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Abstract

Metallic powder bed fusion additive manufactured components have been extensively applied
in the fields of aerospace, mobility, construction, etc. However, poor surface quality owing to
residual powder, stair-step structure, un-melted track, etc. hinder its application in the market.
Electrochemical polishing (EP) is a promising method for smoothing metal surfaces without
inducing extra mechanical damage to the product while some disadvantages appeared when
being applied on the Laser-Powder Bed Fusion components including low polishing
efficiency, poor geometry control, and high cost of the experiment investigation. To solve the
problems, this thesis investigated the EP effect of L-PBF 316L stainless steel (316L SS) and
TC4 (Ti-6Al-4V) utilising the methods of numerical simulation, experiment, and machine
learning. Firstly, a novel 2-dimensional EP model based on the Finite Element Method
utilising the Spatial Frequency Method was proposed to simulate the viscous layer formation
process with the consideration of the high surface roughness. In addition, the effect of
parameters including diffusion coefficient, inlet velocity, inter-electrode distance, and more
importantly, the surface textures on the thickness and uniformity of the viscous layer
formation were investigated. Based on the simulation parameters, the EP effect of the current
density ranging between 250 - 2000 mA/cm? on the surface roughness, morphology, weight
loss, and geometry changes was investigated, and a two-step EP process was proposed for
optimisation. The experiment results were adopted to machine learning with six algorisms
including the Adaptive Boosting algorithm, Random Forest, Multilayer Perceptron
Regression, Ridge Regression, Support Vector Regression, and Classification and Regression
Trees. Simulation results showed that the diffusion coefficient should be smaller than 1.0x10”
m?/s to generate the viscous layer. The conditions of 0 mm/s inlet velocity, at least 3 mm
inter-electrode distance, and small and short peak features of the sample surface are
preferable to generate a uniform viscous layer with moderate thickness for L-PBF
components with initial surface roughness ranging between 10 pm - 20 pm. Experiment
results showed that the two-step EP method could improve the polishing effect, especially for
L-PBF TC4 whose roughness reduction was 70.8 % (7.4 %, 11.5 %) more than 66.6 % =+
(14.3 %, 10.6 %) and 66.5 % (7.8 %, 9.1 %) for one-step EP methods with NaCl solutions
and A2 electrolytes. Finally, the Multilayer Perceptron Regression and Random Forest
algorithms have optimal prediction accuracy and stability, respectively. The corresponding
mean and variance of the coefficient of determination values were 0.85 +(0.08, 0.11) and
0.0017. This simulation-experiment-prediction procedure can also be applied to guide the EP
process of other metals or electrolytes to improve polishing efficiency and reduce the

experiment cost.
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter covers the research background, the tasks of the research, and the layout of the
thesis. A brief introduction of laser powder bed fusion metals with their main surface
limitations is given. The type and product mechanism of surface texture and the methods to

remove these barriers are discussed.

1.1 Laser Powder Bed Fusion (L-PBF)

Additive Manufacturing (AM), which may be known by names like 3D printing, layer
manufacturing, or freeform fabrication’, was defined in 2009 by an ASTM standard. Laser
Powder Bed Fusion (L-PBF) was amongst the primary commercialised and remains one of
the most versatile AM techniques 2. This technology uses Powder Bed Fusion to create
complex components layer by layer from a computer model, without the need for part-
specific tooling. Compared with the subtractive manufacturing process, AM technologies
provide advantages of less material waste, support of complex structures, improved

mechanical properties, etc. A general AM process is as follows?:

» CAD modelling

conversion to STL files

Transfer to AM machine and STL file manipulation
Machine setup

Manufacturing process

YV V V V V

Removal from the working platform
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» Post-Processing
» Application

Laser Powder Bed Fusion (L-PBF) is one of a class of AM technologies developed at the
University of Texas at Austin, USA?. L-PBF processes are normally composed of one or
more powder sources and a controlling system to fuse powder particles layer-by-layer. Figure
1 shows the composition of the L-PBF systems?. Two powder cartridges are located on
opposite sides of the system to hold the material powder. A cartridge piston lifts the powder
to allow adequate delivery and coating to the chamber surface of the part constructed by the
levelling roller. In the part-building chamber, the top surface of the powder undergoes laser
scanning and subsequently solidifies into a solid once melted, with the amount of powder and
the exact size of the part in the vertical direction being regulated by the piston and levelling
rollers. Through the laser melt pool, the layer is merged by melting the top layer into the

previous layer, as it penetrates deeper than the powder layers.

CO; Laser

Laser/Optics/
Scanning Mirror

Leveling Roller

- Powder Bed

~ Part-Build
Chamber

Powder
Cartridge

A

CORPORATION

Figure 1 Schematic of the first commercial L-PBF system sold to the public. Courtesy of DTM Corporation?.

1.2 Surface Limitation of L-PBF Components

Since the metallic L-PBF AM process uses a highly-focused laser or electron beam to fuse

thin layers of metal powder spreading across the working area layer-by-layer, this technology
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will inevitably cause undesirable surface texture features such as stair-step structure,
spattering, attachment of partially melted particles, undesired melted pool causing the
morphology of the single solidified laser track, and neighbouring tracks interacting, etc®*.
These defects would lead to high surface roughness and thus poor aesthetic, mechanical and
biocompatibility properties. Typical surface topographies measured by optical focus variation

technologies are shown in Figure 2°,

(ww)gpp:a
]
(ww)zLpiA

X:1.34(mm) X:5.18(mm) 0.00

(@) (b)

Figure 2 PBF surface topographies measured by optical focus variation technique (a) an SLM surface and (b) an
EBM surface®.

1.2.1 Stair-Step Phenomena

Stair-step structure is a common phenomenon and the main reason for the low surface quality
of L-PBF components, which cannot be eliminated since L-PBF manufactures components
layer-by-layer. Figure 3 shows the stair-step structure during the modelling and slicing
process®. Products with a model having a greater layer thickness would have a more evident

stair-step structure.

(a) (b) (c)

Figure 3 The stair-step effect in AM parts: (a) 3D design, (b) AM parts with a layer thickness of 2 h, and (c) AM
parts with a layer thickness of h®.

Other factors during the manufacturing process include the powder size, material composition
and properties, laser beam spot size, energy deposition, scan speed, atmosphere, material
homogeneity, linear track separation, vertical step height, powder re-use, part geometry,

3
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scanning strategy and errors caused due to motion & energy deposition’. Figure 4 and Figure
5 show the sample manufactured via direct metal laser sintering (DMLS) technology with
different building orientations, and the stair-step structure values change. Figure 4 (a) and (b)
showed the scanning direction and as-built conditions of samples after manufacturing, where t
represents layer thickness (pm), n represents the layer number, and x. represents the
coordinate values in the X direction (x-axis was the direction that the laser moved). Therefore,

the equations for calculating the waviness values are as follow?:
_1.t t Xn+1~Xn
Wry =3 (2 +5cos (arctan (—t ) (1)

The result showed that the waviness values were predictable and decreased with the building

inclination angles.

Layer n+1 .

Figure 4 (a) Schematic for scanning direction (b) as-built conditions on the working plate (c)Surface conditions of

Sample parts for X & Y axis with angle values indicated above®.
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25.0 ,
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*
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© [ ]
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Figure 5 Comparison of measured waviness and predicted waviness values. Error bars represent a 95%

confidence interval®.
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1.2.2 Spattering

Spatter causes defect formation, powder redistribution and contamination in the L-PBF
process, which can be categorised into five groups: Solid spatter, metallic jet, powder
agglomeration spatter, entrainment melting spatter and defect-induced spatter®. Figure 6
shows the formation mechanism of all types of spatters and all of them were formed mainly
because of the interaction with the laser beam. When the laser beam moves and melts the
powders, a large amount of vapour jet is generated and forces the spatter of un-melted powder
particles. These un-melted particles re-distributed on the sample surface are called solid
spatter'. If the powders were melted into liquids and then ejected out from the melt pools,
they are called metallic jet spatter. If un-melted powder particles are carried by gas flow into
the laser beam and melted but ejected out by the vapour jet again, they are called entrainment
melting spattering. Powder agglomeration spatter refers to those with a large size that are
formed by liquid-liquid or liquid-powder agglomeration®?. Finally, if the powder bed
distribution is not uniform and severe defect exists, liquid spatter would be serious at the

point, and this is called defect-induced spatter.

(a)

Laser beam ) .
r»Scan direction A .~

Solid spatter

Laser beam

—
o

Metallic jet™~
spatter

Powder ©
agglomeration
spatter

—

Entrainment &

~

melting
Spatter

Laser beam

—
)
~

Defect induced
spatter

Figure 6 Schematic showing the formation of spatterg.

The spatter features (type, size and quantity) are directly dependent on the manufacturing
parameters such as laser power, scan speed, build orientation, atmosphere and pressure.
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1.2.3 Attachment of Residual Particles

Attachment of residual particles including excess independent powder, partially melted
powder and bonded powder is another factor influencing the surface quality. These particles
will distribute on any manufacturing surfaces, holes, cavities and other geometric features. In
the vast majority of situations, most of the excess independent powder can be removed using
brushes, compressed airflow and/or sandblasting, or for significant residues, removal using
advanced cleaning methods such as pressure washing, ultrasonic cleaning, plasma cleaning,
chemical cleaning, etc. However, partially melted and bonded powder is firmly fixed on the
sample surface and requires machining to remove it. Figure 7 shows the internal surface
morphologies of a Selective Laser Melting (SLM) 304 stainless steel, where a large amount of
residual powder particles adhere'®. They were bonded to the laser tracks on the sample
surface, which can only be removed by machining such as shot blasting, electrochemical

machining, laser machining, etc., and would severely increase surface roughness.

s

Azi};‘.‘k ’ J~';

Sa=15.522 ym; Sq=20.340 pm Sa=14.641 ym; Sq=19.136 pm Sa=14.510 pum; Sq=18.763 pm

Figure 7 Pristine curving internal hole of a 304 stainless steel tunnel created by AM®,

1.2.4 Melt-Pool Phenomena

The liquid metal part with a certain geometry formed on the base component during the
fusion process is called the melt pool. Although this is not surface texture, it is the basis of the
PBF process and will determine the morphology of the solidified laser track and influence the

final surface quality'®. Factors of power properties (source power and geometry), scanning
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speed, scan pattern, etc., could influence the quality of the melt pool and the temperature
distribution®>, Figure 8 shows the classical cross-sectional melt pool morphologies under
different laser power and scanning speeds!’. Figure 8 (b) to (e) shows the undesirable
geometry of the melt pool and therefore would cause pores, spatters, and denudation zones
when melting flows and interacts with peripheral powder particles. Figure 9 (a) shows the
elongated flow liquid ejected out due to high vapour flux and formed spatter (metallic jet
spatter, entrainment melting spattering or powder agglomeration spatter). Figure 9 (b) and (c)
show the lateral and open pores formed during the melt flow process, and these pores would
cause more defects in the subsequent layers!8. Additionally, raw powder composition is
another crucial factor influencing melt pool shape because it will cause different viscosity and

influence the flow behaviour during melting®®.

(d)

Figure 8 Cross-sectional melt pool morphologies. (a) desirable (285 W, 960 mm/s), (b) balling (370 W, 1200
mm/s), (c) under-melting (100 W, 1000 mm/s), (d) severe keyholing (250 W, 400 mm/s), and (e) keyholing porosity

(150 W, 200 mm/s) *'.
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Figure 9 Formation of pores and spatter (laser power 200 W, scan speed 1500 mm/s) 8

1.2.5 Morphology of the Single Solidified Laser Track

The powder particle will be melted and solidified during the L-PBF process, where the
manufacturing parameters will influence the speed and stability of the melting and
solidification. For example, Table 1 listed the parameters including the laser power, beam
radius and scanning used for building a single laser track of Inconel 718, and their
corresponding morphologies were shown in Figure 10%°. The width, amplitude and profile of

the laser track will govern the surface quality of the final components.

Table 1 Process parameters considered?’.

Parameters
Sample track i i
Power (W) Radius (jm) Scanning speed (mm/s)
Track 1 100 25 700
Track 2 100 35 700
Track 3 100 48 700
Track 4 100 25 1000
Track 5 100 25 1300
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0 5 10 15 20 25 30

Sectional plane

(a) (b)

Zoom in view

Sudden sharp spikes adjacent to track,
representing adhered particles

Figure 10 View of the built tracks as obtained by optical profilometry (a) Track 1 (b) Track 2 (c) Track 3 (d) Track
4 and (d) Track 5%,
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1.2.6 Neighbouring Tracks Interact

Melt pool would flow around and mainly from the top region to the bottom region on the laser
track due to the gravity during the manufacturing process, leading to track overlap and thus
particular surface texture and sometimes defects such as regular and irregular voids, etc.
Figure 11 and Figure 12 show the surface textures of SLM 316L SS after the laser tracks
interacted with each other in the x-y and y-z planes?’. The track width was different from the
diameter of the laser beam because of the overlap and some pores can be easily found,
especially in the direction of the tracks. These defects will seriously increase the surface
roughness and influence the mechanical properties of the components. Many factors will
cause porosity such as source power, scan speed, etc. According to the works done by Zhang
et al and Khairallah et al, the main reason causing the porosity was the rapid evaporation of
the metal powder. The metal gas will remove the powder around the laser track and strong

recoil pressure will push the surrounding melt liquid downward?*®22,

O ®

(a) (b)

Figure 11 Parallel tracks of the SLM manufactured sample of 316L SS in the x-y plane, observed by an optical

microscope with a) 1450, and b) 3625 magnification521.

O

Molten pool boundary

o (b)

Figure 12 Parallel tracks of the SLM manufactured sample of 316L SS in the y-z plane, observed by an optical

microscope with a) 1450, and b) 3625 magnifications.
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1.3 Post-Processing Technologies

The technologies applied after the component removal from the working platform are known
as post-processing, as mentioned in section 1.1, which play a fundamental role and constitute
between 4 % - 13 % of the cost of the whole AM process?. Post-processing technologies can
be categorised into primary and secondary post-processing, where the former is a mandatory
process while the latter is optional to satisfy the functional, geometrical and/or dimensional
requirements of final products or costumer’s requirements. The impact of post-processing
technologies on improving the surface properties of as-built AM parts is depicted in Figure 13,
as reported in previous research?. The results demonstrate significant differences in
properties such as tensile residual stress, surface roughness, microhardness, composition,

porosity, and wear.

