only slightly better than the 16 pm observed on shallow
angles (5°—45°) [22]. This suggests that residual powder plays a key role in surface texture
formation. Furthermore, horizontal surfaces generally appear smoother compared to vertical faces,
which tend to accumulate more surface defects due to their orientation during powder deposition
and melting [24]. To mitigate both stair-stepping and particle-related roughness, strategies like
using smaller powder particles and reducing layer thickness are often employed. However, these
adjustments come at a cost: fine powders are more expensive due to lower manufacturing yields,

and thinner layers increase production time [25-26].

(=) (b) (c)

Figure 1.1 The stair-step effect in additive manufacturing parts: (a) 3D design, (b) AM part with a layer thickness 2 h, and (c) AM
part with a layer thickness h The stair-step effect is reduced compared to situation (b) at the cost of build time [27].

In biomedical applications, surface smoothness is especially important to prevent bacterial growth
and minimize tissue damage, making as-built AM parts unsuitable for direct use without further

processing [27]. Despite their mechanical benefits, powder bed fusion (PBF) components typically



exhibit an arithmetic average roughness (Ra) between 5 and 15 pm, which is significantly rougher
than conventionally manufactured parts. This high surface roughness can negatively affect fatigue
resistance, corrosion behavior, and functional performance, particularly in applications demanding

precise dimensions and smooth finishes [11-14].

The layered deposition process of AM contributes to these surface irregularities, which are further
aggravated by partially sintered powder particles and process-induced defects. Such surface
irregularities pose serious concerns in demanding applications, where they may compromise
fatigue resistance, promote corrosion [2],[30], and in the case of aerodynamic components,

contribute to higher drag and increased energy usage [31].

Defects and Remedies in PBF of Aluminum Alloys:

o Porosity: Metallurgical Porosity caused by gas entrapment or oxide inclusions. Also
Keyhole Porosity which results from excessive energy input leading to unstable melt pools
[28].

o Cracking: Hot Cracking observed in high-strength alloys due to rapid cooling rate [29].

o Oxidation: The formation of oxide films on the surface of a molten or partially solidified
layer can hinder proper fusion with the subsequent deposited layer, leading to poor

interlayer bonding and reduced mechanical integrity [30]

1.4 Microstructural and Mechanical Characteristics of PBF-Processed Aluminum

The unique solidification conditions in Powder Bed Fusion (PBF) significantly influence the
microstructure and mechanical properties of aluminum alloys. The combination of rapid cooling
rates, steep thermal gradients, and restricted elemental diffusion results in refined grain structures,
residual stress accumulation, and the formation of metastable phases, all of which impact the final

performance of the material [10], [30].

The rapid solidification inherent in PBF promotes grain refinement, leading to the formation of
ultrafine cellular or dendritic structures. The morphology of these microstructures depends on the
alloy composition and processing parameters, such as laser power, scanning speed, and hatch

spacing. This refined grain structure enhances key mechanical properties, particularly by



increasing strength and hardness, making PBF-processed aluminum alloys well-suited for high-

performance applications [11-12].

However, the high cooling rates in PBF introduce steep thermal gradients, which generate
significant internal residual stresses within the material. These stresses can compromise part
integrity, leading to distortion or microcracking, particularly in complex geometries. To mitigate
these effects, post-processing treatments, such as stress-relief annealing, hot isostatic pressing
(HIP), or shot peening, are often necessary to minimize mechanical weaknesses and enhance

dimensional stability [31].

Additionally, the limited time for elemental diffusion during the rapid solidification process
prevents the formation of stable equilibrium phases. Instead, PBF-processed aluminum alloys
frequently develop supersaturated solid solutions and refined secondary phases, leading to the
presence of metastable phases. These metastable structures can significantly impact hardness,
ductility, and thermal stability, necessitating further heat treatments, such as aging or solution

treatment, to achieve a more stable microstructure and optimize mechanical properties [13], [32].

Overall, the microstructural and mechanical characteristics of PBF-processed aluminum alloys
emphasize the importance of careful process optimization and post-processing strategies to ensure

enhanced performance for demanding industrial applications.

1.5 Electropolishing and Alternative Post-Processing

Due to the limited effectiveness of corrective measures during fabrication, post-processing is often
necessary to achieve the desired surface finish and mechanical performance in AM parts. Various
post-processing techniques are used to enhance the surface quality of aluminum AM components.
The table below provides a comparison of these methods, highlighting their advantages and

limitations.

Table 1.1 omparison of Surface Roughness Measurement Methods: Advantages and Limitations (continued on next page)

Post-Processing Description Advantages Limitations
Method

Mechanical-Based Processes

Mechanical Uses abrasive Adaptable to Limited
Surface Finishing media to polish various effectiveness
(Mass surfaces, rely on materials, for complex
Finishing)[33], direct tool-part effective for geometries,




[34], [35], [36],

contact to

batch

can introduce

[37] improve surface processing, residual
quality. mainly cost-efficient.  stress and
suitable for surface
simpler deformation,
geometries. may

contaminate
the oxide
layer, and
requires
direct
contact,
making
uniform
polishing
difficult

Ultrasonique Uses ultrasonic Improves Requires

Nano Crystal vibrations  to fatigue life and specialized

Surface plastically corrosion equipment

Modification deform resistance, and frequent

(UNSM)[38], surfaces, suitable ~ for tool

[39] enhancing high-stress replacement,
fatigue and applications. increasing
corrosion cost and
resistance. complexity.

Thermal-Based Treatments

Heat Thermal Improves Can reduce

Treatment[40], processes microstructure, hardness,

[41] applied  after enhances may require
metal additive fatigue controlled
manufacturing  resistance, environments
to enhance relieves (e.g., vacuum
mechanical residual stress, annealing),
properties. increases yield and can be
Techniques and ultimate time-
include  peak tensile strength consuming.
hardening and
annealing.

Hot Isostatic Aheattreatment Improves Requires

Pressing process that fatigue specialized

(HIP)[42], [43], applies high resistance, equipment,

[44] temperature and reduces can be costly,
pressure to residual stress, and may alter

densify  metal

refines

material




AM parts, microstructure, properties
reducing and enhances depending on
porosity  and ductility. treatment
enhancing conditions.
mechanical
properties
Chemical & Electrochemical Methods
Chemical Surface A surface Cost-effective  Slow
Finishing[45], treatment for batch polishing
[46], [47] method where a processing, rate, requires
corrosive ensures handling
solution forms a  consistency hazardous
viscous oxide over large chemicals
film on the part, areas. does not like
leading to cause surface hydrofluoric
selective tension due to acid,
dissolution of the absence of necessitating
protruding areas physical special
and surface contact. equipment
smoothening. and training
Electropolishing  Electrochemical Achieves low Limited to
(EP)[2], [48] removal of roughness, conductive
asperities, preserves materials,
resulting in a geometry, and generates
smooth, mirror- allows batch chemical
like finish. processing, waste.
making it
efficient  for
large-scale
applications.
Laser-Based Method
Laser Surface Employs Provides high Requires
Modification[49], focused lasers precision and high energy,
[50] to treat surfaces, control, ideal risk of
reducing for  targeted warping if
porosity and treatments. not
improving controlled
density. properly.

Among the various post-processing methods reviewed, electropolishing has proven to be highly
effective for improving the surface quality of 3D-printed Al1Si10Mg components. In a study by Yu
et al. [51], the surface roughness (Sa) of AlISi10Mg produced by laser powder bed fusion was



reduced by 68% through electropolishing. In addition, electropolishing is well-suited for complex
geometries, as it avoids direct tool contact and can access recessed or internal surfaces, making it
a highly efficient, geometry-preserving, and scalable option for batch processing of delicate or
intricate additive manufactured components [52]. While other methods, such as mechanical
finishing and chemical treatments, provide alternative solutions, they often come with limitations
such as surface deformation, excessive costs, or slow processing rates. Given its superior balance
of effectiveness and scalability, electropolishing stands out as the optimal technique for enhancing
surface quality in aluminum alloys. The next chapter will delve deeper into the experimental

methodology used to optimize electropolishing parameters for A1ISi10Mg and CP1.

1.6 Objectives of the Study

This study investigates the effect of electropolishing on the surface roughness and morphology of

3D-printed aluminum components, with a specific focus on:

e Optimizing electropolishing parameters for A1ISi10Mg and CP1 (Al-Fe-Zr) alloys.
e Analyzing surface roughness improvements following electropolishing.

e Examining morphology changes and alloy-specific responses to electropolishing.

By addressing these objectives, this research aims to provide critical insights into the role of
electropolishing in refining surface characteristics, contributing to the advancement of high-

performance 3D-printed aluminum components.



2. Literature review

2.1 Challenges and Optimization Strategies in Metal Additive Manufacturing

Metal AM processes include powder-bed fusion (PBF), direct energy deposition (DED), and
droplet-on-demand (DOD) systems [53]. Powder bed fusion (PBF) techniques are among the most
widely utilized additive manufacturing methods for fabricating metal components. These
processes are particularly favored in the medical and aerospace sectors. Depending on the heat
source used, the two primary PBF technologies are laser beam fusion (PBF-LB) and electron beam
fusion (PBF-EB). Both methods operate on the same fundamental principle: a focused heat source
(either a laser or an electron beam) selectively melts metal powder, which then solidifies quickly

before the next layer of powder is deposited [52].

Despite the significant advantages of additive manufacturing (AM), several technical constraints
still hinder its widespread adoption. These include limited control over dimensional accuracy,
suboptimal surface quality at the microscale level, and the complexities associated with surface
treatments for intricate structures [9], [54]. One of the major challenges is the undesirable surface
quality, which is particularly problematic for components with a high surface-to-volume ratio,
such as cellular or honeycomb structures [55]. Moreover, process-induced defects—such as
porosities, residual stresses, partially melted particles, and heat-affected zones—can initiate
cracks, making 'as-built' AM parts unsuitable for direct application in critical fields like biomedical

implants and industrial components [49], [56].

To mitigate these challenges, several key factors must be optimized in AM processes. These

considerations can be categorized into process-related, design-related, and material-related factors:

Process Parameters: Optimizing process parameters is critical for achieving the desired mechanical
properties and minimizing defects in AM parts. Key factors include laser power, scan speed, layer
thickness, and scan strategy. Higher laser power is required for highly reflective materials like
aluminum alloys to ensure complete melting, while scan speed influences the melting and
solidification rates. A lower scan speed results in deeper melt pools but increases processing time,

whereas a higher scan speed can lead to incomplete melting and porosity. Thinner deposition layers



improve accuracy but extend fabrication time, while scan strategies such as alternating patterns

help minimize defects and enhance isotropy [57], [33],[34], [60], [61].

Laser .
Scanning
mirror

>

Unfused Fused

powder

Powder feed
supply

Powder feed Build Build Build
piston chamber piston object

Figure 2. 1 Schematic of laser powder bed fusion process[62]

Design Constraints: Factors such as support structures, build orientation, and material distribution
impact surface roughness, structural integrity, and post-processing requirements. Proper design

optimization can reduce defects and improve manufacturability [62- 64].

Material Selection: The choice of material affects powder morphology, laser absorptivity, and
recyclability. For example, aluminum’s high reflectivity often requires surface treatments or

alloying modifications to improve laser absorption [65-67].

Another strategy for the enhancement of the surface quality and performance is adding extra
processes during the building of the part. One method utilized during the additive manufacturing
(AM) process to improve surface quality and minimize residual porosity in parts fabricated through
selective laser melting (SLM) is laser remelting. This technique is integrated into the build phase
and involves re-scanning the previously melted layer with a laser to achieve complete remelting.

It can be applied after each layer is scanned or limited to the top surface of the part [68-69].

Despite its benefits, laser remelting introduces some drawbacks. The movement of the laser beam

can displace re-molten material toward the part’s edges, leading to ridge formation upon
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solidification, which may impact both dimensional accuracy and surface flatness [63].
Additionally, the process may cause balling effects or alter the chemistry of the oxide layer,
potentially influencing the part’s wettability, corrosion resistance, biocompatibility, and
mechanical properties [64] . Given that laser remelting requires direct access to the freshly built
layer, it is generally more effective for treating top surfaces rather than sidewalls or internal

structures [65].

\
s > s

L = T i o

Substrate

-
|‘ ’: — — The first scan O == The second scan

Figure 2. 2Schematic diagram of remelted layers [72].
To achieve functional AM components, post-processing and surface treatment steps are essential
after fabrication. For instance, to enhance fatigue performance, AM parts typically undergo stress-
relief heat treatment to mitigate residual stresses, hot-isostatic pressing (HIP) to eliminate
porosities, and surface treatments to refine surface roughness and remove defects [8], [71-73]. In
addition to fatigue-related concerns, the inherently rough surfaces and geometric inaccuracies of
AM parts—when compared to conventionally manufactured components—necessitate post-

processing techniques such as polishing, shot peening, or chemical etching [69].
2.2 Electropolishing: A Superior Post-Processing Technique

Electropolishing is widely recognized as the most effective post-processing technique for additive-
manufactured (AM) metal components, offering distinct advantages over conventional methods
like mechanical or chemical polishing. Unlike mechanical polishing, which requires direct tool
contact and struggles to reach intricate geometries, electropolishing relies on an electrochemical
dissolution process that effectively removes surface irregularities while preserving part geometry,
dimensions, and intricate internal features [56], [75-78]. This method significantly reduces surface
defects such as micro-cracks, stress concentration sites, and non-metallic inclusions, thereby

notably enhancing fatigue resistance and mechanical integrity [73-74], [80-83].
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Furthermore, electropolishing effectively improves corrosion resistance by replacing unstable
oxides and surface defects with a uniform, stable, and protective passive oxide layer, a result
unmatched by mechanical or chemical polishing [75-76], [79-81]. Unlike mechanical finishing,
electropolishing avoids introducing residual stresses, surface hardening, or oxide contamination—
factors detrimental to long-term component performance [35-36], [47],[82]. Compared to chemical
polishing, electropolishing provides a faster, safer, and more environmentally friendly alternative,
eliminating the use of hazardous substances such as hydrofluoric acid while achieving superior
uniformity and surface finish quality [42], [46-47], [89]. Additionally, unlike processes like hot
isostatic pressing (HIP), which primarily reduce porosity, electropolishing directly addresses
surface quality, thereby simultaneously meeting both functional and aesthetic requirements for

complex AM parts [42], [76], [78].