As discussed in section 1.2, the surface roughness of the AM components is high due to
various complicated surface textures including stair-step structure, residual powder, laser
tracks, pores, etc. These defects cannot be controlled, are not eliminated by adjusting the
manufacturing parameters, and generally, the surface roughness would still be higher than
traditional machined products. Figure 14 depicts the impact of manufacturing parameters,
such as laser power, scan speed, and scan space, on surface roughness®. In general, the
surface roughness of the L-PBF products removed from the working platform would be larger
than 10 m which is too high for the requirement of most applications. Therefore, surface
finishing can be categorised as the primary post-processing due to the inherent problem of

poor surface quality in AM products.
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Figure 13 Schematic representation of the effect of post-processing operation on the surface characteristics of the

as-built AM part524.
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1.4 Aims and Scope of this Research

As summarised in section 1.2, the surface morphology of the AM components is quite
complicated including stair-step structure, residual powder, varied textures caused by single
and interacted laser track, etc., typically ranging from a few tens of microns to hundreds of
microns. Consequently, the surface roughness of AM parts is larger than 10 pm. For example,
the waviness and roughness of components manufactured by DMLS with different
orientations range from 10 pm to 25 pm, as shown in Figure 5. The surface roughness of AM
components manufactured under different laser powers, scan speeds, and scan space ranges
from 10 pm to 20 um. The unfavourable surface quality restricts the integration of metal AM

technology into the production chain®.

Currently, most machining technologies such as mechanical machining, electrochemical
machining, laser machining, etc. and other processing technologies have been proven to be
effective in improving the surface and bulk properties of the AM components. Traditional
mechanical polishing methods are simple and widely used for the post-processing of L-PBF
metal components but they are time-consuming, costly and remain difficult to access the
undercut or internal surface of complex-shaped components?’. The chemical polishing
method can polish all surfaces that come into contact with electrolytic solutions, but they are
also time-consuming, and in many instances, hazardous materials such as hydrofluoric acid
are needed?®?°, The electrochemical polishing (EP) method is a highly-efficient method to
greatly reduce the roughness of the surfaces where the counter electrode can reach without
mechanical damage and is not dependent on the electrolyte composition®-%2. Additionally, It
can enable high productivity by processing a large surface area or a large number of
components at the same time. Therefore, the EP method has become one of the most

promising polishing methods for L-PBF-based metal AM parts in recent years.

A typical EP system includes a power source, an anode (workpiece), a cathode (tool electrode)
and electrolytes®. With the increased of the current density, the anodic EP process can be
divided into 4 steps: etching, passivating, polishing (limiting current density plateau region),
and transpassive regions. During the polishing process, a uniform viscous layer forms on the
anode surface causing a current density difference between the peak and valley regions on the
anode surface. Finally, the surface becomes smooth gradually because the materials removal
rate is proportional to the current density according to Faraday’s law3*. However, the current
density in the polishing region of the acid solutions, including phosphoric acid, sulphuric acid
and perchloride acid is normally below 100 mA/cm? at ambient temperature®-°. Most of the
investigations using the electrolytes focused on the surface with an initial roughness of

approximately 1 m or at a nanometre scale. In contrast, L-PBF components usually have a

14
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roughness approximately in the order of 15 pm or greater>3-4%, meaning that the polishing
efficiency would be low or the polishing time would be long for polishing AM components at
the low limiting current density with the electrolytes. Additionally, the dimensional accuracy
and component shape could deteriorate when the polishing time is too long because of the
large materials removal rate and the subsequent impact of the edge effect**3,

The transpassive region on the polarisation curve is where the viscous layer starts to be
broken down and many side reactions happen. The EP process can be carried out at a high
current density to reduce polishing duration at the region, for instance, it can take 300s to
smooth 316L SS from the roughness of 13.88 to 3 pum through an EP process using a mixture
of phosphoric and sulphuric acids under 104 <C, 800 mA/cm? and 200 rmp magnetic stirring**.
However, the electrolysis of water at the high current density could generate oxygen bubbles
on the anode surface, which might cause pitting corrosion due to the ‘broken bubble
tunnelling effect’®. Recently, Han et al proposed an eco-friendly non-aqueous NaCl-based
electrolyte, which had a better polishing effect than the HsPO, — H,SO4 mixture for the
nanometre-scale steel surface®. However, the polishing effect of the electrolyte for the rough
AM steel surface in the transpassive region is still unknown.

Other parameters including the electrolyte viscosity, inter-electrode distance, electrolyte
flowing mode and the impact of the L-PBF sample surface profile on the polishing effect still
need to be investigated. Since the EP process is too complicated and the parameters have an
influence on each other, a large number of experimental attempts need to be carried out when
a new type of metal or electrolyte is introduced. Therefore, many researchers started to focus
on modelling, simulating and predicting the polishing process and roughness changes using
Finite Element Method (FEM) and Machine Learning®®“. FEM could provide the
relationship between polishing parameters and roughness changes, particularly for observing
the process changes with time, while Machine Learning could predict the roughness changes
for large amounts of polishing parameter sets in a short time. In some engineering fields,
researchers adopted the FEM method to generate data and then input them into machine

learning models for prediction to save time*5t,

The main aim of this research is to successfully reduce and control the surface roughness of
L-PBF samples. Since the surface texture of the L-PBF components is different from the
machine sample, the characterisation method should also be adjusted. The materials selected
for the experiment have different polishing characteristics: 316L SS and L-PBF TC4
(Ti6AI4V). Regarding 316L SS, many salt and acid electrolytes can be used for polishing and
thus the critical issue is to identify the suitable polishing windows to reduce the surface
roughness with the least materials removal amount®®52%5, Regarding TC4, common acid

solutions might not work as the oxide layer on the surface is too dense to be removed3%¢%,
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Therefore, the critical issue is to identify a suitable combination of electrolyte and metal for

polishing. Regarding the prediction, since experiments usually have errors for the same set of

samples, and the collection of data takes time, an accurate and stable algorithm should be

identified to predict small-scale samples.

To achieve the targets listed above, this research needs to complete the following objectives:

>

1.5

Surface characterisation: The surface texture of the L-PBF ranges from sub-microns
to hundreds of microns, while the 1SO standard does not define how to distinguish
and measure the surface roughness of the L-PBF samples. Generally, a primary
surface can be divided into waviness and roughness surfaces, which have a specific
distinct cut-off value. Many researchers considered the texture with a wavelength
smaller than the laser track width as the roughness features while those textures with
a wavelength larger than the laser track width also contribute to the poor surface
quality. Therefore, identifying a method to evaluate the surface quality is necessary.
Modelling and simulation of the EP system. The EP process involved many
parameters including the polishing current density, polishing time, electrolyte type,
electrolyte flow mode, inter-electrode distance, sample surface texture, etc. To reduce
the experiment workload, an appropriate Finite Element Analysis (FEA) EP
simulation model is necessary. The model should have a similar surface profile and
roughness to the practical sample and the results should reflect the polishing effect.
EP L-PBF samples: The 316L SS and TC4 with initial roughness above 10 pm should
be polished with the simulated parameters and the roughness, weight and height
changes should be investigated. How to improve the polishing effect such as further
reducing the roughness or the materials removal amount, and how is the effect of the
combination of different polishing parameters should be investigated.

Prediction model selection and setup: Many models can be applied for carrying the
prediction, like numerical simulation (FEM, Monte-Carlos, etc), machine learning
(Neural Network, Random Forest, etc), etc. Numerical simulation can reduce the
experiment workload and provide the details of the polishing process and results
while this method takes time. Machine Learning could give a fast response, but a
large amount of data is needed. In this thesis, this simulation will be discussed, and a

moderate method adopted for prediction.

Methodology of this Thesis

In this thesis, the following research methodologies were adopted:

16
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1.6

The sample polarisation curve will be measured by a potentiostat in a three-electrodes
electrochemical system. The curve will be analysed to primarily evaluate the
polishing effect of the electrolytes and confirm the range of the polishing current
density (mA/cm?).

The gaussian filter will be introduced to divide the primary surface of the L-PBF
sample into waviness surface and residual surface based on the wavelength of the
laser track. Profiles with different cut-off values will be investigated to guarantee the
signal integrity of all types of surface textures.

The Spatial Frequency Method was employed to model rough L-PBF surfaces, and
the simulated surface roughness was compared with the measured results. FEM was
introduced to model the viscous layer formation process during the EP process. The
surface roughness and the uniformity of the viscous layer were calculated in
MATLAB software.

The 316L SS and TC4 samples will be polished based on the simulation parameters
with different current densities and polishing times. Each experiment will be repeated
three times to minimise random error. A two-step EP process will be proposed and
carried out based on the one-step polishing effect.

The neural network and random forest will be introduced to train and predict data
obtained in the experiment. The prediction accuracy of the model will be improved

using the hyperparametric optimisation method.

Thesis Layout

Chapter 1 covers the research background, tasks, methodologies, and layout of this
PhD research.

Chapter 2 provides a literature review of technologies and studies relevant to surface
finishing and measurement methods, including traditional mechanical polishing,
abrasive-based polishing, thermal-based polishing, and chemical and electrochemical
polishing.

Chapter 3 introduces the measurement technologies including electrochemical
analysis and surface characterisation. The initial characterisation and analysis of the
polarisation curve and division of the surface texture were presented.

Chapter 4 numerically simulates the viscous layer growth process on the anode
surface during the EP process. The polishing parameters including diffusion
coefficient, inlet velocity, inter-electrode distance, and height and wavelength
distribution are investigated numerically concerning the thickness and geometry of

the viscous layer.
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» Chapter 5 investigated four types of electrolytes for their effectiveness in polishing
316L SS and TC4. The electrolyte included 65 % H3POa, 85 % H3POs, a mixture
solution of 1M sodium chloride (NaCl), ethylene glycol (EG), and 10% ethanol, and
an aqgueous commercial electrolyte A2. The effects of high current densities on the
surface roughness, materials removal weight, and thickness reduction were evaluated,
along with the morphological characteristics of the polished surfaces.

» Chapter 6 proposes a two-step EP process method by using the NaCI-EG-10%
Ethanol and A2 electrolyte with different polishing times and current densities. The
one-step and two-step experiment parameters and results were adopted for future
prediction using machine learning.

» Chapter 7 details some important conclusions of this research and future work to

improve the polishing efficiency of the rough AM surface and the prediction accuracy.
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Chapter 2 Literature Review

This chapter provides a literature review concerning EP technology. Firstly, the basic
knowledge including the system setup, materials removal mechanism, polarisation curve,
theory development, materials and processing factors in general EP process are presented.
Then the application of EP technology in polishing L-PBF components and its limitations are

summarised.

2.1 Fundamental Aspects of Electrochemical Polishing

EP technology is a process of removing materials from component surfaces for the aim of
polishing, passivating, and deburring®®°. Although the EP process was initially discovered in
the nineteenth century, it is still a promising method to machine metals as it has no damage on
the surface, unlike the mechanical method. In recent years, laser manufacturing, AM, and
biomedical devices developed rapidly, which further provided high requirements on surface

conditions obtained by EP technologies.

EP technology is a complex process that involves several simultaneous mechanisms,
including chemical reactions, electron exchange, ion transfer, and electric-thermal exchange.
The process is influenced by various factors, such as current density, voltage, electrolyte
composition, temperature, agitation, inter-electrode distance, etc. Currently, there is no
mature theory able to explain the EP process and mechanism perfectly. Therefore,
understanding the fundamental aspect is essential for researchers or practitioners before

carrying out simulations or experiments.
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2.1.1 Electrochemical System

EP systems can be classified into two types: two-electrode and three-electrode systems, as
depicted in Figure 15. In the two-electrode system, the workpiece serves as the anode, or
working electrode, and is connected to the positive side of the power source. The other
electrode, the cathode or counter electrode, is connected to the negative side of the power
source. Both electrodes are immersed in a tank filled with electrolyte®®. When the power
source is turned on, current flows through the direction of the positive - working electrode -
electrolyte - counter electrode - negative, and the metal dissolved occurs on the anode
surface®*®°. Usually, the dissolved metals would transform into metal oxide or hydroxide, and
some by-product may be generated on the anode and cathode surface depending on the
polishing parameters. Regarding a specific EP system, there should exist an optimal region of
current density and potential for achieving the desired polishing effect. Nevertheless, it should
be noted that the potential difference between the anode and cathode may be influenced by
the surface conditions of the counter electrode. Consequently, the optimal polishing

parameters may optimal polishing parameters might be varied slightly each time.

Figure 15 (b) depicts the three-electrode EP system, which includes an additional reference
electrode in addition to the two electrodes in the two-electrode system. In this system, the
applied voltage is the potential difference between the working electrode and the reference
electrode. As the potential of the reference electrode is insensitive to changes in the
environment, the voltage values remain stable. Therefore, the optimal polishing parameters
and better polishing effect are easier to obtain. However, the reference electrode usually has
restrictions on the applied voltage, pH, electrolyte composition, etc., or it would be destroyed.

(a) l@ - (b) ,
L Potentiostat 1

Electrolyte Electrolyte

Figure 15 Typical setup of EP system (a) two-electrodes system and (b) three electrodes system (WE: working

electrode, RE: reference electrode, CE: counter electrode).
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2.1.2 Materials Removal Mechanism

During the EP process, electrons will be transferred from the anode to the cathode via the
external circuit, and from the cathode to the anode within the electrolyte. This will result in
the loss of electrons and oxidation of metal elements situated on the anode surface.
Simultaneously, the metal ions will transport toward the cathodic side and possibly be
reduced depending on the potential. If the solution contains hydrogen ions, the cathode
surface will generate hydrogen as a result of the low reaction potential.

Figure 16 (a) illustrates an example of chemical reactions in the EP process. The reaction can
be expressed as the oxidisation of metal and oxygen ions, and the reduction of hydrogen ions
on the anode and cathode surface, respectively.

Me > Me*
0% >0,
H* > H2

where M. represents one type of metal. However, sometimes the generation of gas bubbles
cannot be observed during the EP process because a compact salt film will form on the anode

surface during the EP process.

Figure 16 (b) illustrates the ‘sharp effect’ of the electrons, which is one of the factors for
surface flattening. More electrons prefer gathering at the sharp regions and therefore, the
current density at the region will be higher than in the flat region. According to Faraday’s first

law:

1. The amount of material (ions) oxidised or reduced at the electrodes during electrolysis is
directly proportional to the amount of electrical charge that is passed through the

electrolytic solution or molten electrolyte.
m = zFJt (2)

where m is the mass of substance deposited or dissolved, z is the number of moles of
electrons involved in the reaction, F is the Faraday constant (96485 C/mol), 1 is the current
flowing through the electrolyte, and t is the time. Therefore, the peak region will have a larger
materials removal amount than the flat region in the same polishing time. Additionally,
Faraday's second law can also be applied to describe the materials removal process, as shown

below as 2.

2. When the same amount of electrical charge is passed through different electrolytes
containing ions of different elements, the amount of material (ions) that is oxidised or
reduced at the electrodes is directly proportional to the chemical equivalent weight of the

element.
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m=—-[g] (3)

where M is the molar mass of the material being dissolved, | is the current flowing through
the electrolyte, t is the time of EP process, n is the number of moles of electrons involved in
the reaction, and F is the Faraday constant. Noticeably, the number of coulombs of electricity
required to oxidise or reduce 1 M of a particular element during the EP process can be
expressed as nF/M.

With a workpiece material density of p, the volume of material V removed during the EP
process based on the current I, time t and the fundamental principles of electrochemistry can
be expressed as equation (4).

V= mm] (4)

However, mass transport of the dissolved metals, acceptors, etc. will also restrict the current

density. Detailed discussion will be presented in the following sections.

Electropolishing

(a) DC Power supply (b) Electrical potential distribution
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Figure 16 Materials removal mechanism in a two-electrodes EP system (source: www.substech.com)

2.1.3 Anodic Polarisation Curve

Generally, the anodic polarisation curve is the voltage-current density curve measured in a
three-electrode EP system, which can present the surface processes status on the anode
surface under different voltage or current densities. Figure 17 shows three types of
polarisation curves measured in the electrochemical systems with different electrode materials

and electrolyte compositions). Curve 1 implied that only the etching process happened in the
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electrochemical system with the increasing current density. In this system, the grain boundary
on the anode surface will be electrochemically corroded and no other behaviour will occur in
the electrolyte, leading to the generation of an uneven surface. Curve 2 implied the polishing
process with high efficiency could happen in the electrochemical system where three sub-
regions were divided. Etching still occurred in region (i) because the fundamental anodic
layer was still not generated on the anode surface. With the increase of current density, the
layer was generated and stable, polishing behaviour occurred in region (ii). The polishing
process in region (ii) was mass transport controlled and the thickness of the layer would be
increased with the increased voltage. However, the anodic layer because unstable and even
broken when the current density enters the region (iii). A large amount of gas bubble would
also be generated on the anode surface, leading to pitting corrosion. Curve 3 implied the
passivation process happened and affected the polishing efficiency in the electrochemical
system. Region (i) is also the etching process as curve 2 while a passive oxide layer would
form on the anode surface when current density enters region (ii). The current density had an
evident drop because the resistance of the oxidised layer was high, leading to a low rate of
metal dissolution. In region (iii), the passive oxidise layer would be destroyed and the
transpassive phenomenon occurred that the dissolution became uniform, leading to a smooth
but not polished surface.

Current density

Anode potential

Figure 17 Anode potential-current density polarization curves .
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In general practice, the polarisation curve in the EP system might not be as ideal as curve 2,
but it would be more similar to one between curve 2 and curve 3. Figure 18 shows a classical
polarisation curve of an EP system, including the regions of etching, passivating, polishing
(limiting current density plateau region), and transpassive (gas evolution). The etching,
passivating, and polishing phenomena would occur at the same time while the polishing was

the domination at the limiting current density plateau region.
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Figure 18 The current density-voltage curve of EP process®.

2.1.4 Electrochemical Polishing Theory

As the metal continues to dissolve, a viscous layer is generated on the anode surface, causing
the metal ion concentration to decrease from the surface towards the bulk electrolyte. Despite
the numerous theories that have been proposed to explain the nature of the viscous layer, the
materials removal mechanism, and other aspects of the process, no single theory can fully
explain the complexities of electrochemical polishing (EP). However, these theories have
contributed to a better understanding of the EP mechanism. For example, Jacquet's and Hoar's
theories provide insight into the surface smoothing mechanism, while Elmore’s, Halfaway's

and Rowland’s theories help to explain EP efficiency®**.
» Viscous layer theory

Jacquet pioneered the systematic study of the EP process through brightening copper surfaces

in aqueous orthophosphoric acid and proposed the ‘viscous layer theory’ in 1935 and 1936527,
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As shown in Figure 19, a viscous layer with high ohmic resistance was generated on the
anode surface because of the diffusion of the electrolyte and dissolved metals. Under the
assumption that the viscous layer boundary adjacent to the bulk electrolyte was flat, the
viscous layer thickness at the valley regions was larger than that of the peak regions on the
anode surface. Therefore, the current density would be higher at the peak regions than that of
the valley regions. As the materials removal rate is proportional to the charges flowing
through the system according to Faraday’s law, metal at the peak regions would have a more

rapid dissolution rate. Finally, the surface became smooth gradually.

Figure 19 Schematic diagram of “viscous layer theory .

The viscous layer was experimentally observed later in 1942 and 1950 by Gilbertson and
Francis et al on polishing a silver surface in a cyanide bath with direct and cycle current55°,
In the same year 1950, Walton et al studied the effect of viscosity and conductivities of
aqueous phosphoric acid and phosphoric acid-glycerol-ethylene glycol mixtures on the anode
layer during the EP process. They concluded that the polishing effect would deteriorate if the
anode layer was destroyed, and the effective thickness of the anode layer was estimated to be

100 pm.
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However, the description of the theory at that time was somewhat obscure and too simple to
explain some common phenomena during the process. For example, why is the existence of
the limiting current density plateau region, and why some external parameters such as
temperature, agitation, inter-electrode distance and electrolyte viscosity could influence the
polishing effect and efficiency? Hickling and Higgins also found the reverse relationship
between the metal dissolution rate and electrolyte viscosity in 1953 which cannot be
explained by the viscous layer theory at that time. However, The theory indeed provides a
new horizon for explaining the EP process and is still widely adopted for guiding the

experiment nowadays’"3,
> Passivation theory

In 1950, Hoar et al proposed the ‘passivation theory’, where the characteristics of the
compact solid film generated on the anode surface during the EP process were similar to the
anodic passivity oxidise film®. They conducted nickel anodic in the solution of aqueous
sulfuric acid and found the potential had a sharp increase before the polishing occurred. The
result was compared with the passivation experiment of nickel in low-concentration acid
conducted by Muller et al™*. However, the thickness of the compact solid film was the order
of a few Angstroms and would be difficult to grow thick because the metal oxidise was
dissolved into the bulk electrolyte as fast as it was formed anodically from the metal®®. Later,
Hoar et al proved the existence of the presence of the compact solid film by EP copper and a-
brass anodes in the aqueous orthophosphoric acid in 1952, Droplets of mercury on EP
copper or alpha brass become fixed and then become wet in a small area with the flow of
anodic current without spreading, indicating the creation of a successively formed and

dissolved dense solid film in the polished area.

In Hoar’s theory, the valley region preferred to be oxidised than the peak region on the anode
surface because of the thicker and more stable transient flowing layer of the electrolytes.
Therefore, the valley region would have more serious polarised, driving the current gathering
at the peak region. However, Rowland et al reported that Hoar’s result could not be confirmed
in 1953 and Williams et al reported the detection of the copper phosphate film but not copper
oxidise by electron diffraction later, which conflicted with Hoar’s theory®®’. Therefore, the

composition of the film generated on the anode surface still needs further investigation.
» Diffusion theory

In 1939 and 1940, EImore proposed that the concentration gradient on the anode surface alone
controls the rate of solution®®®, He made two assumptions: (1) the concentration of copper
reached its maximum at the anode surface and decreased toward the bulk electrolyte, limiting

the dissolution and transport of the copper; (2) the concentration gradient at the peak regions
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was larger than that of the valley regions, and therefore the surface became smooth gradually.

According to the Nernest equation as follows:

nFD(Cs—Cp)

= (5)

where § is the diffusion layer thickness, i is the current density, n is the total amount of ions in
the EP system, F is the Faraday constant, D is the diffusion coefficient of the rate-limiting
species, Cs is surface concentration and C, is the bulk concentration of the ions. As the
diffusion layer thickness at the peak region is thinner than that at the valley region, the current
density at the peak regions would be higher and thus a higher materials removal rate.
Additionally, Elmore also established the relationship between the current density and the

time required for the diffusion layer growth. The equation was as follows®:

to

rE—1— —— (6)
iotZCmAF\TD

where ip is the current, to is the period to generate the stable diffusion layer, C is the
dissolution ability of metal in the electrolyte, A is the polishing area, F is the Faraday constant

and D is the diffusion coefficient of dissolved anode materials.

In 1956, Williams and Barrett confirmed Elmore’s theory by experimentally polishing copper
in agueous phosphoric acid. The composition of copper phosphate was observed by electron
diffraction technology and the assumption that copper ions had a dissolution limitation in
phosphoric acid was proved. Currently, the diffusion theory is one of the most acceptable
mechanisms for explaining the EP process, especially in the rate determination process.
However, it did not count the electrolyte viscosity, and therefore, the problems of why the
electrolyte must be the viscous solution, and why the changes of viscosity or temperature

could influence the polishing efficiency cannot be solved by the theory.
» Acceptor theory

Elmore’s theory considered the metal ions to be the limiting factor while Kolthoff and Miller
found the limiting current density for anodic dissolution of mercury also emerged when the
limiting ions were anions such as SCN-, etc”’. In 1951, Halfaway proposed that the anions
also contribute to the dissolution of metals on the anode surface, and this theory was
developed by Edwards in 1953788, Firstly, Halfaway tested Elmore’s equations by polishing
copper in the aqueous phosphoric acid and concluded that the process is diffusion-controlled
while the assumption that the onset EP coincided with the attainment of the solubility limit of
copper in the electrolytes was incorrect. Then Halfaway studied the polishing process on a
composite anode surface with peak and valley regions insulated from each other and found
that the surface smoothing mode in the EP process was solely related to the concentration

gradient within the diffusion layer. Specifically, the polishing effect was governed by the
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acceptor including the anions and molecules. Figure 20 shows the concentration distribution
of the acceptor from anode surface to the bulk electrolyte, where the limiting current density
would be reached when the acceptors on the anode surface was totally consumed.

Figure 20 Concentration distribution of the acceptor to the anode surface®
» lonic adsorption theory

In 1950, Darmois et al proposed the ‘ionic adsorption theory’ that anions would be adsorped
on the anode surface and formed an ionic layer®:. This theory was established based on
Rowland’s findings that some metals could be polished in molten chloride®. As the oxides
would be chlorides at a high temperature, the oxide film formed on the anode surface during

the polishing process became impossible.

2.2 Electrode and Electrolyte

Most metals can be polished by electrochemical method while suitable electrolytes should be
identified as the electrochemical reaction may be varied according to the electrode and

electrolyte materials.

28



Chapter 2 Literature Review

2.2.1 Anode Materials

Electrode-related Variables contain the materials, shape, initial surface conditions of two

electrodes and surface size of the anode.

Initially, EP was mainly applied for finishing stainless steel, which was being utilised to
smooth the surface and improve the anti-corrosion until now. At present, EP materials have
been extended mainly on the following metals®: aluminium, antimony, beryllium, bismuth,
cadmium, chromium, cobalt, copper, germanium, gold, hafnium, indium, iron (including alloy
steels, carbon steels, cast iron, ferrosilicon, stainless steels), lead, magnesium, manganese,
molybdenum, nickel, niobium, palladium, platinum, silver, tantalum, thorium, tin, titanium,
tungsten, uranium, vanadium, zinc, and zirconium. This development is because of its various
advantages, such as uniform finish, removal of burrs and sharp edges, improved cleanliness,
precise material removal, ability to smooth complex components, etc. In this part, 316L SS
and TC4 were selected as examples because (1) stainless steel is the most common metal in
the manufacturing industry and (2) TC4 are promising material used widely in many fields,

especially medical devices while polishing by EP is still difficult.
» 316L SS

The polishing of stainless-steel mainly consists of three steps®, pre-treatment, EP process and
characterisation, as shown in Figure 21. The specimen is first grounded to remove macro-
defects such as scratches, etc., and to obtain an expected initial surface roughness. Then the
anodic polarisation curve is measured to confirm the EP potential and current density.
Typically, the EP process is carried out at the limiting current density plateau region where
the current density and the corresponding potential are low. Other parameters, such as the
inter-electrode distance, agitation rate, polishing duration, etc., are adjusted in the experiment
process. After polishing, several methods will be used to measure its polishing efficiency and
final surface quality. Electrochemical impedance spectroscopy can be adopted to investigate
the resistive and capacitive properties of the EP system and could provide valuable insights
into the anodic dissolution process of SS under the mass transport process®. X-ray
photoelectron spectroscopy can be used to analyse the composition of the surface oxide film
to compare anti-corrosion ability before and after polishing®. For example, the increase of the
Cr element in the surface oxide film can offer a significant improvement in corrosion
resistance and pitting potential®. Several types of microscopes introduced in section 2.4.2 can

be applied to primary surface roughness®2& 8",
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SPfFi“}f'ﬂ preparation Corrosion Test
* Grinding | *Polarization Resistance
* De-greasing
* De-10nization EPR
I-V curve Metallurgical analysis
* Find plateau region * XPS
* Obtain process voltage * AES
EP process
* Electrode gap Analysis of the result
* Polishing time

Figure 21 Flow chart of EP stainless-steel®
» TC4

Ti and its alloy are currently in high demand in the industry due to their versatility and
capability with a wide range of applications, including aerospace®, medical applications®,
goods storage®, and medical devices. etc. The surface of Ti alloys naturally forms a stable
oxide layer under ambient conditions, which imparts excellent corrosion resistance,
biocompatibility, and excellent mechanical properties to these materials®* -, EP technique has
been proven to effectively eliminate surface unevenness, residual stress, etc., and produce a
thin, well-defined TiO, layer that serves as a protective barrier®. However, Ti alloys,
especially pure Ti, are commonly polished in HF or perchloric acid solution because of the
highly stable oxide thin layer on the surface® . These species are highly hazardous and could
cause several accidents if not used with extreme care. Two methods have been taken to solve

this issue, including developing new electrolytes and using pulse-reverse current.
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Zhang et al*’ polished Ti-6Al-4V using a mixture electrolyte of ethylene glycol, magnesium
chloride, and a small amount of deionized water. Figure 22 (left) shows that a levelled and
brightened surface with lower roughness (Ra = 2.52 um and 1.13 pm) and weight loss was
attained when the chloride concentration is 0.3 or 0.4 mol/L. This means that chloride ions
can promote the dissolution of Ti alloys and improve the polishing effect. However, when
chloride concentration is 0.5 mol/L, a rough and dark surface was observed, which may be
caused by the continuous metal dissolution process or over-corrosion during the EP process.
Figure 22 (right) shows the effect of adding ethanol into sodium chloride electrolyte to polish

pure titanium, and successfully obtaining a smooth and brighten surface after 50 min®,