2.3 Electropolishing Process: Principles, Applications, and Challenges

Electropolishing is an electrochemical surface finishing technique that effectively removes surface
irregularities, contaminants, and microstructural imperfections from metallic components,
including stainless steel, aluminum alloys, titanium, and nickel-based superalloys. The process is
based on anodic dissolution, where the workpiece functions as the anode in an electrolytic cell,
while a cathode—typically stainless steel or another inert conductor—completes the circuit. When
a direct current (DC) is applied, metal cations dissolve from the surface into the electrolyte,
resulting in a progressively smoother and more reflective finish, as demonstrated in studies by Han
et al. [79] and other researchers in the field . Figure 2.1 illustrates the schematic of a typical

electropolishing setup.

Electropolshing

1 2 3 4 2 5 6

Figure 2. 3Schematic of an Electropolishing Cell [87].
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Electropolishing is widely used across industries such as aerospace, biomedical, electronics, and
additive manufacturing to achieve highly polished, corrosion-resistant, and contamination-free
surfaces. Unlike mechanical polishing, which relies on abrasives and material deformation,
electropolishing is a non-contact process governed by Faraday’s laws of electrolysis. This makes
it particularly effective for complex geometries and internal cavities that are difficult to process

using conventional mechanical methods, as highlighted by Mark et al. [80], [81]

Furthermore, its precision and efficiency make electropolishing especially valuable in industries
such as semiconductor, pharmaceutical, and biomedical manufacturing, where exceptionally clean,
smooth, and corrosion-resistant surfaces are critical. In these applications, even microscopic
surface imperfections or contaminants can compromise product performance, sterility, or
reliability. Electropolishing effectively removes embedded contaminants, passivates the surface,
and eliminates micro-burrs, thereby achieving the required level of surface cleanliness and
corrosion resistance essential for maintaining the integrity and functionality of components used

in these high-demand environments [85-87].

Electropolishing removes material through electrochemical dissolution, ensuring a uniform,
defect-free finish without mechanical stress. Studies by Erving et al. [82] show that, compared to
other surface treatments, it provides a higher dissolution rate, leading to more efficient and

consistent material removal for an optimized surface finish.

2.3.1 Mechanism of Electropolishing

The electropolishing process follows a distinct current-voltage (I-V) relationship, which can be

divided into four operational regions, as illustrated in Figure 2.2:
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Figure 2. 4Characteristic I-V curve of the electropolishing process according to Han et al [86]

1.Active Dissolution Region: In the initial stage of electropolishing, metal removal occurs
unevenly, with dissolution progressing preferentially at grain boundaries and high-energy surface
features. This results in non-uniform etching, where different crystal planes dissolve at varying
rates due to differences in their electrochemical potentials [88]. Research highlight that the metal's
microstructure plays a significant role in governing the dissolution behavior, as the anisotropic
dissolution of grains leads to the formation of faceted surfaces and crystallographic patterns. At
this stage, the dissolution process is highly dependent on the applied potential and electrolyte

composition, with the current density increasing proportionally to the voltage [89-92]

2.Passivation Region: As the applied voltage increases, the current density exhibits a slight
decrease, indicating the formation of a thin, protective oxide film on the metal surface. This passive
layer acts as a diffusion barrier, restricting further dissolution and slowing down the removal
process. The stabilization of this oxide layer is influenced by factors such as electrolyte
composition, temperature, and agitation. In aluminum alloys, the formation of an amorphous
alumina (Al203) film during this stage can temporarily hinder polishing efficiency, requiring

optimized process conditions to ensure continuous material removal [84], [88].
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3.Polishing Region: In this mass-transport-controlled phase, the dissolution rate is governed by the
diffusion of metal ions through the electrolyte rather than by the applied voltage alone. A limiting
current plateau is observed, where further increases in potential do not significantly enhance the
dissolution rate. During this stage, surface peaks experience preferential dissolution due to their
higher exposure to the electrolyte, whereas valleys remain relatively unaffected. This preferential
smoothing effect aligns with Jacquet’s viscous layer model, which describes how the controlled
transport of dissolved species within a thin electrolyte film contributes to the gradual leveling of

surface roughness, as validated by experimental studies [89].

4. Trans-passive Region: At excessively high voltages, the stable passive oxide layer begins to
deteriorate, leading to uncontrolled anodic dissolution. This is accompanied by intensified gas
evolution, localized overheating, and the onset of surface pitting. In aluminum alloys, this
phenomenon is particularly problematic, as the breakdown of the passive film can result in uneven
material removal and increased roughness instead of the desired smoothing effect [85], [90].
Understanding the delicate balance between passive layer stability and dissolution kinetics is

important to optimize electropolishing parameters and prevent defects [97], [89].

Electropolishing achieves surface smoothing through two key mechanisms: anodic leveling and
anodic brightening. These processes operate at different scales and are influenced by factors such

as current distribution, mass transport conditions, and electrolyte composition [93], [96-98].

Anodic leveling primarily smooths the surface by selectively dissolving peaks more rapidly than
valleys. This effect is driven by variations in current distribution and mass transport conditions.
When an electrical current is applied, metal dissolution products accumulate, forming a viscous
boundary layer at the surface. This layer has higher viscosity and electrical resistivity than the
surrounding electrolyte, which locally reduces both the current density and metal dissolution rate
[85]. However, the thickness of this boundary layer is not uniform across the surface. Protrusions
experience higher diffusion rates and increased dissolution, whereas valleys see a slower metal
removal process. Over time, this results in a gradual reduction of surface height variations,
significantly improving smoothness at the micrometer scale, as demonstrated by Landolt et al.

[88].

Anodic brightening operates at a finer scale, minimizing the impact of microstructural features

such as crystallographic orientation and surface defects. Unlike the active potential region, where
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metal dissolution is anisotropic and influenced by the metal’s structure, anodic brightening
involves the random removal of metal cations. This ensures dissolution proceeds without structural

bias, leading to a highly uniform and reflective surface [84], [88].

2.3.2 Effect and Optimization of Processing Conditions

The effectiveness of electropolishing depends on the balance of key process parameters, including
current density, voltage, temperature, electrolyte composition, and polishing time. Each of these
factors plays a crucial role in determining material removal rates, surface smoothness, and defect
reduction. Studies highlight that precise process control is essential for achieving consistent and

predictable polishing results:

Current density directly determines the rate of metal dissolution and the formation of the passive

oxide layer during electropolishing [52]. Maintaining an optimal current density ensures uniform
removal of the inherent roughness caused by additive manufacturing, particularly in AISi10Mg
alloys. Studies by Tyagi et al. [94] highlight that in CP1 aluminum, current density also plays a

critical role in controlling oxide layer stability and minimizing irregular dissolution patterns [95].

When the current density is within the optimal range, electropolishing achieves its highest
efficiency, balancing dissolution and oxide formation. However, exceeding this range can lead to
surface instability, with defects such as pitting and gas bubble entrapment. Increased current
densities can also accelerate oxide film growth, which, if unstable, results in non-uniform surface
roughness instead of a polished finish [96]. On the other hand, operating at lower current densities
may cause incomplete material removal, leaving a matte, dull surface [97]. Research by Mark and
colleagues [98] underscores the importance of fine-tuning current density to prevent excessive

material loss while maximizing smoothness.

Polishing Voltage plays a crucial role in electropolishing, determining the transition between

process stages and directly influencing surface quality. At lower voltages, the reaction remains in
the active dissolution phase, causing uneven material removal and surface etching rather than
smooth polishing. Increasing the applied voltage into the optimal polishing range improves metal
ion transport control, leading to gradual surface leveling and a significant reduction in roughness.

However, exceeding this ideal range drives the process into the trans passive regime, where
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excessive gas evolution and oxide film instability result in pitting and irregular material

removal.[103-105].

Voltage optimization is essential for achieving a uniform, defect-free finish while preventing over-
polishing, which can degrade surface quality and affect dimensional accuracy. Research by Erving
et al. [101] highlights how improper voltage settings contribute to surface deterioration,
emphasizing the need for precise control. By maintaining the right balance, electropolishing can

effectively enhance surface smoothness and reflectivity without introducing defects [52], [101].

Bath Temperature plays a critical role in the dissolution behavior of aluminum and its alloys in

electrolytes. It affects not only the electrolyte’s viscosity and ion mobility but also the polishing
current density, dissolution rates, and final surface quality. Research by Hryniewicz et al. [102]. as
demonstrated that temperature variations can shift the dominant electropolishing mechanism—
whether it is surface-controlled (limited by electrochemical reactions at the metal surface) or mass-

transport-controlled (limited by the diffusion of ions through the electrolyte) [103].

Low Temperatures (< 25°C): the electropolishing process is surface-controlled, meaning that
material removal is slow and often leads to localized pitting rather than uniform smoothing [104].
This is primarily due to: 1. High electrolyte viscosity, which restricts ion mobility and slows
dissolution. 2. Increased oxide layer formation, as the lower temperature reduces the dissolution
rate of the naturally forming oxide while still allowing oxygen-containing species to contribute to
oxide growth. This results in a thicker passive film, leading to higher electrical resistance and a

reduced polishing effect [105].

Intermediate Temperatures (~65°C): As the temperature increases to around 65°C, the
electropolishing process shifts to a mass-transport-controlled regime, where ion movement
becomes the dominant factor in material removal [106]. This leads to 1. Lower electrolyte
viscosity, allowing faster diffusion of metal ions away from the surface. 2.Higher solubility of
dissolution byproducts, preventing residue buildup and enhancing surface brightness [107].
Studies by Mark et al. [105]. observed that at this temperature range, grain boundary features
become more pronounced, when examined under scanning electron microscopy (SEM). This
indicates that electropolishing at intermediate temperatures can lead to selective material removal
based on crystallographic orientation — with some grains or boundaries dissolving more readily

than others. As a result, features like grain boundaries, twin lines, and phase differences become
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more visible on the polished surface. This phenomenon, often referred to as enhanced
microstructural contrast. High Temperatures (> 90°C): At elevated temperatures, the activation
energy for aluminum dissolution decreases significantly, leading to faster material removal and a
highly reflective surface [94]. Additional benefits observed at this temperature range include
shorter electropolishing times, as the elevated temperature accelerates the anodic dissolution
reaction [108]. The increased temperature also contributes to higher current densities, which in

turn improve polishing efficiency and result in smoother surface finishes [99].

However, excessively high temperatures introduce major risks: The viscosity of the diffusion layer
is reduced, making it difficult to maintain the viscous layer essential for controlled polishing [99],
[109]. Also Uncontrolled etching can occur, leading to dimensional inaccuracies and surface

degradation instead of polishing [94].

Polishing Duration of the electropolishing process plays a crucial role in determining surface
roughness and brightness, following a nonlinear progression. Initially, surface roughness decreases
rapidly, but beyond a certain threshold, further improvements become negligible. Studies by Han
et al. [110] and others have shown that prolonging the electropolishing duration beyond the optimal
point does not significantly enhance surface finish and may lead to severe material loss. At the
beginning of the process, roughness reduction is rapid, as peaks and irregularities dissolve
efficiently. However, once a limiting value is reached, further polishing does not yield substantial
improvements [52]. Similar findings were reported by Haidopoulos et al. [111], who observed this
trend in 316L stainless steel, where extending the polishing time beyond a critical point had

minimal effect on roughness improvement.
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Figure 2. 5Variation of the mean surface roughness Ra of 316 stainless-steel surfaces with the duration of electropolishing
process as (a) measured by AFM, and (b) measured by stylus profilometry [118].

While an initial increase in brightness is observed, excessively long polishing durations can lead
to surface degradation. When electropolishing is prolonged beyond the optimal duration, the
electric field can cause uneven dissolution across the surface. This leads to the development of
irregular patterns and surface distortion, as material is no longer removed uniformly. In addition,
excessive polishing may compromise surface integrity, resulting in a noticeable loss of brightness

due to the breakdown of a uniformly smooth finish [112].

Electrolyte composition is another factor which has a role in controlling dissolution efficiency and

surface smoothness during electropolishing. The most used electrolyte for aluminum
electropolishing is a sulfuric-phosphoric acid mixture (H2SOs-H3sPOs4). According to Liu et al.
[113], this combination helps balance passivation and dissolution, ensuring a controlled material
removal rate [16]. Higher sulfuric acid concentrations speed up dissolution but can also cause over-
etching and surface defects if not carefully controlled. While higher phosphoric acid content slows
dissolution, leading to a more controlled and uniform surface finish [113], [16]. Electropolishing
of 3D-printed AlSi10Mg using this sulfuric-phosphoric acid mixture has demonstrated effective
surface roughness reduction, although its performance is significantly influenced by the material's
microstructure. In one study, the alloy underwent electrochemical polishing (ECP) in a bath
composed of phosphoric acid (HsPO.) and sulfuric acid (H2SO4) in a 2:1 volumetric ratio,
maintained at 70 °C for 20 minutes and operated at 5 V. The process notably reduced the surface
roughness (Sa) of LPBF AISil0Mg from 14.91 um to 4.70 um. However, the polishing was

hindered by the formation of a solid viscous layer rich in silicon compounds, which originated
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from the anodic dissolution of aluminum and subsequent reactions involving silicon and hydroxide
ions. This layer impeded ion diffusion and limited the effectiveness of polishing. To address this,
an enhanced method combining electrochemical polishing with mechanical brushing (ECMP) was
employed, further reducing the roughness to 2.19 um. Interestingly, this solid film, while initially
obstructive, also protected the surface from scratches during ECMP, unlike in stainless steel cases
where mechanical brushing damaged the polishing layer. This highlights the material-specific
behavior of the H;PO+—H2SO4 system, showing its suitability for Al-based alloys if coupled with

strategies to control or manage the viscous layer’s thickness and stability [119-120].

Eco-friendly alternatives, such as ethylene glycol-based electrolytes, particularly those combined
with chloride salts such as NaCl, are gaining attention for providing stable dissolution rates while
reducing defect formation and hazardous waste [116]. These formulations benefit from the high
viscosity of ethylene glycol, which enables controlled anodic dissolution and minimizes surface
pitting. The presence of chloride ions is essential for effective metal dissolution, as they help break
down passive oxide layers and form soluble complexes with metal ions, supporting uniform and
efficient material removal. Some studies, such as the work by Defanti et al. [117], have investigated
aqueous NaCl solutions and demonstrated a significant reduction in surface roughness—from
6.15um to 1.57 um. Although the electrolyte composition differs, the underlying polishing
mechanism involving chloride ions is comparable to that in ethylene glycol-NaCl systems. Unlike
aqueous solutions, however, ethylene glycol-based electrolytes offer broader temperature stability
and lower toxicity, making them more suitable for environmentally conscious applications. In
comparable systems using ethylene glycol and chloride salts, surface roughness values have been
shown to decrease from approximately 0.55 um to as low as 0.16 pm, while maintaining a uniform,
pit-free morphology [118], [119].These results confirm the suitability of such mixtures for

polishing complex 3D-printed aluminum parts with enhanced precision and environmental safety.

Research by Ferchow et al. [120] highlights the importance of electrolyte optimization, especially
for complex geometries in additively manufactured aluminum components, where achieving a
consistent finish can be more challenging . Choosing the right electrolyte composition is essential

for balancing efficiency, minimizing defects, and ensuring high-quality electropolished surfaces.
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Beyond all these factors, other parameters like bath agitation, interelectrode distance, and polishing
current signals also influence the final surface quality of electropolished samples [52]. Due to the
complex interactions between these parameters, extensive research has been conducted to identify
the most effective optimization methods for electropolishing. One approach involves comparing
different process parameter levels to determine the best conditions for achieving a smooth and
defect-free surface [111], [121]. Additionally, statistical optimization methods have been widely
used to systematically refine electropolishing settings. These techniques help identify key
parameters and their optimal values to improve surface finish, material removal rates, and overall
process efficiency [122]. For instance, the Taguchi method has been applied in several studies to
determine the ideal combination of process parameters for achieving high surface quality [128-
129]. Grey relational analysis, as demonstrated by Kao et al. [125], has also been used to optimize
temperature, current density, and electrolyte composition, leading to improved surface roughness
and passivation strength in 316L stainless steel. Response Surface Methodology (RSM) has also
been employed in multiple studies to fine-tune electropolishing parameters for optimal results
[131-132]. By leveraging these optimization techniques, researchers have been able to refine the
electropolishing process, ensuring greater consistency, efficiency, and superior surface quality

[122].

2.4 Electropolishing of 3D-Printed Aluminum Alloys

2.4.1 Surface Roughness of AISi10Mg and CP1 As Printed

The staircase effects, balling effects, partially fused feedstock powder, spatters, and inadequate
fusion are the primary contributors to the high surface roughness of LPBF Aluminium Alloys [128]
These surface irregularities arise during the LPBF process due to the inherent layer-by-layer

manufacturing method and the thermal gradients caused by insufficient wetting [102].

Both AISi10Mg and CP1 alloys are affected by several factors during LPBF processing, including

layer-by-layer melting behavior, laser power, and powder characteristics [129].

AlSi10Mg typically shows partially melted powder particles adhered to the surface, which

contributes to its higher surface roughness. Its initial roughness often ranges between 8—15 um,
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mainly due to the formation of silicon-rich eutectic phases and thermal stresses that cause surface

irregularities [130].

In contrast, CP1 generally exhibits a more uniform as-printed surface. This is attributed to the
presence of zirconium (Zr) and iron (Fe), which promote the formation of AlsZr dispersoids. These
dispersoids help stabilize the melt pool during solidification, reducing defects such as porosity and

uneven cooling [131].

As aresult, CP1 shows lower initial surface roughness, averaging around 5—10 pum, due to its fine-

grained microstructure and the grain-refining effect of zirconium [132].

Due to its higher initial roughness, A1Si10Mg usually requires longer electropolishing times and

more aggressive electrolyte conditions to achieve a surface finish comparable to CP1.

Additionally, the selective dissolution of aluminum in AISi10Mg results in the formation of Si-
rich regions that resist dissolution, necessitating advanced strategies like intermittent
electropolishing (IECP) to ensure uniform material removal [133]. In contrast, CP1's lower
roughness and more uniform microstructure allow it to respond more efficiently to
electropolishing, achieving a smoother final surface with lower material removal rates (MRR)

[134].

2.4.2 Mechanisms and Challenges of Electropolishing A1Si10Mg and CP1

The inherently high roughness of as-built laser powder bed fusion (LPBF) Aluminum parts is a
significant limitation for their broader industrial applications, necessitating post-processing to
achieve functional surface properties. Among various surface finishing techniques,
electropolishing (ECP) has emerged as a highly effective method due to its ability to smooth both
external and internal surfaces with minimal material loss. Studies by Zheng et al. [135] and Tyagi
et al. [94] have demonstrated that electropolishing significantly enhances the surface quality of
additively manufactured aluminum components, effectively reducing roughness while preserving

mechanical integrity [136].

22



e AlSilOMg

Electropolishing of LPBF AlSi110Mg follows a multi-stage mechanism, where anodic dissolution,
surface defect removal, and viscous layer formation collectively determine the final surface
quality. The process relies on anodic dissolution, where the electric field preferentially removes
surface asperities due to localized variations in current density. Higher peaks experience greater
dissolution rates compared to valleys, leading to a smoother surface finish [137]. During
electropolishing, a thin, viscous boundary layer forms on the metal surface as a result of anodic
reactions that generate oxygen gas and metal ions. These reaction by-products accumulate near the
surface, increasing the local viscosity. This layer acts as a diffusion barrier, allowing peaks to

dissolve more rapidly than valleys and promoting a smoother overall finish [138].

While anodic dissolution effectively smooths the surface by selectively removing asperities, the
presence of silicon in A1Si10Mg introduces additional challenges that influence the uniformity of
material removal. One of the primary challenges in electropolishing AISi10Mg is its high silicon
content, which creates an electric potential gap between aluminum and silicon, resulting in varied
material removal rates (MRR) and an uneven surface finish. In alloys with heterogeneous
microstructures, different phases exhibit varying dissolution rates during electropolishing. This
material selectivity can impact surface uniformity, particularly in alloys with complex phase
distributions. For AISi10Mg, the high silicon content results in different rates of dissolution
between the primary aluminum matrix and secondary phases, influencing the overall roughness

reduction effectiveness [137], [139].

Researchers emphasize that initially, aluminum dissolves into Al (OH)s ions, while silicon
undergoes oxidation to form SiO*73 in the NaOH-based electrolyte. These reactions contribute to a
sticky aluminosilicate layer, which, if not properly managed, inhibits further dissolution and
compromises the final surface finish [140]. To address these dissolution inconsistencies caused by
silicon-rich phases, researchers have explored alternative electropolishing strategies, with
intermittent electropolishing (IECP) emerging as a promising solution. In continuous
electropolishing (CECP), this aluminosilicate layer thickens over time, reducing anodic dissolution
efficiency. The accumulation of insoluble Si-rich phases further hinders material removal, leading
to non-uniform surface quality. However, studies highlight that intermittent electropolishing

(IECP) prevents excessive product accumulation by periodically disrupting this layer, ensuring a
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uniform electrochemical reaction. With an optimized removal interval of 50 seconds, the
dissolution rate remains high, and Si-rich layers detach continuously, allowing for enhanced

material removal [140].

Lynch et al. [141] have reported surface roughness (Sa) reductions of up to 87.7% using optimized
intermittent electropolishing (IECP) techniques, underscoring its capability to refine AM
components for high-performance applications. Hryniewicz et al. [135] highlight that intermittent
removal of the viscous polishing layer ensures consistent material dissolution, preventing

roughness deterioration over time.
e C(CPI

The electropolishing behavior of CP1 (Al-Fe—Zr) alloys is also governed by a complex interplay
of microstructural constituents that significantly influence both the anodic dissolution mechanism
and the final surface finish. Notably, coarse and brittle AlsFe intermetallic in the as-cast state pose
a challenge to achieving uniform material removal, often leading to uneven etching or surface
pitting [142]. Simultaneously, AlsZr particles—either as nano-precipitates or nucleation sites—
introduce electrochemical heterogeneity, which can act as localized barriers or promote galvanic
disparities across the surface. When electropolished using a phosphoric—sulfuric acid-based
electrolyte, CP1 demonstrated the typical anodic dissolution behavior observed in aluminum
alloys. However, the alloy's intrinsic microstructure influenced the current distribution, which
limited the electropolishing efficiency. As a result, surface roughness only modestly improved
(e.g., Sareduced from 9.3 um to 6.8 um), and the overall polishing efficiency was lower compared
to alloys like AISi10Mg [143] .This performance gap highlights several challenges: While CP1
begins with a smoother as-printed surface than AlSi10Mg, its electropolishing response is less
efficient due to its microstructural characteristics. As a result, achieving further roughness
reduction often requires longer durations and higher voltages, and some residual roughness may
still remain after treatment. Additionally, large AlsFe particles serve as stress concentrators and
tend to etch preferentially, which may compromise surface integrity. The relatively noble AlsZr
phases can create under polished regions or nodular textures, further reducing uniformity [147-
148]. To mitigate these issues, microstructure refinement methods—such as ultrasonic melt

processing—have been suggested to reduce phase size and distribution irregularities [142].
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Given CP1’s novelty as an alloy system and its potential for high-performance applications,
particularly in RF components, further investigation is necessary to optimize electropolishing
protocols. Currently, data on CP1 remains limited, underscoring the need for deeper studies into

its electrochemical behavior and process compatibility.

2.5 Trans passive Breakdown in Electropolishing

2.5.1 Fundamentals of Trans passive Breakdown

At sufficiently high anodic potentials, passive metals and alloys transition out of their protective
state and enter a regime known as trans passive breakdown. In this region, the stability of the oxide
film is lost, and the metal begins to dissolve aggressively while gas evolution becomes significant.
This phenomenon is observed across a wide range of systems, including stainless steels, titanium,

nickel-based alloys, and aluminum [141].
The breakdown of passivity involves two concurrent anodic processes:

Direct metal dissolution, where the exposed metal ionizes and enters the electrolyte

M — Mn+ + ne—

Oxygen evolution reaction (OER), arising from water oxidation at the anode surface:

2H20 — Oz + 4H" + 4e—

These reactions destabilize the oxide layer, creating localized sites where dissolution accelerates.
Instead of a smooth rise in current, the system exhibits sharp oscillations caused by repeated cycles
of film rupture and repair. The rapid generation of oxygen bubbles further disrupts the interface,
lowers the local resistance, and enhances electrolyte agitation, amplifying the instability removal

[144], [145].

During electropolishing, this trans passive regime manifests strongly once the applied voltage

exceeds a critical threshold. At this point, several interrelated effects are observed:

1.Intensified Anodic Dissolution
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The collapse of the passive oxide layer allows aggressive, unstable dissolution, which greatly

enhances material removal and surface leveling.
2. Gas Evolution at Electrodes

At the anode, oxygen generation dominates, producing dense bubbles that locally stir the

electrolyte.

At the cathode, hydrogen evolution occurs simultaneously: 2H* + 2e— — H:

The combined gas release increases interfacial turbulence and mass transport. [146].
3. Localized Heating and Enhanced Ion Transport

The high current density characteristic of the transpassive region generates resistive (Joule) heating

[147]:

Q=I°Rt

This local temperature rise reduces electrolyte viscosity, improves ionic mobility, and accelerates
dissolution kinetics [141].

4.Visible Instability at the Anode

Under certain conditions, vigorous gas evolution and localized heating may produce luminescence
and discharge-like effects at the electrode surface. These are not separate phenomena but rather a

visible consequence of trans passive breakdown under extreme polarization [136], [148],

2.5.2 Trans passive Breakdown in Aluminum Alloys

Aluminum and its alloys are particularly susceptible to trans passive effects because of their strong
yet relatively thin alumina passive film. During conventional electropolishing or anodizing, this
film ensures uniform dissolution. However, at elevated temperatures and voltages, the alumina

barrier can rupture or dissolve, exposing bare aluminum to aggressive oxidation.[140].

In electropolishing, some risks apply: pushing beyond the safe voltage range causes uncontrolled
heating, electrolyte boiling, and irregular surface modification. Instead of achieving a mirror-

smooth finish, the surface becomes pitted, etched, or partially melted [149-151].
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2.5.3 Practical Implications for Electropolishing of AISi10Mg and CP1

For alloys such as AlISi10Mg and CP1, operating conditions that cross into the trans passive regime
result in sharp changes in surface morphology. While moderate anodic dissolution under controlled
conditions can smooth asperities, excessive voltage or prolonged treatment can induce current
oscillations, thermal runaway, and vapor envelope formation. This compromises the structural

integrity of the surface, producing irregular topography instead of reduced roughness [148].

Therefore, in both alloy systems, trans passive breakdown marks the upper boundary of viable
electropolishing parameters. Avoiding this regime is essential to maintain stable oxide dissolution
and achieve the desired reduction in surface roughness. If not carefully controlled, the process
shifts from an electrochemical polishing mechanism to a thermally driven, discharge-dominated

regime, detrimental for applications requiring precise and smooth surfaces [150-151].

2.6 Weight Loss Analysis in Electropolishing

Weight loss analysis is a crucial parameter for evaluating the material removal efficiency and
process optimization in electropolishing. It provides insights into the rate of dissolution, uniformity
of polishing, and potential material degradation. The weight loss observed during electropolishing
is primarily governed by Faraday’s laws of electrolysis, which establish a direct relationship
between the mass of metal removed and the charge passed through the electrolyte. Studies on
electropolishing of AlSilOMg and CP1 (Al-Fe-Zr) alloys indicate that material removal is
influenced by key parameters such as current density, electrolyte composition, and process

duration [136], [148].

During the initial phase of electropolishing, a rapid decrease in sample weight occurs due to the
preferential dissolution of surface asperities. As the process progresses, the dissolution rate
stabilizes, resulting in a more uniform material removal profile. Zheng et al. [152] reported a linear
relationship between weight loss and electropolishing time under optimized conditions; however,
excessive polishing durations led to surface degradation and increased roughness due to non-

uniform material removal [140].