Taylor developed a versatile pulse-reverse waveform to smooth passive metals®”. The anodic
forward pulse is adjusted to augment anion movement toward the anode. Throughout the
reverse pulse stage, the cathodic pulse is activated, possessing the ability to de-passivate the
surface, thus eliminating the necessity for chemical additives such as hydrofluoric acid or
alternative oxides. Subsequently, an OFF period might be implemented to enable the
restoration of reactive species and the expulsion of by-products and heat. Compared to the
traditional EP system with a DC output, the pulse reverses EP process can provide a more
flexible combination between the workpiece and electrolytes, and a high materials removal
rate because of the high instantaneous positive current density.
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Figure 22 Influence of chloride concentrations on the surface roughness of Ti-6Al-4V for EP at 25T, a current
density of 0.5 A/cm and a polishing time of 10min (left) Ra values of the EP Ti substrates, as determined with AFM:

as a function of the concentration of ethanol added when a constant 20V is applied (right)>’-%

2.2.2 Cathode and Reference Electrode Materials

The common cathodes are as follows: platinum, graphite, titanium, brass, silver, stainless
steel, and copper, which are required to have high stability, not to react with electrolytes and
good electrical conductivity®®1%, The additional reference electrode is an electrode that has a

stable and well-known electrode potential such as the standard hydrogen electrode, normal

31


https://en.wikipedia.org/wiki/Standard_hydrogen_electrode
https://en.wikipedia.org/wiki/Normal_hydrogen_electrode

Chapter 2 Literature Review

hydrogen electrode, and saturated calomel electrode. Such electrodes are used as a reference
potential to measure the voltage-current curve of the anode/electrolyte interface or electrolyte
or electrolyte/cathode interface to speculate potential physical/chemical reactions*-103,

2.2.3 Other Electrode-Related Parameters
» Electrode shape

Shapes of the cathode should be designed according to the anodic structure to form a stable
and average electric distribution field. The cylindrical tool can be used for polishing the inner
surface of holes, and the cuboid tool is for a flat surface. Regarding complex-shaped
components, several large-sized plates can be introduced and connected to surrounding
workpieces!®41%, Hocheng et al designed several different forms of tools to smooth holes and
found that an electrode with a helical flute can further improve surface roughness, meaning
that more form-details optimisation can lead to a better polishing effect!®. Additionally,
differently shaped tools can change the electric distribution between anode and cathode,
resulting in different size accuracy after processing®’. The region that could not be covered
by the cathode will have little current density flow through and therefore, a low materials

removal rate.
> Initial surface condition

The initial surface condition is another critical factor influencing the final polishing effect.
First oils and greases should be washed by the process of degreasing and pickling, promoting
electrolyte contact with the anode surface!®®. Second, initial surface roughness should be
controlled to obtain expected results because of the limited polishing ability of the EP process.
Maciag et al electropolished several samples with different initial pre-treatment methods
(mechanical polishing with different sandpapers, sandblasting, brushing)®. Results showed
that these samples reached their respective optimal surface quality under the same time,
voltage, and current density conditions, but with different roughness values. Figure 23
illustrates the impact of initial surface roughness on the EP of nitinol surfaces using an acid
electrolyte’®. The results show that, on one hand, with an initial roughness of 1 um, the
surface roughness was rapidly reduced to below 0.5 um within 50 s during the EP process,
and there was no signification improvement in surface roughness beyond this point. On the
other hand, with an initial roughness of 2 um, the surface roughness was gradually reduced to
0.98 um after 300 s EP process, and no apparent improvement was observed beyond this
point. The findings highlight the importance of carefully considering the initial surface
roughness of the workpiece to achieve a fast and effective EP process because the maximum

polishing capability of the EP process is limited. At the same time, cathodic surface quality
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can influence the polishing effect for the anode because micro-peak and valley can affect the

distribution of the electric field, leading to etching, not polishing, or other defects.
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Figure 23 Characteristics of initial anode surface roughness according to the variation of machining time*°
» Polished surface size

Anodic surface size is essential to calculate current density combined with the average output
current of the power source. Current density is a primary parameter reflecting chemical

reaction rate, and its equation can be expressed as follow!!!.

, I IonXt,
i = ave — on on ( 7 )
S Sx(t0n+toff)

where lave is the average current density, S is the anodic surface size for polishing, and lon, ton,

and tor are the current density and time of the pulse on and off.

2.2.4 Electrolytes

A desired electrolyte contains three parts: electroactive species, additives, and solvent. As a
result of the unique characteristics of metals, particular solution compositions should be
designed for polishing different metals, leading to a large number of electrolyte types. The
conventional electrolytes used to electropolish metals are acid solutions: hydrogen fluoride'*?,
perchloric acid®, sulfuric acid'**!'5, phosphoric acid't®14116117 or hydrochloric acid!!®
because they can react with metals and remove materials effectively. However, some of them

are toxic or explosive, and some are concentrated acids, which can damage the human body
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and environment. Some researchers try to use other solutions such as sodium hydroxide but
do not obtain an ideal result®>%’. Recently, the neutral salt electrolyte was proved to have a
similar polishing effect as the acid electrolytes in the EP process. For example, sodium
chloride'*®**?! and sodium nitratel06:113120.122-1%0 can he used to electropolish stainless steel.
Table 2 and Table 3 summarise the electrolytes used for polishing steel materials in the
previous studies. These chemical materials have their characteristics and can be mixed to

improve the polishing effect.

Additives are another important species added to the electrolyte for diverse purposest®!. Some
additives are used to reduce the electrolyte resistance to improve polishing efficiency?®2,
Others may be added to reduce surface tension, improve the wetting of the metal surface,
maintain the pH of the electrolyte, control the rate of metal dissolution, or optimise the
chemical, physical or technical properties of the surface!®1%, These properties include
corrosion resistance, texture, hardness, friction resistance, wear resistance, reflectivity,
surface energy, ductility and solderability. Sometimes additives can be used as the solvent
instead of water'*1%, Some additives used in the literature included Ethylene glycol, glycerol,
diethylene glycol monobutyl ether, Isopropyl alcohol, triethanolamine, triethylamine,

ethanolamine, diethanolamine, etc31:%6:114-117,138-143

The volume ratio of each species also plays a critical role in the EP process of various
materials. Inorganic chemical species, such as acids or salts, act as carriers of current, heat,
and reaction products during the EP process. For instance, when polishing copper, an increase
in acid concentration has been shown to improve the polishing effect, as evidenced by a
decrease in average surface roughness!*. Similarly, when pure Ti alloys are polished using
the electrolyte of the sulfuric acid-ethanol, anodic polarisation behaviour recorded at a
constant temperature of 253 K reveals that the limiting current density increases with
decreasing H.SO4 concentration, reaching a maximum at 1M electrolytes, as shown in Figure
2415, This trend is consistent with the findings reported by Chen et al**> and Fushimi et al**°,
who demonstrated that current density decreases with increasing sulfuric acid volume ratio in
phosphoric-sulfuric mixed acid. The decrease in current density suggests that the SO4% ion is
not a significant factor in mass transport during the limiting current plateau region. These
findings emphasise the importance of carefully controlling the volume ratio of each species to

optimise the EP process for a given material.
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Table 2 Electrolytes used for polishing stainless steel

Type of electroactive

materials/electrolyte

Function

NaCIllQ—lZl

NaN 0383,104,118,120,122,122—

130,147,148

Nao H 118,147

NaN 02147,150

sto4118,147

HsPO415:

NaClOz'’

HsPO4 + HoSO,4116:147.152
KNO3™
NaNQO; + Na;SO,1%2
NaCl + NaNQ;!20.154.155
HCI
NaSiOs™’
HsPO, + H,SO, + CrO,158
ChCI + Ethylene glycol**®
HsPO, + Glycerol*"1%

ChCI + Ethylene glycol +
(COQH),*°

» Enhanced metal dissolution and improved conductivity
> Increased risk of corrosion if the concentration of NaCl is

too high and difficulty in achieving a uniform finish

> Used for high chromium steel*®
» Reduced hydrogen gas evolution and environment-friendly
> Low material removal rate, increased risk of surface

pitting, and difficulty in achieving a high degree of brightness

» Increased materials removal rate and enhanced brightness
» Potential damage to equipment and limited compatibility

» Enhanced brightness, and reduced risk of surface pitting
» Limiting compatibility, increased risk of hydrogen gas

evolution, and potential environment concerns

» Enhanced material removal rate, improve the polishing
effect

» Corrosive, limited combability and environment concerns
» Low corrosive but low polishing efficiency

» High removal rates and close tolerances while the removal
rate may be reduced if the anode being polished contains high

levels of chromium.
/
/

» Passivating electrolyte

/

~

/

» Oxalic acid could improve the properties of the liquid

formed
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Table 3 Electrolytes used for polishing Ti alloys

Type of electroactive

materials/electrolyte

Function

HF + H,SO4 + HNO3'®!

AICI; + ZnCl, + EtOH + |PA%162-165
AICI; + ZnCl, + EtOH + nBuQH216
HCIO4 + CH;COQH%:167.168,168,169
HCIO, + CHsCOOH + C,HsOH16%-171
HF + CH;COOH + H>S04!"
NaCl + CoHa(OH) 173174
C2Ha(OH)2 + MgCl; + H,0¥
HCIO, + CH:COOH + H0%7
CsH14CINO + C3HgO,'7™®
H2SO4 + CH3OH134176
HCIO4 + CoHsOHY?

» Acid solution is corrosive while can remove
materials at a fast speed. Some acid solution is
hazardous and not recommended to use such as
HF and HCIO..

> Salt electrolyte (NaCl, AICl;, ZnCl,, NaNOs,
etc.) is environment friendly while having a
low material removal rate, and the polishing
quality is worse than acid solution.

» Organic solution can de-stabilise the passive
film in an anhydrous environment and is
the material

environment friendly, while

removal rate is low!%2,

- —"—

—m— 0.5 M Sulfuric Acid-Ethanol Electrolytes
1 M Sulfuric Acid-Ethanol Electrolytes
3 M Sulfuric Acid-Ethanol Electrolytes
5 M Sulfuric Acid-Ethanol Electrolytes

Current Density (A/cm?)

E(V vs. Ag/AgCl)

Figure 24 Anodic polarization behaviour of the Ti at a rotation speed of 100 rpm in 0.5, 1, 3 and 5 M sulfuric

acid-ethanol electrolytes®®
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2.3 Factors in Polishing Process

Other than the electrode and solution-related variables that will affect the electrode reaction
rate, there are still many other factors, as shown in Figure 25. Common factors include
temperature, polishing duration, potential, current density and mass transfer mode.

External variables

Temperature (T)
Pressure (P)

Time (t)
Electrode variables
Materials Electrical variables
Surface area Potential (E)
Geometry Current (1)
Surface condition Quantity of electricity (Q)

Solution variables (electrolyte)

Mass transfer variables

Bulk concentration of
Mode(diffusion, convection,...) electroactive species (Cg, Cg)
Surface concentrations Concentrations of other species
Adsorption (electrolyte, pH,...)

Solvent

Figure 25 Variables affecting the rate of an electrode reaction'’®.

2.3.1 Electrical Variables

As shown in Figure 26, three types of power supply are commonly used in EP: direct current,
pulse current and pulse-reverse current. The conventional EP process is typically performed
with direct current, in which case only electrical parameters of potential and current density
need to be considered’>"%-182 However, traditional electrolytes usually have high viscosity or
low conductivity to increase the potential gradient between the protruded and depressed parts.
Consequently, a large amount of heat was generated during the EP process and damaged the
viscous layer, leading to a deteriorating polishing effect®®. For example, in Pawan’s
experiment, the temperature of the electrolyte can be around 75 °C, and even a value higher
than 100 °C can be observed in his previous research®. This phenomenon cannot be avoided

even if adding a cooling-down device during the EP process.

Soon after, it was found that pulse reverses waveform of the current can be employed, and it
can provide an expected polishing effect. Although the average current density and the
electrolyte flow rate were low the instantaneous current density was high enough to remove

the passive layer adherent on the anode surface®01521818 NMoreover, the EP system will be
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controlled at a low temperate because of the low average current density. For example,
Hye-Jin et al successfully polished steel at room temperature using pulsed electric current®,
In this case, extra parameters of pulse width (ton and tor) and duty cycle (ton/(torrt+totr)) can also
contribute to the polishing effect. However, this kind of current still cannot finish titanium,
which is easily passivated in most electrolytes without concentrated acid®!.

Tayler proposed surface finishing techniques using the pulse-reverse current density, reducing
the dependence of the EP system on the types of electrolytes!®. Figure 26 (c) shows a general
pulse-reverse waveform used for the EP process, which can be divided into three
stages®097187.188 - At the region of the positive pulse (pulse-time tr and peak current Ig), the
anode dissolved, and the cations moved to the cathode in the electrolyte. At the region of the
negative pulse, the anode surface was de-passivated, meaning that the passive layer was
reduced. Consequently, the necessity of strong acids such as perchloride acid and
hydrofluoric acid was eliminated. At the period of pulse off, the by-product in the electrolyte,
heat generation and more importantly, the electrochemical product that accumulates on the
anode surface can be removed. Noticeably, the control of the duty cycle is crucial because the
continuous pulse current is the basis for generating the stable viscous layer on the anode
surface during the polishing process.

ave o
(c) tr tor
ty Time

(@) )

Time ton to Time

Figure 26 Types of power supply used for EP.

In general, current density controls the electrochemical reaction rate while the potential
controls the type of the electrochemical reaction. Figure 27 shows the pourbaix diagram for
the valence state of iron in solutions with different pH values and potential. When the anode
potential is below line 1, in the acid solution the iron will keep a solid state of Fe. When the
anode potential increases to above the dotted line of the hydrogen reduction (where the
hydrogen was generated, such as around line 2), iron will be dissolved into Fe?* and Fe3* in
acid solutions. Additionally, according to the anodic polarisation curve of steels, as shown in
Figure 18, etching, passivating, polishing, and pitting should also be controlled by adjusting

the potential difference between the electrodes.
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Fe(s)

Figure 27 Pourbaix diagram for iron at ionic concentrations of 1.0 mM

2.3.2 Mass Transfer Variables

Mass transfer can be divided into three groups: diffusion, convection and migration, where

the mechanisms are concentration gradient, external force and potential difference.

The driving force of diffusion is the thermal motion of molecules, leading to dynamic
equilibrium of concentration distribution. As the concentration of dissolved metals reaches
the maximum on the anode surface and decreases towards the bulk electrolyte during the EP
process, dissolved metals will move along the concentration gradient. Similarly, the anions

from the electrolyte will move from the electrolyte to the anode surface.

The mass transfer caused by convection was due to the motion of the solution, and therefore,
external forces should be applied such as agitation, flow electrolyte, etc. Figure 28 shows the
anode behaviour of 316L SS in the 1M NaCl-Ethylene glycol electrolyte with different stirrer
rate®. As the EP process at the limiting current density was determined by the mass transport
and the agitation could promote the mass transfer, the limiting current density increased with
the increasing stirrer rate. Additionally, the passivation and viscous layer could be thinner

under the higher stirrer rate, and therefore, the potential range of etching increased.
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Figure 28 Polarisation curves of 316L SS measured in the NaCl-Ethylene glycol electrolyte at ambient

temperature with different stirrer speed®

2.3.3 External Variables

Pressure, temperature, and polishing time are three regular parameters being considered
during the process. However, pressure usually keeps ambient because of the open polishing
system.