The weight loss rate can be calculated using the following equation:
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WL = (Wi - Wf) / (A x t)

Where (WL) is the weight loss rate (mg/cm?/min), (Wi) and (Wf) are the initial and final sample

weights, (A) is the exposed surface area (cm?), and (t) is the electropolishing time (min) [153].

2.6.1Weight Loss During Electropolishing of AISi10Mg and CP1 (Al-Fe-Zr)

The extent of weight loss during electropolishing is influenced by multiple factors, including alloy
composition, microstructure, and the stability of the passive film. The weight loss primarily results

from metal dissolution at the anode, governed by several interrelated mechanisms:

Anodic Dissolution: Electropolishing operates at a critical anodic potential where metal dissolution
occurs preferentially in a diffusion-controlled manner. The metal ions dissolve into the electrolyte,
leading to material removal and consequent weight loss. The dissolution rate varies depending on
the alloying elements present, as different phases within the microstructure may have distinct

electrochemical behaviors [154].

Selective Phase Removal: Different alloying elements dissolve at varying rates, affecting both
weight loss and polishing uniformity [155]. In alloys such as AlISi10Mg and CP1, heterogeneous
microstructures lead to preferential dissolution of certain phases. For instance, in AISi10Mg, the
silicon-rich phases are more resistant to anodic dissolution than the aluminum matrix, which may

lead to uneven weight loss and potential surface morphology changes.
2.6.2 Comparison of Electropolishing Behavior Between AlSi10Mg and CP1 (Al-Fe-Zr) Alloys
Electropolishing Rate

AISi110Mg exhibits a higher electropolishing rate due to the presence of silicon (Si) and magnesium
(Mg), both of which influence the anodic dissolution process. Specifically, Mg promotes localized
breakdown of the passive film and contributes to faster anodic reactions, while Si, being largely
insoluble, causes micro-galvanic coupling with the aluminum matrix, accelerating dissolution of
the surrounding aluminum. This results in a higher overall rate of material removal [156]. In
contrast, CP1 (Al-Fe-Zr) shows a lower electropolishing rate because zirconium (Zr) strongly
stabilizes the aluminum matrix by forming finely dispersed AlsZr particles. These dispersoids act

as physical barriers to dissolution and slow down the surface reaction kinetics [157].
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Phase Selectivity in Dissolution

In AISi10Mg, the electropolishing process exhibits significant phase selectivity. Silicon-rich
phases, such as eutectic Si and primary Si particles, have inherently low electrochemical solubility
and resist anodic dissolution. This causes preferential etching of the surrounding Al matrix, leading
to localized roughness. On the other hand, Mg:Si precipitates dissolve more easily, increasing the
overall weight loss due to the selective removal of these Mg-rich zones [158].In CP1, the presence
of AlsZr dispersoids, which are thermodynamically stable and electrochemically inert, slows the
dissolution rate by resisting anodic attack. Additionally, iron-containing intermetallic (e.g., Al-Fe
or Al-Fe-Zr phases) are less reactive under acidic electropolishing conditions, which reduces
uniform material removal. These phases may block active dissolution sites, resulting in decreased

surface activity and more stable surfaces during polishing [159].
Weight Loss Rate

As a consequence of the above mechanisms, Al1Si10Mg typically exhibits a higher weight loss per
unit area, especially after heat treatment. This is because heat treatment increases the size and
distribution of Mg»Si precipitates, making them more susceptible to dissolution and accelerating
weight loss [160].0n the other hand, CP1 shows a lower weight loss rate due to the stability of its
Al:Zr and Al-Fe intermetallic phases, which resist anodic dissolution and reduce the overall

electrochemical reactivity of the surface [159].
Surface Morphology Post-Electropolishing

After electropolishing, AlISi10Mg often displays pitting or uneven surfaces, caused by the non-
uniform dissolution between the soft Al matrix and the hard, undissolved Si particles. Without
carefully optimized parameters, such as current density and temperature, this inhomogeneous
dissolution leads to poor surface quality [160]. CP1, by contrast, benefits from a more uniform
microstructure, with well-dispersed, stable intermetallic phases. This contributes to smoother

surface morphology and lower material removal, which is ideal for precision applications [161].
Effect of Passive Film Formation

In AISi10Mg, the presence of Si affects the stability of the passive oxide layer. Specifically, Si can

disrupt the continuity of the native aluminum oxide film, reduce its protective capability and
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promote localized breakdown. This leads to non-uniform surface dissolution and inconsistent
finish quality during electropolishing [155]. In contrast, the Zr in CP1 enhances the passive layer
stability by promoting the formation of a more adherent and corrosion-resistant mixed oxide,
which helps control the dissolution rate and reduces the risk of excessive or uneven material

removal [157].

In summary, AlSi10Mg demonstrates higher weight loss during electropolishing due to the
selective dissolution of its aluminum matrix. This behavior is primarily driven by the presence of
magnesium and silicon phases. Magnesium-rich precipitates like Mg.Si dissolve easily, promoting
rapid material removal, while the low solubility of silicon-rich particles causes them to remain
intact. As a result, Si-rich regions are left behind, leading to surface irregularities that require more

aggressive electropolishing conditions to achieve a smooth and uniform finish [158].

In contrast, CP1 exhibits lower weight loss rates due to the stabilizing effects of Zr and Fe phases.
The Al:Zr dispersoids in particular are highly resistant to dissolution, which slows the
electropolishing process and promotes more controlled anodic behavior. This results in a smoother
post-polishing surface with minimal material removal, making CP1 better suited for applications

requiring tight dimensional control [159].

Application-specific demands further differentiate the two alloys. For example, CP1 is ideal for
precision components where minimal dimensional change is critical, thanks to its stability and low
dissolution rate [162]. Meanwhile, A1Si10Mg, though more aggressive in its dissolution behavior,
remains attractive for applications like RF components where substantial roughness reduction is

needed. However, it requires careful parameter tuning to avoid pitting and over-polishing [158].

Electropolishing parameters, especially current density and duration, play a critical role in both
alloys. Studies have shown that higher current densities increase weight loss due to more
aggressive anodic reactions, but this can also lead to dimensional inaccuracies if not precisely
controlled [163]. In this context, intermittent electropolishing (IECP) has been demonstrated by
Lynch et al. [164] to result in more uniform surfaces and better-controlled material removal

compared to continuous electropolishing (CECP) [140].

Finally, while weight loss is generally correlated with surface roughness reduction, this

relationship only holds up to a certain threshold. Beyond that, additional material removal does
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not significantly improve smoothness and may instead compromise dimensional accuracy. Thus,
optimized electropolishing conditions must strike a balance between effective smoothing and

structural preservation, minimizing waste while maximizing surface quality.

2.8 Comparison of Electropolishing with Other Surface Finishing Techniques

As reviewed in Section 1.5, several post-processing methods—mechanical, thermal, chemical, and
electrochemical—are used to improve surface quality in LPBF aluminum alloys. Each method
presents distinct advantages and limitations depending on part geometry, material characteristics,
and application requirements. However, when it comes to achieving a smooth, uniform surface in
complex 3D-printed aluminum components, electropolishing consistently emerges as the most

effective option.

Mechanical methods such as grinding and barrel finishing, although cost-effective for simple
geometries, often struggle with intricate designs. These techniques rely on direct contact, which
not only makes it difficult to access internal features but can also introduce residual stress and
surface deformation. While suitable for bulk finishing, they lack the precision and uniformity

needed for high-performance applications [165-167].

Thermal techniques, particularly laser polishing, offer localized refinement by remelting surface
layers. While this can reduce roughness, the process requires strict control of energy input to avoid
overheating, warping, or unintended microstructural changes. Additionally, laser-based methods
are mostly limited to external surfaces and are less adaptable to internal features or recessed

geometries [168].

Chemical polishing offers a contactless alternative, but it lacks the process control needed for
precision applications. Non-uniform dissolution can occur due to variations in local surface energy

and reaction kinetics, often resulting in inconsistent finishes [164], [169].

In contrast, electropolishing combines the advantages of uniform material removal, geometry
preservation, and high scalability. It does not rely on physical contact, making it particularly well-
suited for complex or delicate structures. Studies have demonstrated its superior ability to reduce
surface roughness in LPBF AlSi10Mg while maintaining dimensional accuracy and structural

integrity [170].
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Moreover, electropolishing provides better control over the dissolution process compared to
chemical polishing, and unlike thermal or mechanical methods, it avoids introducing new defects.
Its compatibility with batch processing also supports industrial scalability. As such, for
applications demanding high surface quality, such as aerospace, RF components, or biomedical

implants, electropolishing stands out as the optimal solution.

This thesis builds on these insights by experimentally investigating and optimizing
electropolishing conditions for both AISi10Mg and CP1 (Al-Fe-Zr) alloys, aiming to achieve
maximum roughness reduction with minimal material loss—balancing precision, efficiency, and

applicability across use cases.

2.7 Future Research Directions and Challenges in Electropolishing of AM Aluminum Parts

Despite its advantages, electropolishing faces several challenges that require further research and
optimization. The ongoing evolution of additive manufacturing and advanced materials
necessitates continued improvements in electropolishing techniques to meet the growing demand

for precision surface finishing.

*Electrolyte Optimization: Conventional acidic electrolytes, such as sulfuric-phosphoric acid
mixtures, pose environmental and safety concerns. There is an increasing interest in developing
alternative electrolyte systems that offer comparable polishing efficiency while reducing
hazardous waste generation. Recent studies have explored non-acidic alternatives, such as ethylene
glycol-NaCl electrolytes, which provide controlled material removal while mitigating

environmental impact [171].

*Achieving Uniform Surface Treatment for Complex Geometries: One of the primary limitations
of electropolishing is the difficulty in achieving uniform dissolution across intricate surfaces.
Researchers such as Lynch et al. [172] emphasize that variations in local current density, phase
composition, and electrolyte flow dynamics can lead to differential polishing rates, requiring

advanced cathode positioning and agitation techniques for optimization.

*High Initial Roughness in Additively Manufactured Parts: Additively manufactured aluminum
components often exhibit high initial roughness due to the presence of partially melted powders
and staircase artifacts. Extended electropolishing durations are required to achieve significant

roughness reduction, which may lead to increased material loss and dimensional inaccuracies.
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Studies by Erving et al. [27] suggest that integrating electropolishing with pre-treatment methods
such as vibratory finishing or laser polishing may offer a synergistic approach to reducing

processing time while maintaining surface integrity.

*Hybrid Electropolishing Techniques: The combination of electropolishing with other techniques,
such as ultrasonic-assisted electropolishing or plasma-assisted polishing, has shown promise in
improving efficiency and surface quality. Research by Zhang et al. [173] highlights that ultrasonic
cavitation can enhance ion transport and prevent gas bubble adhesion, while plasma-assisted
oxidation refines surface topography and reduces defects. Additionally, pulsed current
electropolishing has been explored as a method to control the dissolution rate and improve surface

uniformity [174].
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3.Methodology

3.1 Introduction

The goal of this study is to investigate the effect of electropolishing parameters on the surface
roughness and morphology of 3D-printed aluminum-based alloys. The first step is to analyze the
electropolishing process by systematically varying key parameters to determine their impact on
surface roughness and morphology. Ultimately, this study aims to establish optimized
electropolishing conditions for improving the surface quality of AISi10Mg and CP-1, two alloys
widely used in additive manufacturing due to their distinct microstructural characteristics and

industrial relevance.

To systematically analyze the influence of electropolishing conditions on these materials, a five-
phase experimental approach was implemented. Each phase aimed to optimize key process

variables, ensuring precise control over surface finish. The phases are described as follows:
1. Electrolyte Selection

The efficiency of the electropolishing process is largely influenced by the electrolyte composition,
as it dictates the rate and uniformity of material dissolution. Over the years, various electrolytes
have been investigated for electropolishing different metals. However, given the extensive time
required to examine all possible metal-electrolyte combinations, this study focused on two

commonly used electrolytes for electropolishing aluminum alloy components:
Electrolyte 1: Ethylene Glycol (90%) v/v+ NaCl (10%) v/v
Electrolyte 2: Phosphoric Acid (50%) v/v + Sulfuric Acid (35%) + DI Water (15%) v/v

The stock concentrations of sulfuric acid, phosphoric acid, ethylene glycol, and sodium chloride

solutions were 96.8%, 85%, 99%, and 10%, respectively.

These formulations were selected based on their established effectiveness in aluminum

electropolishing, particularly for their ability to minimize surface defects and enhance material
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smoothness. The goal of this selection was to obtain meaningful results that could contribute to

future advancements in electropolishing research.

2. Voltage and Time Optimization

The applied voltage and polishing duration significantly influence the electropolishing outcome.
Excessive voltage can lead to over-polishing or pitting, whereas insufficient voltage may result in
an uneven finish. To determine the optimal voltage-time combination, multiple trials were
conducted within a predefined range, ensuring the achievement of a smooth and defect-free

surface.

3. Temperature Effects

Temperature plays a critical role in electropolishing efficiency by affecting electrolyte
conductivity, anodic dissolution rate, and hydrogen evolution reactions. This phase assessed how
variations in bath temperature influence the polishing performance and consistency across

different samples.

4. Material-Specific Testing

While initial experiments were performed on AlSilOMg, the optimized parameters were
subsequently applied to CP-1 alloy. This step enabled a comparative analysis, revealing material-

specific behaviors in response to electropolishing and ensuring the findings' broader applicability.

5. Final Optimization

Once the optimal electropolishing parameters were identified, the final phase focused on
evaluating surface properties. This phase involved analyzing the correlation between
electropolishing parameters and surface characteristics, providing insight into the impact of

electropolishing on surface roughness and morphology.

By following this structured approach, this study aims to establish a comprehensive understanding

of how electropolishing enhances the surface quality of 3D-printed aluminum alloys. The

35



following sections outline the experimental setup, procedures, and characterization methods

employed in this investigation.

3.2 Experimental Setup and Procedure

The experimental setup was meticulously designed to ensure precision, reproducibility, and

accurate characterization of the electropolishing process.

3.2.1 Sample Preparation and Cleaning

To ensure consistent and reliable electropolishing outcomes, a systematic cleaning, masking, and
pre-treatment protocol was followed for all samples. Each sample was engraved with a unique

identifier for systematic tracking.

Figure 3. 1Engraved sample

Aluminum alloy (AISi10Mg and CP1) bars of size 70 mm x 31 mm X 5 mm were printed by
Burloak Technologies Inc. using Laser—Powder Bed Fusion (L-PBF) method and prepared for the

electropolishing experiment following this procedure:
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Initial Cleaning

A three-step ultrasonic cleaning process was performed using a Branson Model 1510 ultrasonic

cleaner to remove surface contaminants:

e Soap Solution Cleaning: Samples were degreased in a soap solution for 15 minutes using
ultrasonic vibrations.

e Acetone Bath: Further degreasing was conducted in an acetone bath for 15 minutes to
dissolve organic residues.

e Deionized Water Rinse: A final rinse with DI water for 15 minutes was carried out to

eliminate any remaining contaminants.

e Drying with airflow.

Figure 3. 2ultrasonic cleaning

Weighing

After drying, the sample is weighed using an AHAUS Pioneer device. The weight is measured

again after the test and final cleaning.
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Masking

To prevent unwanted exposure during electropolishing, non-targeted areas were insulated using
Teflon tape. In the final trials, an epoxy coating was applied instead to enhance protection against

acid leakage, ensuring precise weight loss measurement.

Figure 3. 3masking the sample with the Teflon tape.

Pre-Treatment — Cathodic Cleaning

Before electropolishing, a cathodic treatment was performed in an acidic bath to remove residual
oxide layers. Stainless steel was used as the anode, while the sample acted as the cathode, subjected
to a SA current for 10 minutes to ensure a clean and uniform surface before electropolishing. Give

bath composition

After the polishing tests, the workpieces were thoroughly rinsed with cold water to remove all acid
residues. The samples were then air-dried and characterized. (But later you mention other things

after performed after polishing: cathodic treatment, ultrasonic cleaning)
3.2.2 Electropolishing

Electropolishing tests were conducted in a three-electrode electrochemical cell using a B&K
Precision Model-9117 multi-range programmable DC power supply. The 3D-printed AISi10Mg
or CP-1 bars were used as the working electrodes. A rolled Stainless-steel sheet was placed in the
cell as the counter-electrode, positioned to ensure uniform current density distribution across the
working electrode. A double-junction Ag/AgCl electrode saturated in 3.8M KCI solution was used

as the reference electrode to maintain accurate potential control.
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Figure 3. 4a) temperature monitoring sensor, b) anode holder, c) counter electrode d) Rolled cathode.

A custom Acrylonitrile Butadiene Styrene (ABS) electrode holder was designed and fabricated
through fused deposition modeling (FDM) using an Ultimaker 2+ printer. The holder was used to
position the workpiece at the center of the electrochemical cell, maintaining a 1 cm distance from
the tip of the reference electrode to ensure stable and precise electrode placement during

electropolishing.

Figure 3. Scostume 3D-printed electrode holder
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Electropolishing treatments were performed under varying conditions to determine optimal
parameters. The samples were immersed in two different electrolytes (Ethylene Glycol (90%) +

NacCl (10%) and Phosphoric Acid (50%) + Sulfuric Acid (35%) + DI Water (15%))

The applied potentials were varied across (15V, 20V, 25V, and 30V), with temperatures controlled
at (-5°C, 0°C, 10°C, 25°C, 35°C, 50°C, and 60°C). The duration of electropolishing was set at
(300s, 600s, 900s, 1200s, and 1800s) to evaluate the influence of processing time.

Throughout the electropolishing tests, bath temperature fluctuations were continuously recorded
using a digital temperature sensor. After electropolishing, samples were rinsed in deionized (DI)
water, subjected to cathodic post-cleaning, and underwent a final ultrasonic three-step cleaning to

ensure complete removal of residual byproducts.

3.3 Sample characterization

Weight Measurement

Prior to and following each electropolishing trial, the samples were subjected to the cleaning
procedure detailed in Section 3.2.1 and subsequently weighed using an OHAUS PIONEER®

precision balance.
Surface Roughness Analysis

The surface roughness of the samples was evaluated both before and after each experiment using
a Mitutoyo Surftest SJ-210 Series-178, a portable contact-type profilometer. Measurements were
conducted at a minimum of 10 randomly selected points across the exposed surface area. The cut-

off length was carefully chosen based on the observed roughness to ensure accurate readings.

For each measurement, three roughness parameters—Ra, Rq, and Rz—were recorded. According

to the surface roughness tester's user manual [175]:

e Ra (Arithmetic Average Roughness): Represents the arithmetic mean of the absolute
deviations of profile heights from the mean line over the measured length.
e Rq (Root Mean Square Roughness): Denotes the square root of the arithmetic mean of the

squared profile height deviations within the measurement length.
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e Rz (Maximum Height Roughness): Refers to the highest peak-to-valley distance within a

single sampling length of the surface profile.
Surface morphology investigations

The surface morphology of the electropolished samples was analyzed using confocal microscopy
with an Olympus LEXT 30 laser measuring microscope (OLS4100) and a scanning electron
microscope (SEM) (Model). Confocal microscopy is particularly useful for assessing the surface
morphology of electropolished samples, as it provides precise 3D surface profiles, enabling the
quantification of surface roughness, the detection of defects, and the evaluation of electropolishing
effectiveness in improving surface smoothness. SEM imaging was also employed to further

examine microstructural features and surface topography at higher magnifications.
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4 Results and discussion

4.1 Introduction

Having established the rationale for electropolishing as an effective post-processing method for
3D-printed aluminum components, this chapter presents a comprehensive evaluation of its
performance under varying processing conditions. The investigation focuses on two aluminum-
based alloys—AISi10Mg and CP1—both produced via laser powder bed fusion (LPBF). These
materials exhibit distinct microstructural features and as-printed surface conditions, which are

critical to understanding their respective responses to electropolishing.

To establish a baseline, the as-printed surfaces of both alloys are first characterized, enabling an
accurate assessment of electropolishing-induced improvements. A combination of quantitative and
qualitative analyses is employed to evaluate polishing performance. Surface roughness
measurements are obtained using two complementary instruments: a portable contact profilometer
for practical, large-area assessment and a confocal laser scanning microscope (CLSM) for high-
resolution topographical mapping. In parallel, material removal is quantified through weight-loss

measurements to assess polishing efficiency.

Following this baseline analysis, the chapter presents a comparative study of two electrolyte
systems, followed by a systematic investigation of key electropolishing parameters, including
applied voltage, polishing time, and bath temperature. Finally, scanning electron microscopy
(SEM) imagery and weight-loss data are used to interpret surface evolution and to compare the

performance of AISi10Mg and CP1 under the various processing conditions examined.

4.2 As-Printed Surface Characterization

4.2.1 Overview of AlISi10Mg and CP-1 Alloys

AlSi10Mg and CP-1 (Al-Fe-Zr) represent two compositionally and functionally distinct
aluminum-based alloys optimized for Laser Powder Bed Fusion (LPBF) additive manufacturing.
While both materials offer excellent printability and mechanical performance, their alloying
strategies, surface behavior, and compatibility with surface treatments vary significantly, making

them interesting candidates for comparative evaluation in electropolishing studies [176],[177].
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AISi110Mg is a eutectic aluminum-silicon alloy composed primarily of aluminum (balance), silicon
(~9.0-11.0 wt.%), and magnesium (~0.20-0.45 wt.%), consistent with standard ranges specified
by ASTM F3318 and EN 1706 [178],[179]. Minor constituents such as oxygen (2.4 wt.%) and
carbon (15.3 wt.%) are attributed to surface contamination and native oxide formation, typical in

LPBF-printed parts [180].
Function of Alloying Elements:

e Aluminum (Al): Acts as the ductile base matrix, offering good thermal and electrical
conductivity [181].

e Silicon (S1): Enhances castability and wear resistance, refines microstructure, and improves
hardness; however, its high melting point and incomplete fusion during LPBF contribute
to surface roughness [182], [183].

e Magnesium (Mg): Forms Mg.Si precipitates for age-hardening, slightly improving
corrosion resistance and mechanical strength [184].

e Oxygen and Carbon: Associated with native oxide layers and processing residues, affecting

surface energy and wetting behavior [185].

CP-1 is a high-purity aluminum alloy, developed under the Aluminum Association No. 8A61, with
primary elements including aluminum (balance), iron (0.8-1.4 wt.%), and zirconium (0.9—
1.4 wt.%).[186]. Minor amounts of oxygen (6.5 wt.%), carbon (15.8 wt.%), and traces of silicon
(0.5wt.%) and calcium (0.1 wt.%) were detected via SEM-EDS. Unlike AlSi10Mg, CP-1 is

nominally silicon-free, an intentional design choice to improve post-processing compatibility [12].
Function of Alloying Elements:

e Aluminum (Al): Maintains electrical conductivity, ductility, and low density as the matrix
element [181].

e Zirconium (Zr): Forms Al:Zr precipitates, which refine the grain structure and improve
thermal stability, hot-cracking resistance, and strength through precipitation hardening
[187].

e Iron (Fe): Exists in low concentrations to avoid embrittlement; contributes to high-
temperature strength via intermetallic phases such as A1 Zr(Fe,Al). [188]
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Absence of Silicon: Prevents formation of brittle phases and leads to a lower surface roughness

upon 3D printing surface roughness, E{ing CP-1 highly suitable for 3D printing [117].

To confirm the elemental composition of the samples, SEM-EDS analysis was conducted on both
AlSi10Mg and CP-1 surfaces (Figure 4.1). The results align closely with nominal compositions
defined by relevant standards, while also revealing trace surface contaminants such as carbon and
oxygen, likely associated with native oxide films or environmental exposure during powder

handling and printing.
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Figured4. 1 Representative SEM-EDS spectra for a) AISi10Mg surfaces, used for elemental composition analysis. and b) CP1.

4.2.2 Microstructure and Surface Morphology

The surface morphology of each alloy reflects inherent microstructural differences resulting from
composition and LPBF processing behavior. In AlISi10Mg, the high silicon content promotes the
formation of partially fused Si particles at the surface Combined with scan-track overlaps and the
stair-stepping effect, these features result in high surface roughness (Ra = 5-20 pm) and substantial
topographical variability, as reflected in Rq and Rz measurements. These features contribute to
high roughness values (Ra =~ 5-20 um) and increased topographical variability, often evident in Rq

and Rz measurements [189] ,[190].

In contrast, the absence of silicon in CP-1 facilitates more complete and stable melting during
LPBEF, resulting in smoother layer transitions and reduced defect density at the surface (Ra =~ 3—

8 um) [191],[192]. The presence of zirconium contributes to a uniform grain structure through
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Al:Zr precipitation, which improves thermal stability and reduces melt pool instability—key

factors in minimizing surface roughness [188], [193], [194].

Both materials were fabricated using inert gas-atomized powders with particle sizes between 20—
70 um and processed under similar LPBF conditions, including laser power (~300 W) and layer
thickness (30-60 um), optimized for high-density builds [195], [196]. Despite similar
densification levels (>99.3% for AlSi10Mg and up to 99.8% for CP-1), CP-1 consistently exhibits
smoother as-built surfaces. This makes it more suitable for surface-sensitive post-processing
techniques such as electropolishing and anodizing, without the risk of roughness amplification or

localized pitting frequently encountered in Si-rich systems [188], [194], [197].

To visually demonstrate the differences in as-built surface texture, Figure 4.2 presents macro-scale
photographs of the LPBF-fabricated samples prior to any surface treatment. Even without
magnification, the contrast is evident—AISil0Mg exhibits a matte, granular morphology
indicative of its heterogeneous microstructure and higher initial roughness. In comparison, CP1
displays a more uniform and reflective surface with fewer discernible irregularities, consistent with

its more homogeneous microstructural constitution and reduced defect prevalence.

3Cm

Figure 4. 1 Macro-scale photographs of LPBF-fabricated samples in the as-built condition (a) AlSil10Mg, (b) CP1.

Figure 4.3 presents representative CLSM surface maps of the as-printed AISi10Mg and CP1
specimens. The 3D topographies (b and d) use a false-color scale to visualize surface height
variations. AlSi10Mg (b) exhibits significant surface irregularities, characterized by broad
transitions from valleys (blue) to peaks (red), reflecting the heterogeneous nature of its surface

morphology. These features correspond to previously identified microstructural features typical of

45



LPBF-processed AlSi10Mg, such as high surface roughness and partially fused Si particles [189-
190]

CP1 (d) displays a more consistent surface profile, with height data more tightly clustered around
mid-range values (green to red) and fewer abrupt depressions. Although its peak height range is
marginally elevated, the overall surface demonstrates lower variability, suggesting more uniform
melt pool solidification and finer topographical features. In addition to the visual topography,
quantitative surface roughness measurements obtained using confocal laser scanning microscopy
(CLSM) are presented in Table 4.1, which further corroborate the observed differences. The lower
Ra and Rq values recorded for CP1 confirm its smoother and more stable as-built surface. These
results support earlier qualitative observations and reinforce that CP1's refined microstructure and

printing behavior contribute to a more uniform surface finish compared to AISi10Mg [192].
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Figure 4. 2 CLSM images of the as-printed surface of AISil10Mg and CP1 samples. (a) 2D surface scan of AISi10Mg; (b)
corresponding 3D topography of the same AlSil10Mg area. (c) 2D surface scan of CP1; (d) corresponding 3D topography of the
same CP1 area.

Table 4. 1 As-printed surface roughness values (Ra, Rq, Rz) for AISi10Mg and CP-1 measured using CLSM and portable contact

profilometry.
Alloy Method Ra (um) Rq (um) Rz (um) Std. Dev. (Ra)
AlSil0Mg CLSM 9.0 133 111.5 +1.2
AlSi10Mg Profilometer 6.0 7.5 35.6 +1.6
CP-1 CLSM 7.0 10.7 98.6 +0.9
CP-1 Profilometer 4.8 59 27.7 +1.2
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Surface roughness measurements obtained using Confocal Laser Scanning Microscopy (CLSM)
and portable contact profilometry yield different values because of their fundamentally distinct

measurement principles. This explains the discrepancies reported in Table 4.1.