Temperature is a crucial factor affecting the motion of molecules and some additives content,
which may significantly influence the final surface roughness. According to Chi-Cheng.
research, weak intermolecular force and adsorbed ability caused the formation of a
noncompact anodic shield (vicious layer), meaning that some regions were shielded, and
some were not*®. This phenomenon resulted in abnormal current density distribution, leading
to uneven surface or pitting corrosion. However, the low temperature can reduce the
molecular mobility, including the viscous layer formation and the ions transfer, which can

have additional effects on reducing the current density and lowering the EP efficiency*.

EP process of porous austenitic SS in phosphoric-sulfuric mixed acid was studied using
current density-voltage curves at temperatures of 60<C, 70<C, and 80<C*°. The results
indicated that current density increases with temperature, leading to a high material removal
rate, as shown in Figure 29. Similar findings were obtained by Eliaz and Nissan!®! during

their EP process of 316L SS, as the data presented in Figure 29. These results underscore the
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importance of carefully controlling the temperature during the EP process to optimise surface

finish and achieve superior performance in a variety of applications.

700~
1:1 H3PO4:H2804

6004| 3500rpm
—a—60°C —e— 70°C —a—80°C

T

0.0 0.5 1.0 ' 1?5 2?0 ' 2.5 3.0
E (V vs. Ag/AgClgat )

Figure 29 The current density-voltage curve of porous authentic stainless steel at temperatures of 60, 70 and
80 °C'*
Each electrolyte has a limited polishing capability, meaning that surface roughness will reach
a constant after a long-time EP process. This capability depends on the electrolyte
composition, electrical parameters, and temperature. As shown in Figure 30, 316L SS
polished using electrolyte with lower water concentration (0%) had a lower final surface
roughness, which reaches the lowest value at approximately 10 mins and then keeps
constant®, Materials removal rate decreases and reaches the lowest value at the same time but
not zero, meaning that the workpiece will continue dissolving after the surface roughness

reaches the lowest, and this will affect the size accuracy of components.

Combining initial anodic surface and polishing time, the surface roughness parameters Ra can

be approximated by the following parametric dependence on time t2;

—t
Ra=Aet +C (8)

where A is the maximum decrease in roughness, 7 is the time constant, C is the minimum

achievable roughness, and t is the processing time.
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Figure 30 Material removal rates (left) and surface roughness Ra (right) of the EP processes with the water

concentrations of 0 % and 43 %*°

2.4 Electrochemical Polishing L-PBF Components

As mentioned in sections 1.2 and 1.4, the surface morphologies of the L-PBF components are
complicated and the capability of the EP process is limited. According to the impact factors
discussed in sections 2.2 and 2.3, this can be owing to the inappropriate selection of the
electrolyte and the polishing parameters. Additionally, the polishing results may be varied
using the same polishing setup and parameters in different literature because the

characterisation method is not the same, leading to non-meaningful results.

Brent et al studied the polishing effect of the EP duration, temperature, agitation and
electrolyte composition on the 316L SS. The surface roughness can reduce from 7.389 =+
0.106 pm to 1.996 +0.126 m, and the corresponding roughness reduction rate was 63 %*%.
The electrolyte of phosphoric acid and sulfuric acid are widely used to polish steel materials
while the current efficiency is somewhat low nowadays and the high temperature of 104 °C
will also cause unstable current density. Rotty also used a mixture of acid electrolytes to
polish the steel while the roughness they focus on is approximately and below 1 pm®94,
Although the ratio of phosphoric acid and sulfuric acid is different, the difference in the
roughness scale is too large. Rotty et al also found a deep eutectic solvent containing choline
chloride and ethylene glycol used for polishing 316L SS, which showed a better polishing
effect than the acid electrolyte they used before®2. Later, many researchers used the mixture
electrolytes of acid, methanol, ethylene glycol, etc to polish steel while the polishing effect
was not satisfied, e.g., from 10.3 pm to 6.14 pm and the characterisation methods were not

un ified30,44,195,196

Ti and its alloys are difficult to polish in general acid solution because a stable oxidise layer
will form on the anode surface and hinder the polishing process during EP. The industry uses

hydrofluoric acid and perchloric acid as electrolytes they are quite harmful to human bodies

42



Chapter 2 Literature Review

and the environment®. Longhitano et al tried to polish Ti-6Al-4V alloy with 5 % perchloric
acid (60 %) in acetic acid and compared it with the blasting, chemical etching and
the roughness of the Ti-6Al-4V
approximately 7.8 pm from 6.4 pm after the EP process, which might be because of the

combination methods?®. However, increased to
unsuitable concentration of the perchloric acid. Urlea et al use the 6 % perchloric acid in
glacial acetic acid and successfully reduce the roughness of Ti-6Al-4V from approximately
22.68 m to 2.52 pm, which is quite noble®™. Dong et al tried to use a salt electrolyte
composed of ethanol, n-butyl alcohol, hydrated aluminium chloride and zinc chloride
anhydrous®®®. Although the roughness reduction was not evident, e.g., from 10.314 pm to
3.309 pm, the electrolyte did not contain a harmful composition. Later, a new salt electrolyte
composed of ethylene glycol, magnesium chloride and water was proposed. The roughness
reduction was a little better than the result obtained in Dong’s work, corresponding to 75 %
and 67 %, respectively. Noticeably, the influence of the Cl- on the polishing effect was
investigated and a new TiO; layer formation and materials removal process was proposed, as

shown in Figure 31.

In addition, using high polishing current density can dramatically increase the material
removal rate according to Faraday’s Law. However, H,O electrolysis will be serious at high
current density and oxygen bubbles will be generated on the anode surface. The bubble will
move from the viscous layer to the electrolyte while the viscosity difference could cause the
bubble to break, and then the vacancy will be filled with the electrolyte which has a higher
fluidity than the viscous layer. Therefore, the current density at the vacancy will be higher
than other positions and the pitting hole is generated eventually. This phenomenon was called
the ‘Broken Bubble Tunnelling Effect’*.
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Figure 31 Formation process of TiO2 oxide film on the surface of Ti-6Al-4V alloy®’
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2.5 FEM Modelling of the EP process

The viscous layer formation and growth process are essential for the polishing effect of L-
PBF components since they have rough surface features with a height and wavelength range
of several hundred microns, which differs from the surface finish at the micro/nanometre
level. However, because of the electrolyte obstruction and the complexity of the EP process,
direct observation of the viscous layer with in-situ methods is difficult, restricting its
application in guiding the determination of the polishing window!®. Many researchers
adopted Taguchi methods to determine the polishing potential, inter-electrode distance,
electrolyte composition, stirring, etc., which are time-consuming and resource
inefficient!'31%8.19 - Although voltammetry can reflect surface reaction indirectly and benefit
the potential/current density selection, the determination of other parameters still requires a
large number of experimental attempts. Moreover, since no matured theory can be applied for
guidance and the EP process is sensitive to the environment, the process parameters selected

in the previous studies are varied?":166.169.170,178,200.201

The FEM is extensively employed in electrochemistry to solve the constituent partial
differential equations, which can simulate the growth mechanism of the viscous layer during
the EP process 2°2. Jemmely et al first modelled the growth of the viscous layer and assumed
that the layer thickness varied linearly with the charge transmitted through the system 2%,
However, the assumed linearity exponent exclusively correlated with the metal oxidation
while other ions from the electrolyte were neglected®. Lee et al modelled and predicted the
thickness and uniformity of the viscous layer in convection and diffusion modes, where multi-
ions were considered as an assembly with an concentration of 1 on the anode boundary?®.
Tang et al indicated that the electrolyte flow field directly influenced the polishing quality of
the workpiece surface®. Tailor et al modelled and simulated the thickness and uniformity of
the viscous layer by varying diffusion coefficient, inter-electrode distance, inlet velocity and
surface roughness “6. The simulation process and parameters were then improved and applied
in the electrochemical buffing experiment®®. Increasing studies have been reported on
simulating the electrochemical machining process to determine the electrolyte flow mode,
inter-electrode distance, rotational speed, etc.??!2, However, most of them on EP were
carried out on smooth surfaces or flat surfaces, ignoring the influence of the surface profile on
viscous layer thickness and geometry. For instance, the surface profile in Tailor’s work was
assumed to be ideal equilateral triangles, which can introduce deviation from the practical
components*, Moreover, the height difference of the L-PBF sample surfaces can exceed 100

pm, which has a non-negligible influence on the viscous layer.
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2.6 Machine Learning for EP

Machine Learning has progressed over the past two decades and can be defined as the
research field of enabling computers to learn without being explicitly programmed?:32%4, It
can assist in handling complicated data more efficiently than humans and developing software
for computer vision, robot control, data optimisation, natural language processing and other
applications?3, Common types of machine learning methods can be divided into supervised
learning, unsupervised learning, semi-supervised learning, reinforcement learning,

transduction, and learning to learn?®,

Regarding the field of predicting the surface roughness of samples obtained by AM
techniques, grinding, turning, multi-jet polishing etc., the researcher established the physical
model by investigating the relationship between the parameters and results and then solving
the mathematical equations before the widespread of the machine learning?®. The model is
meaningful and explainable but it is difficult to realise when the model involves complicated
physical fields and parameters. Numerical simulation such as the finite element method, finite
differentiate method, etc. can simulate the physical process and provide fundamental
understandings of the micro process with the assistance of the computer?’. However,
reasonable assumptions are necessary during the modelling process which will bring
deviations in the simulation results and the simulation time will also be long when the
simulation model is complicated or the mesh amount is large. Machine learning can also be
applied to train and predict the experiment results, which can produce accurate fitting results
in a short time. Brezocnik et al. proposed the genetic programming approach to predict
surface roughness based on cutting parameters. The final developed model showed very good
training and testing results. In addition to the genetic programming approach, many
algorithms can also be applied to train and test the surface roughness such as classification
and regression tress, random vector functional link network, ridge regression, support vector
regression, random forest, AdaBoost, etc. Li et al. compared and combined these algorithms
to predict the surface roughness in extrusion-based additive manufacturing polylactic acid.
The ensemble learning algorithm showed more accurate predicting results than the separated
algorithms?:8, Later, Wang et al applied ensemble learning with a genetic algorithm in the
multi-jetting polishing process. This method showed improved prediction results and superior
robustness to the ensemble strategy and genetic algorithms?®, The difference is that the
ensemble learning method in Li’s work involved six separated algorithms while Wang’s work
involved five separated algorithms. In addition, many other algorithms and machine learning

methods can be adopted such as deep learning, neural network, Bayesian, etc.
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2.7 Characterisation Techniques

Generally, EP is a technique employed to enhance the surface finish of metals by rendering
them anodic within an appropriate solution?®. Anodic levelling or smoothing is commonly
described in the literature, with surface brightening used as a distinguishing factor. Anodic
levelling generally refers to the removal of surface textures larger than 1 pm, resulting in a
flat but dull surface. On the contrary, anodic brightening involves eliminating textures smaller
than 1 pm, subsequently producing a mirror-like surface??t. This phenomenon can be
explained by the wavelength of visible light perceived by the human eyes, which ranges
between 400 and 700 nm. A mirror-like surface is achievable when surface textures are
maintained within or below this wavelength spectrum. Edwards et al??? later introduced a
classification of macro and micro smoothing, based on the dissolution mechanisms during the
electropolishing process. Macro smoothing encompasses the process wherein the impact of
surface defects and crystallographic orientation on metal dissolution is suppressed.
Conversely, micro smoothing is characterised by metal dissolution being governed by
concentration gradients and the tip-effect of electrical influences. As a result, diverse
evaluation methods are necessitated for assessing polishing surface finishes across varying
size scales. Stylus profilometry serves as the initial surface characterisation instrument, with
microscopic techniques progressively employed to obtain surface profiles, textures, and
additional information. Early 20th-century research by Jacquet utilised microscopic
approaches to examine the surface conditions of copper post-polishing??*22, More recently,
the application of microscopic techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM) for evaluating
surface conditions has become increasingly prevalent. Microscopy techniques are
indispensable diagnostic tools for assessing surface quality after the EP process. This review
offers a comprehensive examination of microscopic evaluation methods for EP techniques,
with a particular emphasis on the two fundamental forms of smoothing attainable through EP

technique: macroscopic and microscopic smoothing.

2.7.1 Stylus profilometry

The initial surface profilometry techniques can date back to the early 20th century when one
of the earliest techniques was stylus profilometry?®. The technique involves the use of a
stylus or probe, typically made of diamond or other hard material, that is brought into contact
with the surface being measured. The stylus is then moved along the surface, and the vertical

displacement of the stylus is recorded to create a profile of the surface topography.
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Modern stylus profilometers typically use a motorised stage to move the sample and stylus
probe, enabling fast and accurate measurements. The stylus is usually mounted on a cantilever
beam, which can deflect in response to the surface topography. The deflection of the stylus is
measured using a displacement sensor, such as a piezoelectric transducer or an interferometer,

which can detect sub-nanometre deflections??.

Stylus profilometry has the advantage of being a relatively simple and inexpensive technique
that can measure surface topography over a wide range of length scales, from a few
nanometres to millimetres. It is also capable of measuring surfaces with a wide range of
materials, including metals, ceramics, polymers, and semiconductors. However, stylus
profilometry has some limitations. One major limitation is the potential for the stylus to
damage or alter the surface being measured, especially at high contact forces or on soft or
delicate surfaces. Another limitation is the inability of the stylus to measure surface features
that are smaller than the stylus tip radius, typically on the order of a few nanometers?*’.
Additionally, the technique is not well-suited for measuring surfaces with complex
geometries, such as those found in microfluidic channels or rough surfaces. Despite these
limitations, stylus profilometry remains a valuable technique for many applications, including
quality control in manufacturing, surface roughness measurement in tribology, and surface
analysis in materials science. Recent advances in stylus profilometry include the integration
of multiple measurement modalities, such as optical and confocal microscopy, for more
comprehensive surface characterization. Additionally, the use of machine learning algorithms
for data analysis is becoming increasingly common in stylus profilometry, enabling faster and

more accurate measurement of surface topography??,

2.7.2 Optical Microscope

The optical microscope, sometimes also called a light microscope, is one of the oldest and
most widely used tools in the field of the microscope. It can provide high-quality, three-
dimensional images of samples without causing mechanical damage to the sample surfaces.
At the initial discovery of the electrolysis phenomenon, the optical microscope was adopted
by Jacquet for evaluating the surface brightness and the crystal grains of the anode before and
after the EP process??3?4, Later, Edwards et al designed an anode composed of copper alloys,
which had the evident geometrical structure of peak and valley regions on the surfaces and the
regions were isolated from each other. The polishing effect can be obtained from an optical
microscope by comparing the surface conditions between the peak and valleys, and thus the

EP smoothing efficiency can be calculated??.
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There are many types of optical microscopes including the compound microscope, stereo
microscope, polarising microscope, fluorescence microscope, and confocal microscope can be
employed to observe surface conditions. Although most of them cannot be used for measuring
surface textures at the nano scale, they can be used as the pre-processing for the electron
microscope. For instance, R. D. Schoone et al evaluated the sample quality obtained after the
EP process utilising an optical microscope to justify if the sample can be used for the TEM
observation. By combining the microscopies, they found that dislocation and stacking layers
would appear in the electropolished cobalt under the particular polishing environment, while

Fe-Ni alloys would have a structure of fine and tiny grains?%.