CLSM is a non-contact optical method: a focused laser scans the surface in three dimensions, and
the instrument determines height by detecting the focal plane with maximum reflected intensity.
This technique offers very high vertical resolution (tens of nanometers) and sub-micron lateral
resolution, enabling it to detect fine asperities and narrow valleys that a mechanical stylus cannot
access. Because no physical contact occurs, the surface is not deformed during measurement,
which is particularly important for soft or delicate materials. As a result, it often reports higher
roughness values than line-based methods, since more surface detail is captured in three

dimensions [198].

Portable contact profilometry, by contrast, is a mechanical tracing method. A diamond-tipped
stylus is dragged across the surface, producing a 2D profile along its scanning path. As illustrated
in Figure 4.4, the stylus follows a predefined linear track, which is visible in the SEM micrograph.
Because the stylus tip has a finite radius (typically ~2 um), it cannot fully enter very narrow
grooves or capture sharp peak geometry. This produces a “mechanical filtering” effect where fine
features are effectively smoothed out in the measured profile. Furthermore, the applied stylus
force, although small, can locally deform softer surfaces or flatten micro-asperities, reducing the
apparent roughness amplitude. Another limitation is that only a single scan line is sampled, which
may not represent the full variability of a heterogeneous surface. Consequently, portable

profilometers often yield lower Ra or Rz values compared to CLSM [199], [200].

Together, these factors explain why the two instruments do not produce identical numerical values

even when measuring the same surface.

48



Figure 4. 3 Scanning path of the portable contact profilometer stylus on CP1n sample, as observed in SEM. The linear track
represents the physical contact between the stylus tip and the sample surface during measurement.

Figure 4.5 presents SEM micrographs illustrating representative surface and sub-surface defects
observed in the as-printed AlISi10Mg and CP1 specimens. Both alloys exhibit typical process-
induced flaws—namely lack of fusion (LOF), gas porosity, and cracking—originating from

inherent challenges associated with laser powder bed fusion (LPBF) of aluminum-based materials.

In region A, a prominent LOF defect is observed, characterized by an irregular morphology, sharp
interfacial boundaries, and incomplete metallurgical bonding. These features are consistent with
those reported by Kotadia et al. [201], who attribute such defects to insufficient energy input during
LPBF, resulting in poor consolidation between adjacent scan tracks and layers. Similarly, Wang et
al. [202], describe LOF as elongated or irregular voids often aligned with the laser scanning

direction, especially under low volumetric energy density conditions.

Region B reveals a crack propagating through a partially melted zone, indicative of hot cracking.
This defect is typically associated with steep thermal gradients and non-uniform solidification

shrinkage during rapid cooling. Al-Si alloys such as AISi10Mg are particularly susceptible to this
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phenomenon near the eutectic composition, where silicon-induced embrittlement, residual

stresses, and micro segregation increase crack sensitivity [201].

Additionally, both samples exhibit small spherical pores, predominantly located along melt pool
boundaries. Though unmarked, these features are consistent with gas porosity (<5 um), likely
caused by trapped hydrogen or moisture-related contamination during the laser melting process
[201], Their morphology and spatial distribution are consistent with hydrogen-induced porosity
frequently reported in LPBF-printed aluminum alloys [202].

AlSi10Mg

Figure 4. 4 SEM micrographs of the as-printed surfaces of AISi10Mg (left) and CP1 (right), illustrating typical defects associated
with LPBF processing.

While both AISi10Mg and CP1 micrographs exhibit defects, AISil0Mg demonstrates a noticeably
higher density and severity, particularly in terms of crack formation and LOF regions. This
disparity is attributed to its higher silicon content, which promotes localized shrinkage stresses and
decreases ductility, thereby increasing vulnerability to solidification-related defects. In contrast,
CP1’s refined composition and lower Si content contribute to more uniform melt pool behavior

and improved structural coherence, resulting in fewer and less severe flaws.

These comparative observations indicate that CP1 exhibits a more stable as-printed microstructure

and is inherently less prone to defect formation under identical LPBF processing conditions.

The EDS elemental maps of the as-built AISi10Mg (Figure 4.6) reveal pronounced segregation of
silicon within a uniformly distributed aluminum matrix. Aluminum appears uniformly distributed

as the primary a-Al matrix, whereas silicon is enriched along cellular boundaries, forming a
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continuous network that delineates the aluminum-rich cells. This Si-rich framework 1is
characteristic of the rapid solidification of hypoeutectic Al-Si alloys produced by laser powder
bed fusion (LPBF) [203], [204]. Magnesium, present in lower concentrations, does not exhibit a
distinct phase in the as-built condition. The elemental maps also indicate localized oxygen-rich
regions that spatially coincide with silicon-enriched areas, producing purple-toned features in the
composite map. This co-location suggests the presence of silicon oxide phases formed either from
partial oxidation of Si-rich eutectic films during solidification or from entrainment of pre-existing
oxide layers on the powder feedstock [205], [206]. Such oxide-containing regions are typical in
LPBF-processed AlISi10Mg due to the alloy’s high oxygen affinity and the persistence of native
oxide films on powder surfaces [207], [208].
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Figure 4. 5 EDS elemental maps of the as-printed AISi10Mg.

The EDS elemental maps of the as-built CP1 alloy (Figure 4.7) show aluminum as a uniformly
distributed primary matrix, with zirconium appearing in discrete enriched particles and occasional
fine dispersions. These Zr-rich regions are consistent with primary AlsZr or solute-trapped Zr

formed under rapid LPBF solidification [209], [210]. Silicon is present only in trace, isolated
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clusters, lacking the continuous eutectic network typical of Al-Si alloys [211]. Oxygen-rich areas
are observed sporadically and often coincide with Zr- or Si-enriched sites, suggesting the presence
of zirconia (ZrO2) or silica (SiO2) inclusions, alongside alumina from powder-surface oxides
[13,16]. Such oxides are characteristic of LPBF-fabricated aluminum alloys due to the high oxygen
affinity of Al and Zr, and the retention of native oxide films during processing [212], [213].
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Figure 4. 6 EDS elemental maps of the as-printed CP1.

4.3 Electrolyte Performance Evaluation

The selection of electrolytes for electropolishing in this study was made with deliberate
consideration of both practical application and current research findings. Ethylene glycol (EG) +
NaCl has emerged as a promising alternative to traditional acidic baths, particularly for aluminum
alloys. Studies have shown that this neutral, alcohol-based system can achieve significant surface
smoothing with minimal environmental and safety hazards, producing roughness values as low as
~3 nm without the use of toxic perchloric or chromic acids [214], [215]. The chloride ions support
anodic dissolution, while the ethylene glycol acts as both a solvent and complexing agent, enabling

controlled and uniform polishing in a safer, more sustainable medium [216]. On the other hand,
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the combination of phosphoric and sulfuric acids remains the industrial standard for aluminum
electropolishing due to its high electrical conductivity and rapid material removal, offering
consistent and reliable surface leveling performance across a range of aluminum grades [217],
[218]. Although acidic electrolytes present handling and disposal challenges, their widespread use
and effectiveness, particularly in aerospace and automotive applications, make them a benchmark

system.

The polishing behavior of samples from both AISi10Mg and CP1 alloys was therefore investigated
using these two electrolytes to compare common industrial practices with emerging greener
methods under identical process parameters. Electropolishing was performed under controlled

conditions, using voltages of 20 V and 30 V and durations of 10, 20, and 30 minutes.

The change in surface roughness, expressed as the surface roughness reduction (AR), served as the
primary indicator of polishing effectiveness. Figure 4.8 presents the AR values for each condition,

calculated as:
AR= R initial — R final

where Rinitial 1S the average surface roughness (Ra, Rq or Rz) of the as-printed samples and Rfial
is the Ra (Rq or Rz) after electropolishing. For reference, the average initial roughness was 6.0 pm

for AISi10Mg and 4.8 um for CP1. Larger AR values indicate greater surface smoothing efficiency.

Figure 4.8 reveals two critical patterns: first, that the acidic electrolyte (phosphoric + sulfuric acid)
produces the greatest surface roughness reduction for both alloys, and second, that the A1Si10Mg

alloy consistently exhibits higher roughness reductions than CP1 under equivalent conditions.

The superior performance of acidic electrolytes can be attributed to a combination of
electrochemical and physicochemical mechanisms such as increased proton concentration and
improved ionic conductivity which enhance anodic dissolution. Abdel-Fattah and Loftis [219]
reported that phosphoric acid produced a significantly higher current density (3.51 A/cm?)
compared to a neutral deep eutectic solvent (1.08 A/cm?), leading to a faster material removal rate.
The increased current density accelerates metal ion dissolution at surface protrusions, promoting

surface leveling and resulting in greater roughness reduction values [220].
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Second, acidic electrolytes facilitate the formation of a viscous salt film at the metal—electrolyte
interface, a key characteristic of the so-called "polishing plateau" regime. This film creates a
diffusion-limited condition that suppresses random etching and favors uniform anodic dissolution

[221].

Third, acidic systems effectively dissolve the native oxide film on aluminum, reducing the barrier
for direct metal dissolution. This allows for more efficient polishing compared to neutral
electrolytes, where the oxide layer can hinder uniform dissolution. As a result, acidic solutions

lead to a higher net reduction in surface asperities [219], [222].

As previously mentioned, Figure 4.8 clearly demonstrates that AISi10Mg consistently undergoes
greater roughness reduction than CP1 under all tested electropolishing conditions. This different
response can be attributed to several microstructural and compositional factors intrinsic to each

alloy, which govern their respective electropolishing behavior.

AISi110Mg is a near-eutectic aluminum-silicon alloy characterized by a dual-phase microstructure
composed of an aluminum-rich matrix and finely distributed eutectic Si particles. These silicon-
rich regions create localized electrochemical inhomogeneities, which enhance the electric field
concentration and promote preferential anodic dissolution of the surrounding aluminum matrix.
This phenomenon leads to more effective leveling of surface asperities during electropolishing
[223]. This was also observed in a study by Seifi et al. [224], where the process-induced effects
and high surface roughness of AM AlSil0Mg parts resulted in a pronounced roughness reduction

upon electropolishing.

Another factor that may contribute to the greater roughness reduction observed in A1Si10Mg is the
presence of magnesium in its microstructure. Owing to its high chemical reactivity and stronger
thermodynamic affinity for oxygen (AG°f for MgO (—596 kJ/mol) is more negative than for Al.O;
(=1582 kJ/mol), magnesium can destabilize the passive aluminum oxide film by forming MgO or
dissolving as Mg?" in acidic media. This disruption facilitates electrolyte access to the underlying
metal, enhancing localized dissolution rates and accelerating material removal during

electropolishing [225] .

In contrast, CP1 (a high-purity Al-Fe—Zr alloy) possesses a more homogeneous microstructure

and significantly lower initial surface roughness due to reduced particle segregation and minimal
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silicon content. The presence of Zr-rich dispersoids enhances thermal stability and promotes grain
refinement; however, it also reduces electrochemical activity and slows the anodic dissolution rate
during electropolishing [38]. As a result, CP1 exhibits more stable but less aggressive material
removal, yielding smaller reduction in surface roughness.
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Figure 4. 7 Effect of electrolyte composition, polishing voltage, and duration on the surface roughness reduction (4AR) of
AlSi10Mg and CPI alloy samples, as measured using a portable contact profilometer.

In summary the superior roughness reduction achieved with the phosphoric—sulfuric acid system
is linked to its ability to sustain high current densities, promote field-assisted anodic dissolution,
and suppress passivation, enabling efficient and uniform material removal. AISi10Mg exhibits a
stronger response under these conditions due to its heterogeneous microstructure and localized
electrochemical activity, whereas the more homogeneous and electrochemically stable CP1 shows
a comparatively restrained effect. In contrast, the ethylene glycol-NaCl electrolyte provides a
gentler, more controlled refinement pathway, which may be advantageous for high-precision or
structurally sensitive applications. These results highlight the combined role of electrolyte
chemistry and alloy-specific characteristics in determining electropolishing efficiency, guiding
process-parameter selection for additive-manufactured aluminum components. Based on the
superior performance of the acidic system, it was selected for further investigation in the next

chapter, focusing on the influence of voltage and duration on electropolishing behavior.
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4.4 Evaluation of Voltage and Time in Acidic Electropolishing

Building upon the superior surface-finishing performance of the phosphoric—sulfuric acid system
identified in the preceding section; this phase of the investigation examines the influence of applied
voltage and polishing duration on electropolishing outcomes in AISi10Mg and CP1 alloys. The
primary objective is to determine parameter ranges that achieve maximum surface roughness
reduction while mitigating the risk of surface degradation associated with over-polishing. By
systematically varying voltage and time within controlled experimental boundaries, the study
seeks to establish process—response relationships that can guide the optimization of

electropolishing protocols for additively manufactured aluminum alloys.

To achieve this, each alloy was subjected to a controlled matrix of electropolishing conditions
involving three voltage levels (15, 20, and 25 V) and three processing durations (10, 20, and 30
min), resulting in nine test combinations per material. This range was selected to encompass the
transition from the onset of effective anodic dissolution to the upper limit of the polishing plateau,
beyond which oxygen evolution and localized overheating may induce pitting or dimensional loss
[226], [227]. The lower bound of 15 V was chosen to ensure sufficient driving force for oxide film
destabilization and initiation of mass-transport—controlled dissolution [228], [229], while 25 V
approached the regime where trans passive behavior and non-uniform removal can occur in
aluminum alloys [42],[230]. The intermediate 20 V condition provided a balanced operating point
to evaluate stability and roughness reduction efficiency across alloys. Similarly, processing times
of 10 to 30 min were selected to capture the early-stage smoothing kinetics as well as the potential
onset of over-polishing, enabling assessment of both rate and extent of surface refinement within

practically relevant durations [226], [227].