Although optical microscopes have the advantages of simple sample preparation and low cost,
the resolution and magnification are restricted because of the interference phenomenon of
visible light?®, In contrast, an electron microscope uses a beam of electrons that has a shorter
wavelength, allowing for high-resolution imaging with the ability to resolve structures down
to the atomic level (below 0.1 nanometres). Therefore, evaluating surface conditions of
samples in different scales should combine the employment of the optical microscope and

electron microscope.

2.7.3 Electron Microscope

Owing to the limitations imposed by light diffraction, a conventional optical microscope is
inadequate for assessing surface features that are below the threshold of light diffraction.
Nevertheless, substituting the lamp with a higher-energy alternative can lead to a
corresponding reduction in the irradiation wavelength. Consequently, electron microscopes
have emerged as indispensable tools for detecting structures considerably smaller than the
light diffraction limit*. Enhanced beam energy can further diminish the wavelength to the
sub-nanometre range. For example, a 5 KeV electron source in an electron microscope can
generate 0.248 nm electron irradiation and even atomic-resolution images using a sub-50 pm
electron probe!. Two kinds of electron microscopes are commonly employed to evaluate
electropolishing finishes: scanning electron microscopy (SEM) and transmission electron

microscopy (TEM).

The principle of SEM is to utilise a beam of high-energy electrons concentrated on the sample
surface, inducing the emitting of secondary electrons. Then, these electrons are captured and
utilised to produce visual images of the sample surface. SEM is particularly useful for the
visualisation of microstructures and defects and can also be combined with Energy Dispersive
X-ray Spectroscopy (EDS) for elemental analysis?*22%*®. TEM, on the other hand, works by

transmitting a beam of high-energy electrons through a thin sample, which interacts with the

48



Chapter 2 Literature Review

atoms in the sample, causing scattering and absorption of the electrons. The transmitted
electrons are then focused onto a fluorescent screen or detector, generating an image of the
internal structure, defects, and composition of materials, as well as allowing for the
visualisation of individual atoms and molecules?®®. Currently, TEM has become an essential
instrument for directly correlating the internal structure of materials such as metals,
semiconductors, ceramics, polymers and biomaterials with macro properties. To allow
electron transmission, metal specimens for TEM must be carefully prepared to achieve a
thickness of a few hundred nanometres or less?*"2%, The quality of the thin metal samples
greatly influences the success of TEM analysis. Although there are mechanical polishing
techniques available to prepare thin TEM samples, ensuring sample quality can be
difficult?®>24, Various literature has indicated that electrochemical polishing is a crucial step
in preparing qualified TEM samples??°239241242 Thin TEM specimen preparation typically
consists of three stages: (a) manufacturing a sample with a thickness of below 2 mm, (b)
machining the sample to ensure a thickness of approximately 0.2 mm, and (c) further
reducing the thickness of the sample to the nanometre scale to allow for adequate electron

beam penetration?*,

Regarding the application of the Microscope in the EP component, critical parameters such as
potential, current density, agitation, inter-electrode distance, electrolyte composition,
temperature, polishing time, and electrolyte flowing must be meticulously optimised to obtain
a qualified TEM sample for consistent characterisation. Necip®** produced aluminium
samples with high quality for TEM characterisation using a double-jet EP technique,
providing valuable suggestions for minimising failure during TEM workpiece preparation
with optimal EP parameters. In addition to pure metals, understanding alloy microstructures is
crucial for comprehensively understanding and reasoning their macro physical and chemical
properties. For instance, the two-phase TiAl alloy, which possesses exceptional specific
mechanical properties, has significant potential for aerospace applications. Consequently,
considerable research has focused on investigating the influence of the microstructure on the
mechanical performance of TiAl. A. Couret et al®* prepared thin TEM samples utilising a jet
EP method with an electrolyte containing perchloric acid and methanol. Because of the
suitable EP parameters and procedure, the quantitative relationship between the
microstructure and the macro performance can be calculated based on the TEM
characterisation. Sulaiman et al?*® prepared a TEM replica workpiece of P91 SS utilising a
combination of advanced techniques, region-specific replication, and EP process and

conducted quantitative microstructure analysis on the P91 steel workpiece.

Although the TEM can determine thin specimen microstructures, it cannot assess sample

surface morphology. Therefore, other techniques, such as SEM, are required for evaluating
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the surface morphology of samples after the EP process. SEM employs a high-energy electron
beam to scan the workpiece surface, with electron detectors probing the electrons that carry
workpiece structural information, revealing the surface structure. In 2012, the impact of the
EP process on copper foil in an H3sPO, electrolyte at high temperatures was investigated by
Didier Pribat and his colleagues®’’. The polished workpiece surfaces were analysed using a
JEOL JSM-7600F field emission SEM, and the electron backscattering diffraction (EBSD)
images were used to assess the grain growth process on the workpiece surfaces. Their
findings revealed that copper foil polished at approximately 65 <C in a 2.17 M H3PO,
electrolyte had a greater grain size in comparison to samples treated under different
conditions. Similarly, in 2016, the removal process of the tarnishing and surface roughness of
copper using the EP technique was investigated by Dahy et al?*8, The SEM with an energy-
dispersive X-ray (EDX) spectroscopy was introduced to analyse the surface conditions
including the residual elements and morphologies of the copper foil. In addition, the SEM
was employed to investigate the nano-crystallinity of the oxide layer on the 304 SS surface at
high temperatures in hydrogenated water by Sander et al?*®. Results showed that the chromite-
based crystals (ranging between 10 and 26 nm) were smaller than those produced by the
machining techniques such as cold-worked. Therefore, the expected smooth and brighten
surface conditions were obtained by the EP techniques because the surface micro-strain
generated in the cold-working process was eliminated. In a separate study on the EP of AlSI-
314 SS, Biaggio et al®° utilised SEM at 1000x magnification to evaluate the polished surface
structure. The SEM results revealed that the opaque, semi-bright, and bright AISI-314 SS

samples exhibited different surface textures.

2.7.4 Atomic Force Microscope

Although SEM can determine micromorphological features, it can only provide two-
dimensional and qualitative information about the surface finish. To achieve a comprehensive
understanding of the height profile or roughness of an electropolished component, AFM is
sometimes employed. Different from optical microscopy and SEM, AFM uses no
optical/electron lenses or light/electron radiation. Instead, the AFM technique uses a sharp tip
(approx. 10 nm in diameter), which was attached to a cantilever, to collect information by the
interaction between the tip and the surface profile of the workpiece. The deflection of the
cantilever is detected by a laser beam that is reflected off the back of the cantilever onto a
position-sensitive photodetector and then the signal from the cantilever deflection is
transformed into an electrical signal, which is processed by software to generate a surface

morphology. AFM offers many advantages compared to microscopic technologies. Firstly,
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because of the sharp tip, AFM can achieve sub-nanometre resolution, allowing for the
imaging of individual atoms and molecules. Secondly, because AFM only requires the tip to
interact with the surface of the sample, without the need for coating, or staining, it will not
damage the sample. Thirdly, AFM can generate 3D images, providing a more comprehensive

view of the sample®®2L,

A significant application of AFM in assessing electropolished metal surfaces is to provide
direct information on sample surface roughness, which cannot be accomplished by electron
microscopes. For instance, in 2012, Chi-Chang Hu et al®? investigated the polishing effect of
the 304 SS under different electrolyte temperatures and polishing duration using the EP
process in a mixture of electrolyte containing the HsPQO., H2504, and glycerol. The roughness
changes of the workpiece surface were characterised and calculated utilising the AFM
techniques. The results indicated that the electrolyte temperature and polishing duration were
two critical parameters that influenced the polishing quality of the SS materials. Later, the EP
parameters were optimised for polishing the 304 SS by Chi-Chang Hu et al®® and it was found
that the surface roughness of the workpiece can be reduced to below 45 nm in the same
electrolyte with surface roughness calculated with the AFM technique®. In 2016, Dahy et
al**® optimised EP parameters of the current density, polishing duration, electrolyte
temperature, and electrolyte viscosity during the polishing of commercial copper samples to
remove stains and improve surface smoothness. The surface roughness was also characterised
and calculated utilising the AFM technique. In 2013, Zak et al?®® investigated the EP
conditions of Ni-Ti alloy and evaluated the surface quality of the alloy after polishing using
AFM techniques.

Additionally, AFM is also a valuable technique for characterising metal surface morphology
after polishing. For example, the ordered nano-scale surface textures generated on the
aluminium obtained by the EP process were characterised using the AFM technique by
Metzger et al®”. Muhammad Aslam et al?** also utilised porous anodic alumina pre-treated by
the EP process, generating random features between 100 and 150 nm (4 nm - 5 nm amplitude),
and nano-strips of 50 nm at different EP potentials, which were validated by AFM

characterisation.

2.8 Surface Metrology

The initial profile measurement was initially carried out on the 2-dimensional aspect since the
first profilometry was invented in the 1930s. The areal texture measurement was realised in
the 1980s when white light interferometers and 3D profilometers appeared. Then, the

standardisation of the surface tools and characterisation indexes began with the related
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programmes starting in Europe. However, the areal surface texture was still in the research

progress and the recognition of characterising the L-PBF surfaces still lacking.

2.8.1 Profile parameters

Profile parameters can be divided into three groups: primary parameters, waviness parameters
and roughness parameters. After obtaining a raw measured surface profile, the primary profile
and parameters can be obtained by introducing a low pass filter with a cut-off value of As.
Then, the roughness profile can be obtained by applying a high-pass filter with a cut-off value
of Ac to the primary profile. The waviness profile can be obtained by applying a filter with
cut-off values of A/ and Jc to the primary profile. The relationship between the profiles is

shown in Figure 32.
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Figure 32 conceptual drawing of the filtration method

To avoid the noise and improve the repeatability of the characterisation, concepts of
evaluation length and sampling length were introduced for calculating the average, as shown
in Figure 33. ISO 4288 regulated that the selection of the sampling and evaluation length can
be based on the surface features and roughness values. Table 4 and Table 5 show the criteria
for selecting the sampling and evaluation lengths for the non-periodic and periodic profiles,

where Sm was the element length of the periodic profiles defined in 1SO 4287/1.

ISO 4287 also defined the terms for roughness parameters, which are summarised in Table 6,
where Z(x) was the height at the point x, Z(Rp)i, Z(Rp)i;, Z(Rt); were the maximum, minimum
and total height of the ith sampling length, | and In were sampling length and evaluation
length, and MI(c); was the materials length of the profile element for the section height level c.
The waviness and primary parameters shared similar equations and definitions, and the
expression of R was replaced with W and P, respectively. For example, the arithmetic means
deviation of the roughness, waviness and primary profiles were Ra, Wa, and Pa, respectively.
The ISO 4287 standard was partly replaced and modified in 1SO 21920 later. Noticeably, the
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sampling length was renamed as section length, and some height parameters were categorised
as peak-to-valley parameters (features parameters). Other changes referred to the new
standard documents.

—— Primary profile Waviness profile Roughness profile

A

| | | |

Sampling length

Evaluation length

Figure 33 conceptual drawing of the sampling method

Table 4 Sampling and evaluation lengths for the measurement of non-periodic profiles

Ra (pm) Sampling length (mm) Evaluation length (mm)
0.006-0.02 0.08 0.4

0.02-0.1 0.25 1.25

0.1-2.0 0.8 4.0

2.0-10.0 2.5 125
10.0-80.0 8.0 40

Table 5 Sampling and evaluation lengths for the measurement of periodic profiles

Sm (mm) Sampling length (mm) Evaluation length (mm)
0.01-0.032 0.08 0.4
0.032-0.1 0.25 1.25
0.1-0.32 0.8 4.0
0.32-1 2.5 125
1-3.2 8.0 40

Table 6 Roughness profile parameters, equations and definitions from 1SO 4287

Parameters Equation Definition

l
Ra % j |Z(x)|dx Arithmetic mean deviation of the assessed profile
0
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Rt max(Z(Rp)i)+ min(Z(Rv)) Total height of the profile
Rp max(Z(x)) Maximum profile peak height
Rv [min(Z(x)| Maximum profile valley depth
Rz Rp+Rv Maximum height of the profile
Rq H f IZZ(x)dx Root mean square deviation of the assessed profile
0
1 [1 ! .
Rsk — [— f Z3(x)dx] Skewness of the assessed profile
Rq3 |1 ),
Rku L2 f lz‘*(x)dx Kurtosis of the assessed profile
Rq* |1 J,

1 . .
Rc —ZZ(Rt)i Mean height of profile elements

m 1
Rsm li X; Mean spacing of profile elements

m L ¢
1 (ird 2 .

Rdq T f [d_ z(x)] dx Root mean square slope of the assessed profile

0 X
RPc / Peak count number
R Ly Material rati iven depth

mr EZ Mi(c); aterial ratio at a given dept

Rdc c(Rmrl1)-c(Rmr2) Profile section height between two material ratios

2.8.2 Areal parameters

Similar to the profile parameters, areal parameters can be divided into three groups: primary
parameters, waviness parameters and roughness parameters. However, all of them were
expressed as S-parameters and V-parameters such as Sa, Sv, Sp, Sz, Sq, etc., where the first
letter did not reflect the nature of surfaces. The meaning of the parameters depended on the
surfaces obtained and measured. Figure 34 shows the analysis workflow for general surfaces
from ISO 25178-2. S filter was to eliminate small wavelength components from primary
surfaces, after which the primary surface can be obtained. F operation was to eliminate the
specific forms of the components. The primary areal parameters can be calculated based on
the surfaces after being processed by the S filter and F operation. Then, the waviness and

roughness parameters can be calculated, respectively, by further applying another S filter or L
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filter on the S-F surfaces. L filter was to eliminate large wavelength components from the
surfaces. The surface evolution with different filters and operations is shown in Figure 35.