Figure 4.9 illustrates the evolution of surface roughness reduction (ARa) for AISi10Mg and CP1
in the phosphoric—sulfuric acid system, measured by portable contact profilometry (A, C) and
confocal laser scanning microscopy (B, D). Consistent with the superior performance of acidic
electrolytes discussed in Section 4.3, both alloys showed increased ARa with rising voltage and
longer polishing times, although the magnitude and progression varied. Profilometry
measurements revealed that AISi10Mg consistently achieved greater reductions than CP1 under

equivalent conditions, reflecting the alloy’s higher initial roughness and greater susceptibility to
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material removal. Comparable behavior for LPBF AlSi10Mg in high-conductivity acidic baths has
been documented by Kadirgama et al. [231]. The largest improvements occurred at 25 V with
extended durations, in agreement with earlier investigations indicating that increased voltage
accelerates anodic dissolution until the onset of oxygen evolution [232]. Similar trends have been
reported in other studies [233] where voltages beyond an optimal threshold yielded only marginal

additional smoothing due to emerging surface instability.

CP1 displayed a gradual, near-linear increase in ARa across all parameter combinations, consistent
with the stable dissolution behavior characteristic of Zr-containing alloys, as noted by Birbilis et
al. [234] and with the controlled surface response observed in other fine-grained aluminum

systems [235].

Confocal microscopy, in line with observations reported in Section 4.3, produced higher absolute
ARa values than profilometry but confirmed the same relative patterns between alloys and
processing conditions. Across both measurement methods, the benefit of increasing voltage and
time diminished at the highest parameter levels, echoing the diminishing returns effect frequently

described in the electropolishing literature [232], [236], [237].
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Figure 4. 8 Surface roughness evolution of AlSil0Mg and CP1 samples after electropolishing under phosphoric + sulfuric acid
electrolyte at varying voltages and durations.
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To complement the quantitative surface roughness data, SEM micrographs were acquired for
samples electropolished at 20 V for 20 minutes. This condition was selected as a balanced, mid-
range operating point—situated within the diffusion-limited plateau for acidic electropolishing—
ensuring sufficient anodic dissolution for effective smoothing while avoiding the onset of oxygen
evolution, pitting, or excessive dimensional loss commonly observed at higher voltages or
extended durations [238], [239], [240], [241]. Positioned centrally within the tested voltage—time
matrix, this parameter set standardizes energy input across both materials, permitting direct
comparison of their intrinsic surface response. Under these conditions, SEM observations (Figure
4.10) reveal that AISi10Mg undergoes substantial removal of surface asperities, with notable
reduction in surface irregularities and partially fused Si particles, although residual porosity
remains. CP1 presents a uniformly refined surface characterized by fine scale smoothing and

minimal localized attack, consistent with its more stable anodic dissolution behavior.
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Figure 4. 9 SEM micrographs of LPBF-fabricated (a) AISi10Mg and (b) CP1 afier electropolishing in phosphoric—sulfuric acid
electrolyte at 20 V for 20 min. Both micrographs were acquired at 500 magnification using an accelerating voltage of 15 kV:
scale bar = 100 um.

Overall, both AISi10Mg and CP1 showed improved surface finish with increasing voltage and

time in the phosphoric—sulfuric acid system, though their responses differed.

The SEM images of the AISi10Mg sample reveal a porous microstructure, which arises from

several factors. In silicon-containing alloys, the dissolution behavior of silicon during
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electropolishing is highly dependent on bath composition and operating conditions. Silicon can
undergo two distinct anodic dissolution pathways: a divalent (two-electron) route that generates a
porous silicon layer, or a tetravalent (four-electron) route that produces a smooth electropolished
surface [242], [243]. The transition between these regimes is controlled by current density and
electrolyte chemistry. At low current densities, slow oxide growth and local passivation cause non-
uniform dissolution, leading to pore formation. Once the current density exceeds a critical
threshold (~0.5 A cm™), oxide growth and removal occur uniformly across the surface, resulting

in effective electropolishing [68].

Although the present work employs a phosphoric—sulfuric electrolyte rather than fluoride-
containing systems, these studies highlight that silicon dissolution is extremely sensitive to both
chemistry and current density. Such sensitivity could explain why the AIS110Mg sample exhibits

porous microstructural features after electropolishing.

It is also important to note that AISi10Mg samples produced by LPBF inherently contain a more
porous as-built microstructure due to incomplete fusion and gas entrapment during solidification.
During electropolishing, the outer layers are removed, which exposes these sub-surface pores
rather than creating new ones. This helps to explain why AlSi10Mg surfaces often retain porous
features after polishing. By contrast, CP1 exhibits a much denser and more uniform microstructure,

free from silicon-rich phases, which results in smoother polishing outcomes.

These results illustrate how microstructural and physical factors interplay with process parameters,

reaffirming the necessity of alloy-specific optimization to achieve comparable surface finishes.

Energy-dispersive X-ray spectroscopy (EDS) measurements revealed notable compositional
changes after electropolishing. As previously discussed, AlISi10Mg is a laser powder-bed-fused
(LPBF) Al-Si-Mg alloy (~10 wt % Si with trace Mg and Fe), whereas CP1 is a high-purity Al-Fe-Zr
alloy containing Zr dispersoids. In the as-printed state, both alloys quickly form thin, continuous
AlLOs films when exposed to air [244-245] and may retain process-related contaminants [246].
Acidic electropolishing in phosphoric—sulfuric media dissolves these oxides [247] and selectively

remove some alloying elements [94], while also exposing any adsorbed species [248].

After electropolishing (Table 4.2), AISi10Mg shows a decrease in aluminium content and a

substantial increase in carbon; silicon decreases slightly, oxygen drops markedly, and magnesium
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and iron remain at trace levels. CP1, exhibits a notable increase in aluminium, significant decreases

in carbon and oxygen and only minor changes in Zr and Fe.

Table 4. 2 compositional changes for AISi10Mg and CP1 after plasma discharge electropolishing.

Element AlSi10Mg AlSil0Mg CP1 CP1
(As Printed) (After Plasma EP) (As Printed) (After Plasma EP)

Al 83.3 73.5 75.5 89.4
Si 9.2 8.6 0.8 —

(0] 6.9 2.4 6.5 1.2
Mg 0.3 0.2 - -
Fe 0.3 — 0.8 0.9
Ca 0.1 - 0.2 -

C - 15.3 15.8 7.4
Zr — — 0.8 1.1
Ti - - 0.0 -

These compositional variations can be rationalised as follows:
1. Oxide Film Dissolution

Air-formed Al2O:; films contribute to oxygen peaks in EDS and slightly lower apparent Al content
[244-245] . Acidic electropolishing dissolves these films, enabling direct anodic dissolution of the
metal and exposing more bulk alloy within the X-ray interaction volume. This explains the sharp

oxygen decrease in both alloys and the corresponding aluminium increase in CP1 [249].
2. Elemental Redistribution and Selective Dissolution

Electropolishing can alter surface composition by preferentially dissolving certain phases [250]. n
AISi10Mg, the silicon network at a-Al grain boundaries is more inert in acidic media than the
aluminium matrix [251]. thus, selective dissolution of Al may relatively enrich Si at the extreme
surface [107]. though only a small change was observed here. CP1’s homogeneous microstructure
shows minimal change in alloying elements aside from a proportional decrease in Zr and Fe due

to the rise in Al after oxide removal.
3. Carbon Signal Variations

Carbon detected by EDS typically originates from surface contamination—adsorbed hydrocarbons

from the environment or process residues [246], [248]. In CP1, the decrease in carbon suggests
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effective removal of organic contamination by the acidic electrolyte. In AISi10Mg, the unexpected
carbon increase likely results from adsorption of electrolyte-borne organics or atmospheric
hydrocarbons onto the highly active freshly electropolished surface during rinsing and drying
[248], [252]. Incomplete rinsing can also leave trace organic stabilisers from the electrolyte, which

appear as elevated carbon signals.

Overall, electropolishing in acidic media significantly modifies the surface chemistry of both
alloys but in opposite ways with respect to carbon and aluminium signals. CP1’s increase in Al
and marked decrease in carbon confirm effective oxide removal and surface cleaning, giving a
composition closer to the bulk alloy. In AISi10Mg’s Al decrease accompanied by substantial
carbon uptake suggests that although oxide dissolution occurred, the freshly exposed surface
rapidly adsorbed carbonaceous species during or after electropolishing. This contrast indicates that
CP1’s homogeneous microstructure and stable oxide dissolution make it more resistant to
post-polishing contamination, whereas AISi10Mg’s heterogeneous surface chemistry leaves it
more reactive and prone to rapid contamination adsorption. From a process perspective, CP1 can
achieve a cleaner, bulk-representative surface through electropolishing alone, while AISi10Mg

may require additional post-polishing cleaning or protective steps to preserve surface purity.

4.5 Evaluation of Bath Temperature

The bath temperatures investigated in this study (35 °C and 50 °C) were selected based on prior
electropolishing research in phosphoric—sulfuric acid systems for aluminum alloys. Moderate
heating of the electrolyte has been shown to lower viscosity, increase ionic conductivity, and
enhance mass transport, thereby widening the polishing plateau and increasing the limiting current
density [253], [254], [255], [256]. Literature reports indicate that 30—40 °C represents a stable
operational range for achieving uniform dissolution without significant gas pitting, while
temperatures around 50-55 °C can further accelerate material removal through faster anodic
kinetics and oxide film dissolution [257], [258], [259]. However, temperatures above ~60 °C are
associated with thinning of the viscous anodic film, early oxygen evolution, and localized pitting—

particularly in aluminum alloys with heterogeneous microstructures [260], [261], [262]. Based on
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these findings, 35 °C was chosen as a moderate industrially relevant condition, and 50 °C as an
elevated temperature expected to boost polishing efficiency while remaining below the instability

threshold reported in earlier studies.

In the present study, elevating the bath temperature from 35 °C to 50 °C consistently enhanced
ARa for both alloys (Figure 4.11), corroborating earlier observations of temperature-driven
increases in aluminum electropolishing efficiency [263], [264]. The effect was more pronounced
in AlSi10Mg, reflecting its heterogeneous microstructure and higher initial roughness, which
render it more responsive to thermally accelerated mass transport and anodic dissolution
kinetics[265], [266]. At elevated temperature and high voltage, however, prolonged polishing
triggered trans passive breakdown, evidenced by current instability and excessive bath heating—

a condition associated with oxygen evolution and surface film destabilization in aluminum

systems.[262], [264].

CP1 exhibited a steadier and more controlled response to temperature increase, with ARa gains
that were more modest but consistent. At 25 V and 50 °C for 20 min, CP1 reached 2.00 um without
signs of instability, reflecting the broader stability window of Zr-containing aluminum alloys
reported by Birbilis et al. [265] and Assefa et al. [266]. The alloy’s homogeneous microstructure
and stable oxide chemistry likely mitigate localized dissolution and gas pitting, even under

elevated thermal and electrochemical conditions.
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Figure4.11 Surface roughness reduction (4Ra) of AlSi10Mg and CP1 samples after electropolishing under varying voltage—time
combinations, compared at two temperatures (35°C and 50°C).
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To further illustrate the material-dependent polishing behavior, confocal laser scanning
microscopy (CLSM) images were obtained for both alloys processed under identical moderate
conditions (20 V, 20 min, 35 °C) (Figure 4.12). The AlSi10Mg surface shows partial leveling, but
prominent texture and deeper valleys remain visible in the 2D scan, with the 3D topography
revealing sharp ridges and localized depressions. In contrast, CP1 exhibits a markedly more
uniform texture, with reduced height variation and smoother features in both 2D and 3D

representations.

Figure4. 12 CLSM images of the polished surface of AISi10Mg and CP1 samples. (a) 2D surface scan of AISil0Mg; (b)
corresponding 3D topography of the same AlSil0Mg area. (c) 2D surface scan of CP1; (d) corresponding 3D topography of the
same CP1 area.

Quantitative surface roughness parameters are presented in Table 4.2, confirming that while
AlSi10Mg achieved a greater absolute ARa, its post-polishing surface remained rougher than that
of CP1. This highlights that CP1°’s finer as-printed surface allows it to achieve superior smoothness
under moderate polishing conditions, whereas A1Si10Mg may require more aggressive parameters

to reach comparable quality.
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Table 4. 3 Surface roughness parameters of AISi10Mg and CP1 samples before and after electropolishing at 20 V for 20 minutes

at 35 °C.
Alloy Ra (um) Rq (um) Rz (um) Ra (um) Rq (um) Rz (um) ARa (um)
Initial Initial Initial Polished Polished Polished
AlSi1l0Mg 5.2 6.5 33.8 39 5.0 26.0 1.3
CP1 3.9 4.6 18.5 2.8 3.50 14.1 0.9

Overall, these results support earlier observations that while elevated temperatures can
substantially enhance electropolishing efficiency, the benefits are alloy-dependent and must be
balanced against the risk of trans passive breakdown. For AISi10Mg, 25 V at 50 °C for 15 min
appears to be the upper safe operating limit, whereas CP1 can sustain longer or equally aggressive
exposure without compromising stability—an important distinction for process optimization in

precision finishing of LPBF aluminum alloys.

4.6 Observation and Analysis of Trans-passive Breakdown Electropolishing

In previous section the influence of bath temperature on electropolishing efficiency was examined
for both AISi10Mg and CP1 alloys. While moderate temperature increases improved surface
roughness reduction through enhanced mass transport and anodic dissolution, specific
high-temperature/high-voltage combinations produced an abrupt deviation from the expected
polishing response, signalling trans-passive film breakdown electrolysis. Under these conditions,
features consistent with breakdown of the passive oxide film and the formation of a vapour—gas

envelope at the electrode surface were observed [86], [87], [88].

Trans-passive breakdown occurs when the anodic potential exceeds the passive film’s stability
limit. Ohmic heating rapidly vaporises electrolyte near the anode, generating numerous small
bubbles that grow and merge to envelop the electrode in a macroscopic vapour—gas film composed
of water vapour, oxygen and plasma-discharge products [267]. This insulating film reduces mass
transport and can sustain localised micro-arc discharges that fundamentally change the dissolution

mechanism and promote surface removal [249].