The terms, definitions and surface texture parameters were defined in 1ISO 25178 and revised
in 1SO 25178-2, which are summarised in Table 7. A was the test area of samples, and Z(x, y)
was the height at the coordinate of (x, y).

Skin model
! , ! ‘ 1
[ Electromagnetic surface ] Mechanical surface [ Auxiliary surface ]
| ) i [
¥
S Filter, Nis

|

Primary surface

}

F Operation
S-F surface
‘ Y
S Filter, Nic L Filter, Nic
' l ™\ f l N\
S-F surface S-L surface
\ - L "
l l v
(waviness) (roughness) (primary)
Areal parameters Areal parameters Areal parameters

Figure 34 Analysis workflow and surface categories for surfaces
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Figure 35 Surface evolution with different operations
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Table 7 Areal texture parameters, equations and definitions from 1SO 4287

Parameters Equation Definition
1 . . .
Sa I f f Z(x,y)dxdy Arithmetic mean deviation
1 i
sq JZ f f 72(x, y)dxdy Root mean square deviation
Sp max(Z(x,y)) Maximum peak height
Sv [min(Z(x,y))| Maximum valley depth
Sz Sp+Sv Maximum height
Ssk %E f f 73(x, y)dxdy] Skewness
Sku %E_ﬂ- Z*(x, y)dxdy] Kurtosis
Str / Texture aspect ratio
Fastest decay autocorrelation
Sal /
length
Std / Texture direction
1 0z(x,y) 0z(x,y) .
Sdq Jfo [( 5 ) % )2] dxdy Mean quadratic slope
1 9z(x,)\* | (0z(x, )\’
Sdr Zﬁ(\/[l + ( ax ) + ( % ) — 1)dxdy Eveloped Area

2.8.3 Operations and Filtrations

F operation was the form removal of samples using the least square method while filters
include morphological, outlier removal and smoothing filters. The morphological filter was
generally applied in the stylus profilometry while the outlier filter was applied in the optical
microscope. The smoothing filters such as S-filter, L-filter, etc. were used to separate the

surface in different scales and compare data obtained from a different instrument.

Spline and Gaussian filters were the main methods used as the smoothing filters in the
profilometry equipment. Theoretically, the Spline filter was better than the Gaussian filter in
processing structural and stratified surfaces while the difference in the results was not evident.

Additionally, the Gaussian filter was much simpler to implement and could save time,
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becoming the preferred choice over the former. The calculation process of the Gaussian filter

can be expressed as follows.

In general, the extraction of long-wave components through a filter operation can be
mathematically described using equation (9).

filter
z(x,y) —w(x,y) (9)

The residual short-wave component, denoted as r(x,y), can be obtained by subtracting the

long-wave components from the original surface, as shown in equation (10).
rxy) =z(xy) —w(x,y) (10)

When a Gaussian function is introduced to calculate the weight moving average, the filter
with the weight moving average is called the Gaussian filter. The averaging process involves
different weights assigned to the moving averages, which are determined by the weighting
function s(x,y) of the filter. Regarding areal filtering, the weight moving average can be
expressed as a double integral of the product of two functions s(x,y) and z(u, v), as shown in
equation (11).

w(x,y) = [ s(x = p,y — v)z(u, v)dudv (11)
where p and v represent the integral variants for the x and y axes, respectively. By
progressively calculating the value of weight moving average around the coordinate (X,y)
based on the function s(x,y), the weighting function with a cut-off value Ac can be obtained, as

shown in equation (12) (cut-off value is defined as threshold wavelength for profile filters.

Wavelength indicates 50% transmission of profile characteristics).

(=2 _(Y 2
s(x, y) = ai,lce n(alc) Le n’-(alc) (12)

Ac

The filter constant a = /1"72 = 0.4697 determines the amplitude damping of the planar filter at

50%. However, the Gaussian weighting function used in the filter has no compact support and
is unbounded in the x and y directions. To apply the filter practically, the weighting function
must be limited to a defined radius of influence. Points outside of this radius are excluded

from the calculation, which is achieved by setting the weighting function to zero for
Vx%+y2> LA, (Lc is commonly set as 0.5 or 0.6). This modification ensures that the

filtered surface value is based only on the surface values within the range of influence of the

filter, resulting in improved surface roughness.

Using the Fourier transform with the correlation 1 = Axcosp and 1 = Jysing, as shown in
Figure 36, and adding the complex-valued exponential function to the equation w(x,y) above,

the filter transfer function can be obtained.
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(e
SChady) = [ s(uvye o dudv (13)

By utilising the equation for the filter transfer function and the Gaussian weighting function
and considering the wavefront depicted in Figure 36, we can determine the filter transfer

function as follows.

_C)Z

S @) = e () = A6 (14)
The filter transfer function for the short-wave and long-wave components is shown in Figure
37, where the quotient % determines the cut-off wavelength for the filter. The wave with

wavelength A equalling Ac only has 50% transmission and with longer wavelengths has a

higher transmission.

=

2 wave front
9

k-

9

A

A

v

< hx » x-direction

Figure 36 Wavefront to calculate the transmission characteristic for sinusoidal topographies
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Figure 37 Filter transfer function of the Gaussian planar filter for long- and short-wave components (% =
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2.9 Summary

This chapter summarised the mechanism, theories, and parameters of the EP process, and the
characterisation techniques. According to the previous studies and the application on
polishing L-PBF steel and Ti alloys, researchers keep investigating effective and green
electrolytes for the EP process and optimise the polishing parameters.

However, there are still some limitations of previous electrolytes and parameters, and some
limitations on research methods, such as large experiment workload, low polishing efficiency,
low current efficiency, poor polishing capability, poor geometry control, lack of general
relationship between parameters and roughness, etc. Therefore, combining the numerical
simulation, experiment, and computer prediction method to systematically study the EP L-

PBF components, proposing and controlling the EP process is attractive.
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Chapter 4 Numerical Simulation of the Viscous Layer Formation

Chapter 3 Materials and Characterisation

Techniques

This chapter will introduce materials, experiment setup, and the devices used for the
electrochemical analysis and surface characterisation including the potentiostat, optical
microscope and field emission SEM. The surface index and metrology for characterisation in

this research will also be presented.

3.1 Simulation model and parameters
3.1.1 Problem Definition

Figure 38 (a) shows the 2D model of the EP system, including an anode, a cathode, a DC
power supply and flowing electrolytes with an initial velocity and concentration. To simplify
the simulation model, the region of interest between the electrodes is extracted from the EP
system and shown in Figure 38 (b). The model contains an anode surface (number 1), a
cathode surface (number 3), and inlet and outlet electrolyte boundaries (numbers 2 and 4).
The anode and cathode surfaces were set as wall boundaries. The parameters L and W

represent the length of the electrodes and the inter-electrode distance, respectively.

Since the L-PBF component surface profile is complicated, it was categorised into two
groups: waviness profile and residual profile®?®. The composition and the production
mechanism of the surface features are presented in Table 8. The surface roughness of the

anode is considered as an average height over the measured length of the area enclosed by the
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entire profile height characteristics, which can be represented by the surface index Ra. The

cathode surface is considered to be an ideally smooth and flat boundary.

+ | | = DC Power supply

(a)

Inlet =

Outlet

Figure 38 (a) Schematic digraph and (b) simulation model of the EP system

Table 8 Components and their production mechanism of surface features

Surface types Components Production mechanism
Melted tracks Formed by the flow of melted liquid
] Form error Formed by thermal effect
Waviness
5 Low power or local overheat, wavelength larger
ores
) than melted tracks
Primary
surface _ _ Formed by the interaction between the melting
Micro-asperity
process and metal powder
Residual Globules Unmelted/partial melted powder
Low power or local overheat, wavelength
Pores

smaller than melted tracks

During the EP process, a uniformly flat and highly resistive viscous layer was formed on the
anode surface, as shown in Figure 39 (a). The resistance at the protrusion was lower than the
valley of the anode surface, leading to a higher current density and materials removal rate in
the protrusion region. However, when the layer thickness was smaller than the anode surface

profile height, the viscous layer became non-uniform, as shown in Figure 39 (b). The
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difference in local materials removal rates on the anode surface became smaller, leading to
poorer polishing efficiency and effect. The viscous layer composed of dissolved metal ions
and electrolytic ions would be generated during the EP process, whose concentration would
reach the maximum adjacent to the anode surface and be reduced towards the bulk electrolyte
at the steady state®®46. Therefore, the ions were assumed as an entire group and their mass
transport process under the diffusion and convection conditions on the rough L-PBF

component surfaces are investigated.

h; h,

h, Viscous layer

Figure 39 Profile of the viscous layer on the anode surface when the thickness is (a) larger or (b) smaller than the
height of the anode surface profile.

3.1.2 Governing Equations

An appropriate model is essential for the simulation of electrochemically polished additive
manufacturing metals. General rough surfaces can be modelled using the Spatial Frequencies
Method as the equations (15)*%.

y=A fiVN (n2><(—§) x g1(n) X cos(wmnx + u1(n))) (15)

where N is the spatial frequency resolution, b is the spectral exponent, A is the scale
parameter in y coordinate, w is the average spatial frequency, gl is the Gaussian random
function, and ul is the uniform random function. Regarding the metal-PBF component
surface, which can be divided into waviness and residual surface, two elements are introduced
to formulate the final model.

b

y = Aw f_NN (nzx(_g)g“n) COS(G’Wme + ul(n))) + Ag f_NN (nzx(_z)gl(n) cos(a)Rimx + ul(n))) (16)
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where Aw, Ar, ww, and wr are scale parameters and spatial frequency of waviness and residual
surface characteristics. Hereafter, the surface roughness of the generated profile can be
calculated using equation (17).

L _
) ly-ylax
- L

Ra (17)

In the simulation, the temperature is always considered to be ambient. To address the
electrolyte flow characteristics subject to external forces, the electrolyte is considered an
incompressible Newtonian fluid. Furthermore, the electrolyte is in laminar mode and gravity
is neglected. Therefore, the Navier-Stokes equations (18) and the continuity equation (19) can

be applied.
pg—t+p(l7-u)u+Vp—V[n(Vu+(|7u)T)] =F (18)
Tu=0 (19)

where u is the velocity (m/s), p is the electrolyte density (kg/m®), p is the pressure (Pa), F is
the body force (N/m3), and # is the dynamic viscosity (Pa*s). In addition to convection,
diffusion and electromigration also contribute to the mass transport of the substances in the
electrolyte. This process can be described using the Nernst-Planck equation given the

assumption of mass conservation conditions.

2
at

+V(=DiVc; — Ziu;c;, VP + ic;) = R; (20)
Where Dj, ci, Zi, 4 and R; are diffusion coefficient (cm?/s), concentration (mol/m®), charge
number, ionic migration rate and electrochemical reaction rate of species i. ¢ is the electric
potential (V). The three terms in the brackets to the left of the equation represent diffusion,
migration and convection contributing to mass transport, respectively. Therefore, the
concentration and mass fluxes of inherent electrolyte substances and reacted substances can
be calculated by solving equation (20) for different metal surfaces, diffusion coefficients and
boundary conditions. However, the influence of the hydrodynamics on the formation of the
diffusion layer is considerably greater than that of the migration and therefore assumes that no
electrochemical reaction occurs at the steady state. Therefore, the governing equation (21) can

be obtained.

2

L TV (=DiVe +1c) =0 (21)

3.1.3 Boundary Conditions

To solve the Navier-Stokes equation, the density (p) and dynamic viscosity (i) of the

electrolyte are specified. The inlet boundary (number 2, Figure 38) is set to normal velocity
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with uo, and the outlet condition is zero-gauge pressure. Other surfaces are in non-slip wall

condition.

Regarding the diffusion model, the viscous layer forms on the anode surface and grows
toward the bulk electrolyte with a diffusion coefficient of D (from number 1 to 3, Figure 38).
To simplify the mass transport process, the concentration of the integral substances
composing the viscous layer on the anode surface is normalised to 1 and the concentration of
the other domains to 0. Noticeably, no inlet concentration boundary is applied as the
concentration values are normalised, and the inlet boundary (number 2, Figure 38) is set to no
mass flux. At the outlet boundary (number 4, Figure 38), the convection flow conditions are
applied. The detailed boundary conditions for the convection and diffusion model are shown
in Table 9.

Table 9 Boundary conditions and applied equations for the EP model

Boundary (Figure 38) Boundary conditions Equations
Wall, no-slip u=0
. Concentration (o
Inlet, the velocity of the electrolyte U = Uo
? No Flux —n-(N+uc)=0
Wall, no-slip u=0
’ No Flux —n-(N+uc)=0
Outlet, pressure =0 p=0
) convective flux n-DVc=0

Density: 1075 (kg/m?®), dynamic viscosity: 0.001 (Pa*s), Diffusion coefficient: D (m?/s)

3.1.4 Data Analysis and Model Validation

As shown in equation (15), to separate the height and wavelength characteristics, parameters

o are introduced to the equation. Therefore, the equation can be expressed as the wavelength
distribution of the generated surface is [j,+oo]. The anode surface profile model was

validated by comparing the surface roughness of the simulated surface profile with the
practical surface profile of L-PBF 316L SS. Detailed characterisation procedure and

corresponding theory were introduced in section 3.4.

The parameters used for calculating the profiles are listed in Table 10 and Table 11. Three

sets of simulated profiles were generated, for example, the profile setl composed of line W
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and line R1. Simultaneously, three steel samples were picked and their profiles were measured

to compare with the simulated profiles, respectively.

Table 10 Parameters used for simulating the L-PBF component waviness profile.

Profiles N b Ay, Wy
Line W, 2000 0.5 0.0012 0.08
Line W, 2000 0.5 0.010 0.08
Line W3 2000 0.5 0.010 0.08

Table 11 Parameters used for simulating the L-PBF component residual profile.

Profiles N b Ag Wg
Line R1 2000 0.5 0.007 0.15
Line R2 2000 0.5 0.0065 0.15
Line R3 2000 0.5 0.008 0.15

The convection and diffusion model was validated as well by comparing the growth process
of the viscous layer with the work reported by Lee et al and Tailor et al*6?6, The parameters
and results are shown in Table 12 and Figure 47. To intuitively compare the diffusion process,
the anode was constructed as a smooth surface with a length of 60 mm, and the inter-electrode
distance was 10 mm, which corresponds to the work reported by Lee et al*®®. The values of
the diffusion coefficient ranged from 1077 to 10° cm/s and from 10 to 10 m%s in the two

articles, meaning that there might be a typing mistake in Lee’s work after validation*®?%,

Table 12 Variants and values used for the validation.

Parameters D (m?/s) Uo (M/s) H (mm) A ®

Values 107 0 10 0 0

3.1.5 Simulation Parameters of Viscous Layer Formation

The variables and values utilised for the simulations are listed in Table 13. Since the scale
parameters and spatial frequency in equation (15) can represent the characteristics of
waviness and residual profiles, the surface model was simplified. Additionally, the length of

the model was reconstructed to 30 mm to reduce the computation burden.