In this study, plasma discharge was detected only under the most aggressive parameter sets. For

AlSi10Mg, breakdown occurred at 50 °C, 25 V and 25 min; for CP1, breakdown required 50 °C,
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30V and 25min. This difference likely reflects intrinsic alloy properties: AISi10Mg’s
heterogeneous microstructure and higher initial roughness intensify local electric fields and lower
the breakdown threshold, Whereas CP1’s homogeneous microstructure and Zr-rich dispersoids
enhance thermal and electrochemical stability, the generation of smaller, more mobile bubbles
delays gas-film coalescence, thereby shifting breakdown onset to higher voltages [71], [72], [75].
These observations are consistent with literature reports showing that higher temperatures
accelerate oxygen evolution, which lowers the voltage needed for oxide breakdown. In addition,
longer exposure promotes localized heating and gas-film accumulation, both of which support the
onset and persistence of breakdown [268-270], [78]. Once initiated, the process exhibits visible
sparking, audible crackling and current oscillations—hallmarks of trans-passive breakdown

electrolysis in high-voltage systems [77-78].

Figure 4.13 presents confocal laser scanning microscopy (CLSM) surface maps that illustrate the
morphological consequences of trans-passive breakdown. For AISi10Mg, the surface remains
relatively level but contains a dense distribution of pores and lack-of-fusion (LOF) sites. Shallow,
elongated channels connect these features, which likely represent preferential breakdown tracks
created by gas movement along the surface during the trans-passive regime. This suggests that
trans-passive breakdown may dissolve the surface layer, exposing subsurface porosity and LOF
defects inherent to the additively manufactured structure. In contrast, CP1 surfaces appear
smoother, with far fewer LOF regions and no channel-like features, indicating less aggressive

breakdown behaviour.
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Figured. 13 CLSM surface topography of AlSil10Mg (lefi)(50 °C, 25 V, 25 min), and CP1(right) (50 °C, 30 V, 25 min).

Table 4. 4 presents the Surface roughness of the studied samples before and after electropolishing
under breakdown conditions for AlSil0Mg and CPI1. According to the table, trans-passive
breakdown reduced Ra by 3.7 um for AlSi10Mg (25V, 25 min) and by 2.0 um for CP1 (25,
25 min). Although AISilOMg shows greater absolute roughness reduction, CP1 achieves a

smoother final surface owing to its initially lower Ra and superior microstructural stability.

66



Table 4. 4 Surface roughness parameters of AlSi10Mg and CP1 before and after electropolishing under breakdown conditions,
measured by confocal laser scanning microscopy (CLSM).

Alloy Voltage Time Temp. Ra Rq Rz Ra Rq Rz (um) ARa
M (min) (°C)  (wm) (um) (um) (um) (nm) (nwm)
Initial ~Initial Initial Polished Polished Polished
AlSilOMg 25 15 50 6.7 8.6 38.7 2.9 3.6 214 3.7
CP1 25 20 50 3.7 4.6 19.3 1.7 2.1 9.3 2.0

Scanning electron microscopy confirmed the roughness differences observed earlier. On
AISi110Mg samples treated by trans-passive breakdown polishing, the surface is littered with round
micro-craters ranging from sub-micrometre to tens-of-micrometre in diameter (Figure 4.14). When
the workpiece acts as the anode under sufficiently high voltage, plasma micro-discharges form
within the electrolytic bath. These localized discharges briefly exceed the melting point of
aluminium, causing small volumes of metal to melt. Upon rapid re-solidification, the expelled
regions leave behind crater-like micropores, whose rims appear smooth due to the fast re-flow of
molten material around the discharge site. Such discharge-induced melting and re-solidification
explains the fine, rounded micro-craters observed by SEM. However, not all cavities originate
from electropolishing itself. Some of the larger, irregular pores correspond to re-opened defects
already present in the as-built alloy, such as keyhole or lack-of-fusion porosity formed during laser
powder bed fusion (LPBF) of silicon-containing alloy [273-274]. n LPBF, open porosity and
surface roughness arise from the overlapping of molten pools and the deposition of partially fused
droplets during layer-by-layer solidification [275]. Overall, the cratered morphology arises
primarily from discharge-induced melting and re-solidification during electropolishing, while

some of the larger cavities simply reflect the exposure or enlargement of intrinsic LPBF porosity.

In contrast, CP1 surfaces treated under similar conditions exhibit a largely continuous oxide matrix
with sparse and shallow melt rims. This difference can be explained by the effect of electrical
parameters on pore size and density. At higher voltages, the longer discharge duration allows the
molten layer to partially re-seal, leading to fewer visible pores, whereas lower voltages promote
more frequent but shorter discharges that generate a larger number of smaller pores. Consequently,
CP1 surfaces subjected to these conditions will show only minor micro-craters. [93],[100].

Additionally, CP1 exhibits more stable melt pools and lower volatility during LPBF than
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AlSi10Mg, which reduces keyhole formation. LPBF for CP1 produce smoother surfaces, leaving
few subsurface pores for micro-arc discharges to exploit [275]. Therefore, the absence of
significant porosity in CP1 surfaces is consistent with both the LPBF process and the breakdown

parameters.
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Figured. 14 SEM micrographs of breakdown-affected regions in AISi10Mg (50 °C, 25 V, 25 min) and CP1 (50 °C, 30 V, 25 min).

The EDS elemental maps of AISi10Mg surface after trass-passive breakdown electropolishing is
presented in Figure 4.15. The polishing process produces a much flatter surface, but the micro
discharges leave behind many rounded pits as mentioned before in the as-printed alloy, the
solidification process produces aluminum-rich cells that are surrounded by a thin, continuous
network of silicon. On the surface, this silicon network appears slightly raised relative to the
aluminum, creating a textured pattern often referred to as “eutectic relief.” This network is clearly
visible in scanning electron microscopy (SEM) images and in elemental maps, where silicon
outlines the aluminum cells. After trans-passive polishing, however, this pattern largely disappears:
the aluminum distribution appears uniform, and the silicon signal no longer forms a continuous
mesh. This indicates that the interconnected silicon network has been broken apart or removed
during the high-temperature polishing process [276-277], [280-281]. Local oxygen enrichment
around the pits suggests that the discharge melts and oxidises the surface; when the molten metal

resolidifies, oxide residues or re-oxidation can occur at the gas nucleation sites [282-283].
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Figured. 15 EDS elemental maps of the AISi10Mg, after Plasma discharge electropolishing.

For CP1 (Figure4.16) the surface after breakdown is highly levelled with only sparse small circular
pits; Compared with the as-printed CP1 (fine cellular a-Al with discrete Zr-rich particles and
sparse oxygen inclusions), the Al map is uniformly bright, Zr/Fe appear as fine dispersed signals

without boundary enrichment, and oxygen remains near background except at a few pits [284].
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Figured. 16 EDS elemental maps of the as-printed CP1 after Plasma discharge electropolishing

4.7 Weight loss analysis

Weight-loss analysis was conducted to further compare the electropolishing behavior of A1Si10Mg
and CP1. Measuring material loss provides a direct means of quantifying dissolution kinetics,

assessing polishing efficiency, and identifying differences in stability between alloys [110].

Figure 4.17 presents the relationship between weight-loss per unit area and surface roughness
reduction (ARa) for both alloys. The data were consistent and reproducible, with only minor
uncertainties from masking imperfections or electrolyte retention. Gravimetric measurements
revealed exponential increases in weight loss with applied voltage and polishing time, indicative
of mass-transport-limited kinetics [285]. The exponential coefficient for A1Si10Mg (0.8) exceeded
that of CP1 (0.7), confirming a steeper removal rate. This response is attributed to the
heterogeneous microstructure of AISi10Mg: once anodic dissolution exposes eutectic silicon, rapid
dissolution of the surrounding a-Al matrix produces pits around inert Si particles, thereby
accelerating mass loss [286]. In contrast, CP1 exhibited a more gradual slope, reflecting its

homogeneous microstructure and stable passive film, which promote controlled dissolution.
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CP1 exhibited exponential mass-loss kinetics with a more gradual slope, consistent with its
homogeneous microstructure. Here, a stable passive film thins uniformly, promoting controlled
material removal without abrupt breakdown. Since CP1 lacks inert Si phases that act as localized
cathodic sites, dissolution proceeds more evenly, resulting in smoother trends with less scatter.
Although slightly higher potentials are needed to achieve equivalent roughness reduction, CP1

offers a wider operational window and reduced susceptibility to pitting.

High current efficiencies during electropolishing (>90% in optimized systems) confirm that most
charge contributes directly to anodic dissolution [287] However, excessively high potentials or
prolonged durations accelerate mass loss and degrade surface quality through pitting and etched
morphologies [116]. Effective electropolishing of additively manufactured aluminum alloys
therefore requires balancing removal rate and finish quality by operating within the mass-
transport-limited plateau, employing electrolytes of suitable viscosity and conductivity, and using
agitation or pulsed currents to minimize smut -residual deposits of undissolved particles or oxides-

formation [288], [286].
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Figured4. 17 Exponential relationship between surface roughness reduction) and weight change for a) AISil0Mg and b) CP.1.

These results highlight the influence of alloy microstructure on electropolishing response. CP1
consists primarily of a single aluminum phase with a fine dispersion of Al-Fe—Zr intermetallic.
During EP, thinning of the passive film occurs uniformly across the surface, and dissolution

proceeds at similar rates on both peaks and valleys. Consequently, current efficiency and
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polarization behavior remain consistent across the alloy [120]. The smooth, reproducible weight-
loss curve of CP1 reflects a uniform dissolution mechanism. Nonetheless, it should be noted that
minor systematic errors may have arisen due to imperfect masking along sharp specimen edges,
where electrolyte seepage leads to unintended localized dissolution. Although these effects did not
compromise the comparative trends observed, future studies should explore more effective

masking methods to minimize such artefacts and improve gravimetric accuracy.
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5. Conclusion

The findings of this study highlight that electropolishing is not a universally predictable treatment
but rather a process whose outcome is governed by the interplay between alloy chemistry,
electrolyte environment, and operational stability. Beyond the straightforward reduction of surface
roughness, electropolishing exposes the decisive role of microstructure in determining the balance
between efficiency, control, and long-term reliability in post-processing laser powder bed fusion

(LPBF) aluminium alloys.

A key insight is that alloy design influences not only in-service mechanical performance but also
the material’s response to post-processing. In AlSiioMg, the heterogeneous microstructure
amplifies both the advantages and limitations of electropolishing: significant surface smoothing is
achievable, yet the alloy remains susceptible to breakdown and contamination under aggressive
conditions. CP-1, by contrast, demonstrates how microstructural homogeneity and Zr-induced
grain refinement broaden the stability window, producing finishes that are smoother, cleaner, and
more reproducible. These results emphasise that alloy development for additive manufacturing
should account not only for mechanical properties but also for compatibility with downstream

finishing processes, positioning post-processing response as an essential functional requirement.

Equally important is the recognition that electropolishing carries inherent trade-offs. Acidic
electrolytes and aggressive conditions deliver the greatest surface transformation but at the cost of
dimensional precision, uniformity, and process control. Neutral and environmentally friendlier
electrolytes offer safer, more predictable operation but less dramatic results. Rather than
identifying a single “best” method, this work highlights that operators must align electrolyte and
parameter choice with the intended application—whether that is aesthetic improvement, functional

smoothing, or dimensional accuracy.

The transition to plasma-discharge regimes exemplifies this duality. On one hand, such conditions
can produce strikingly bright, smooth finishes in a short time. On the other, they introduce
instability, localized attack, and uncontrolled weight loss that undermine reliability. Plasma-
assisted electropolishing therefore represents both an opportunity and a hazard: useful where
aggressive material removal is acceptable, but unsuitable where precision and reproducibility are

paramount.
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Taken together, these interpretations position electropolishing as a highly adaptable yet sensitive
tool for enabling LPBF aluminium alloys to reach demanding application standards. The value of
the process lies not in universal recipes but in careful tailoring—matching material, electrolyte,
and conditions to the tolerance for risk, the need for precision, and the functional goals of the final

component.

5.1 Future Work

A natural extension of this study would be to explore a broader range of process parameters. Due
to time constraints, only a limited set of polishing voltages, temperatures, and electrolytes was
investigated. The findings are therefore specific to the selected LPBF processing parameters and
may not fully capture how variations in powder characteristics, build orientation, or component
geometry affect electropolishing behavior. Expanding the process window would provide a more
complete understanding of these interactions and could reveal conditions where stability and finish

quality are optimized.

A second direction concerns the use of dynamic current or voltage control. In this work, constant
direct current was applied, which led to trans-passive breakdown at higher voltages. By contrast,
pulse and pulse-reverse techniques are known to periodically disrupt passive films, suppress
localized pitting, and promote uniform current distribution [289]. Applying such waveforms to
LPBF aluminium alloys could reduce breakdown events, widen the operational window, and
improve process stability. This approach would be particularly valuable for ensuring

reproducibility across larger builds or industrial-scale production.

In addition, integrating electropolishing with post-processing treatments such as heat treatment
and anodising warrants further investigation. Prior work on LPBF stainless steel has shown that
electropolished surfaces can achieve superior corrosion resistance and higher breakdown
potentials [290], Anodization is widely used to enhance corrosion resistance but may reduce
fatigue strength [291]. Exploring combinations of electropolishing with these treatments—or with
processes such as remelting—could reveal either synergistic or competing effects on fatigue life,
corrosion resistance, and mechanical performance. Such insights would guide the optimisation of

treatment sequences for applications where reliability and durability are critical.
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A further direction involves scaling electropolishing to complex geometries. The present study
focused on simple coupons, yet LPBF components often include intricate channels, lattice
structures, or internal cavities. Studies on tubular geometries polished in deep eutectic solvents
(DES) have shown strong non-uniformities, with roughness reduction depending heavily on
electrolyte flow distribution and local temperature gradients [292]. Extending electropolishing to
complex LPBF geometries will therefore require not only empirical work but also fluid-dynamic
modelling and in-situ diagnostics to ensure uniform smoothing of both external and internal
features. This is especially important for components such as heat exchangers, biomedical

implants, and aerospace structures, where internal features are central to performance.

Finally, future work should assess the mechanical and corrosion behavior of alloys after
electropolishing. While the present study focused on surface morphology and weight-loss kinetics,
long-term durability is equally important for widespread adoption of LPBF aluminium alloys in
industry. Evaluating fatigue strength, fracture toughness, and corrosion resistance after polishing
would demonstrate the reliability of this treatment under service conditions. Such studies would
provide the evidence base needed to qualify electropolished LPBF parts for high-performance

applications, ranging from biomedical implants to aerospace components.
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