The viscous layer roughness was calculated utilising equation (17) to quantitatively evaluate

the uniformity. The value was comparable to the anode surface roughness, meaning that they
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shared a similar surface height distribution and were not effective for the EP process.

Conversely, the viscous layer was smooth and flat when the roughness value was 0.

Table 13 Variants and values used in the simulation.

Parameters Values Surface Parameters
D (m?/s) 107-1010
Polishing A,,=0.012, w,,=0.08
Uo (M/s) 0.001 - 0.009
Parameters AR=0.007, wr=0.15
H (mm) 1-5
Parameters w 0.04-0.2 A=0.014

3.2 Materials and Experiment Setup

3.2.1 Materials and electrolytic solutions

The nominal composition and concentration of the 316L SS and TC4 with powder (Bright
Laser Technologies, China, https://www.xa-blt.com/) size ranging between 15 - 53 m are
shown in Table 14. The L-PBF samples were manufactured using the EOS M290 from
Germany. The parameters used in the L-PBF process include laser power of 220 W, scanning
speed of 100 mm/s, hatch distance of 0.11 mm and layer thickness of 0.04 mm. After
fabrication, 100 each of 316L stainless steel and TC4 specimens with a nominal size of 15
mm > 15 mm >3 mm and the initial surface roughness Sa ranges from 10 um to 25 pm were

obtained. Figure 40 shows the equipment and working platform.

The concentration and composition of the electrolytes are listed in Table 16. Four types of
electrolytes including 65 % and 85 % phosphoric acid, a mixture solution of NaCl, Ethylene
glycol (EG), and ethanol and a commercial electrolyte A2 were introduced. The phosphoric
acid was made by mixing with deionised water. The concentration of the NaCl was 1 M/L for
polishing both metals. The EG functioned as the solvent and the ethanol as an additive with a
concentration of 10% for polishing both metals. The commercial electrolyte A2 was
purchased from Struers Ltd (Rotherham, United Kingdom) which was fabricated by mixing
the total electrolyte A2-1 and A2-11, and finally, was composed of 4.7 % perchloric acid, 60.0 %
-78.4 % ethanol, 9.2 % - 13.8 % 2-butoxyethanol and 4.6 % — 13.8 % water.
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Table 14 Chemical composition of the initial feedstock steel powder in wt%.

Materials Fe Cr Ni Mo Mn Si Others

316L SS Bal 16.0-18.0 10.0-140 20-3.0 <20 <1.0 <01

Table 15 Chemical composition of the initial feedstock TC4 powder in wt%.

Materials Ti Al \V Fe 0] C Others

TC4 Bal 55-6.75 35-45 <03 0.08-015 <0.08 <0.07

Figure 40 L-PBF equipment for manufacturing 316L SS and TC4 (EOS M290, Germany). (a) the equipment and (b)
the working platform.

Table 16 The concentration and composition of the electrolytes

Electrolytes Composition Concentration
65% H3PO4 65% H3PO4 + 35 % H,0
85% H3PO, 85% H3PO4 + 15 % H,0
NaCl 0.5/1 mol/L
NaCl-EG-Ethanol Ethylene glycol 90 %
Ethanol 10%
A2-192 ml Perchloric acid 60 %
Ethanol 65 % - 85 %
Electrolyte A2
A2-11 920 ml 2-Butoxyethanol 10%- 15 %
Water 5%-15%
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3.2.2 Experiment setup and characterisation techniques

Figure 41 (a) showed the anode fixture used to contain and control the polishing area of the L-
PBF workpiece. The top and bottom covers were made of PEEK (polyetheretherketone)
material and were tightly sealed with six stainless steel screws. A copper strip was utilised as
the conductor between the power supply and the 316L SS/TC4. An elastic gasket was placed
under the copper plate to allow both good conductivity and tightness among the copper,
specimen and fixture. On the top cover, there was a circular hole with a diameter of 10 mm
for the exposure of the steel to the electrolyte. Figure 41 (b) showed the experimental setup
for the EP process. It was performed in a two-electrode system because the reference
electrode will be damaged under a high current density. Additionally, the removal of the
reference electrode has no impact on the investigation of the polishing effect under the current
density above the limiting current density. The system includes an anodic working electrode
and a cathodic platinum mesh. The beaker with the electrolyte was placed into a water bath to
allow temperature control. A high-power direct current supply (type pe86CB-20-5-25-S/GD,
Plating Electronic GmbH (Sexau, Germany)) was used to apply current between the
electrodes. The local magnification graph in the polishing beaker was also provided.

(a) Sample

Top
|

===

Screw  Elastic gasket Copper connector

n,

Bottom

Figure 41 (a) Anode fixture and (b) experimental setup for the EP process

3.3 Experiment Strategy and Parameters

3.3.1 Parameters for the One-step EP method

Firstly, the polishing duration was determined by investigating the roughness changes with
the polishing time. The parameters used were as listed in Table 17, where the parameters
including agitation, electrolyte flowing, and inter-electrode distance were decided based on
the simulation in chapter 4. According to the polarisation curve shown in Figure 55 and
Figure 56, the current density ranges of the transpassive region for the eight EP systems were
different and were unclear for polishing TC4. Therefore, a high current density of 1 A/cm?

was adopted to guarantee the EP was carried out at the transpassive region. Then, high current
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densities ranging from 0.25 A/cm? to 2 A/cm? were adopted to investigate the influence of the
current density on the polishing effect. Detailed parameters were listed in Table 18.
Noticeably, the product of the current density and polishing time was kept the same for all the
EP processes to ensure the same amount of charges flowing through the unit area during the
polishing process. The HsPO, electrolyte was not used in the further experiment because it
cannot provide ideal roughness reduction in the experiment of polishing duration

determination.

The surface morphology of the workpiece was characterised by the Olympus Microscope and
SEM. The thickness reduction of the AM steel after polishing was measured by the Olympus
Microscope with MPLAPONI10xXxLEXT objectives from 15000 um length profiles. The
material removal weight was calculated by weight changes with a precise balance with an
accuracy of #0.00001 g.

Table 17 EP process parametric for polishing duration determination

Electrolyte i (Alcm?) T(°C) Inter-electrode distance Others

65% H3PO4
85% HsPO4 No agitation
1 Alcm? ambient 5mm
A2 electrolyte No convection

NaCl-EG-ethanol

Table 18 EP process parametric changes

Electrolyte i (A/lcm?) t(s) T (°C)

0.25 4t

0.5 2t

A2 electrolyte
1.0 t ambient
NaCl-EG-ethanol
15 t/1.5
2.0 t/2

3.3.2 Parameters for the Two-step EP method

In the past, Deguchi and Chikamori discovered that a two-step EP process with different
polishing potential led to smoother surfaces than a one-step EP process®’. Han and Fengzhou
discovered that a two-step EP process with different water concentrations in phosphoric

glycerol-water electrolyte led to higher EP efficiency than a one-step EP process with low
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water concentration and lower roughness than that with high water concentration®. The
reported processes consisted of the first step with 25 V potential or 43 % water concentration
and the second step with 10 V potential or 0 % water concentration. However, the polishing
potential/current density is quite small in the study and the electrolytes in the two-step process
are aqueous solutions. Therefore, considering the experiment results of the one-step EP
method and the environment (perchloride acid in the A2 electrolyte was not friendly to the
environment), a two-step EP method was also proposed to utilise the EP characterisations
with the electrolytes at the best operating current density to get an improvement of the EP
effect and reduce the usage amount of the acid solution. The proposed two-step polishing
process was different from the previous studies, where: 1) the two-step EP process is carried
out at the transpassive region where the current density is high, at the hundreds or thousands
of amps per square centimetre because the material removal rate is proportional to the total
charges flowing through the system according to Faraday’s law®®’; 2) A large amount of
materials should be removed because the polishing targets are manufactured by AM processes
with an average roughness greater than 15 um, while in the previous work, the initial sample
roughness was in the nanometre-scale; 3) Non-aqueous and aqueous electrolytes are
introduced in the first and second-step polishing process, respectively, to improve the
polishing effect and geometry accuracy.

The applied current density in the first- and second steps was 1.5 A/cm? and 0.25 A/cm?,
where the NaCIl-EG-ethanol electrolyte was used in the first step as the pre-polishing process.
The EP duration for the two steps is listed in Table 19 and the corresponding groups were
nominated as Ss, Ss2 and Sus, respectively. The product of the current density and the
polishing time for the two-step EP processes were still kept the same as the one-step EP
process. When the first step was completed, the sample was cleaned using distilled water
before the second step. Similarly, EP conditions for polishing TC4 were shown in Table 20.
The polishing current density and duration also depended on the polishing effect obtained in

the one-step EP experiment.

Table 19 Conditions used for the two-step EP process of 316L SS.

1M NaCl-EG-10% ethanol A2 electrolyte
Sample
i (Alcm?) t (s) i (Alcm?) t (s)
Snt 160 2400
Sn2 15 320 0.25 1440
Sna 480 480
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Table 20 Conditions used for the two-step EP process of TC4.

A2 electrolyte 1M NaCl-EG-10% ethanol
Sample
i (A/lcm?) t(s) i (A/lcm?) t (s)
Tha 120 320
T2 1.0 240 15 240
Ths 480 80

3.4 Roughness Prediction Strategy of the EP Process

After the one-step and two-step experiments, all the parameters and polishing results
including the parameters of initial primary roughness, polishing duration, current density,
materials, electrolyte, and primary roughness after polishing will be collected for the
prediction process. The sorted data (150 data in total) will be kept in an Excel document, as
shown in Figure 42, where the materials of 316L SS and TC4 were represented by 0 and 1,
respectively, and the electrolytes of the commercial A2 and NaCl-EG-Ethanol were
represented by 0 and 1. The parameters ranged between the first and fifth columns were used
as the input values and the last column was used as the output values in the training and test

datasets.

Six algorithms based on different calculation strategies were selected, as shown in Table 21,
including the Adaptive Boosting algorithm (AdaBoost), Random Forest (RF), Multilayer
Perceptron Regression (MPL), Ridge Regression (RR), Support Vector Regression (SVR),
and Classification and Regression Trees (CART). The workflow of the regression prediction
was shown in Figure 43 and the prediction process was carried out in the Python software.
The Dataset will be messed up in order first. 70 % of the data will be used as the training
dataset and 30 % will be the test dataset. All the data will be normalised to range [0, 1] and
features of the initial primary roughness, polishing time, current density, materials and
electrolytes will be extracted to be the input parameters. Then, the training dataset will be
used to train the models using the algorithms and the test data will be input to the trained
models for prediction. The predictive results will be output and compared with the test results,
and the coefficient of determination R? will be adopted to evaluate the prediction accuracy.
The workflow will be run ten times and the variance of the R will be calculated to evaluate

the stability of the algorithms.
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Initial Roughness (um) Polishing time (s) Current Density (mA/cm2) Materials Electrolyte Psa (um)
25.75 3360 250 0 0 10.2
25.69 3360 250 0 0 12.76
24.69 3360 250 0 0 11.76
2324 1680 500 0 0 8.2373
20.26 1680 500 0 0 8.22
19.26 1680 500 0 0 7.22
21.75 840 1000 0 0 9.157
21.8 840 1000 0 0 8.29
20.8 840 1000 0 0 7.29
25.16 560 1500 0 0 7.384
235 560 1500 0 0 7.101
225 560 1500 0 0 6.101
22.55 420 2000 0 0 5.46
21.58 420 2000 0 0 4.695
20.58 420 2000 0 0 3.695
19.16 160 1500 0 0 9.438
18.12 160 1500 0 0 8.974
18.12 320 1500 0 0 8.341
18.42 160 1500 0 0 10.26
18.42 320 1500 0 0 7.708
18.42 480 1500 0 0 8.355
15.55 0 1000 0 0 15.55
15.55 120 1000 0 0 13.7
15.55 240 1000 0 0 12.16
15.55 360 1000 0 0 11.74
15.55 600 1000 0 0 10.33
15.55 840 1000 0 0 9.08
15.55 1200 1000 0 0 10.45
15.37 0 1000 0 0 15.37
15.37 120 1000 0 0 13.23

Figure 42 Dataset of the experiment parameters and results.

Table 21 Base learner selection.

Category Algorithm

Adaptive boosting algorithm (AdaBoost)
Ensemble-based
Random Forest (RF)

Neural network-based Multilayer Perceptron Regression (MPL)
Ridge Regression (RR)

Regularisation-based
Support Vector Regression (SVR)

Decision tree-based Classification and Regression Trees (CART)
Pre-Processing Module Regression Module Qutput Module
Training Training Training Adaptive Boosting Algorithm
Atas = ; .
Dataset ; é Features Classification and Regression Trees Predictive primary
% é Multilayer Perceptron Regression roughness
Dataset s g
E = e Pl Coefficient of
=] 2] . c
< g Ridge Regression determination
o
o ; Testin,
Test ~ T ¢ Support Vector Regression
Dataset Features

Mess up the Dataset and Repeat

Figure 43 Framework and workflow of the multi-algorithms regression prediction.
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3.5 Electrochemical Analysis and Surface Metrology

3.5.1 Potentiostat

The electrochemical analysis of the EP cell was carried out with a PGSTAT302N
Potentiostat/Galvanostat (Metrohnm Autolab). A saturated calomel electrode (SCE, EDT
direction, UK) was utilised as the reference electrode. The setup of the device is shown in
Figure 44. The red electrode is the positive, blue negative and green reference electrode.
Since the maximum values of the current and potential of the potentiostat are 1000 mA and
10 V, a voltage multiplier (Metrohm) was introduced to increase the maximum potential to 30

V. The current can be controlled by adjusting the measurement area of the sample.

Figure 45 shows the Nova software interface used for controlling and monitoring the
potentiostat, which can be divided into four regions: commands database, working area,
parameters controlling area, and diagram plotting area. In the Autolab control section,
potentiostatic mode was selected with a 1000 mA current range and high stable bandwidth. A
potential of 0 V (vs (SCE)) will be applied first and after the cell is turned on, the system will
wait for 5 seconds to confirm the whole system was in a stable state. Then a scanning
potential from 0 V to 29 V (vs SCE) at a speed of 20 mV/s, and the values of the potential and
current will be recorded and plotted. Noticeably, due to the voltage multiplier being
introduced, the voltage will be magnified 10 times. For example, the setting value is 1.0 V
while the real output value will be 10 V.

p—

o3 >,

W%

|

-

Figure 44 Setup of the potentiostat
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Figure 45 Interface of the Nova software

3.5.2 Olympus Microscope and ProfilmOnline

The surface morphology of the workpiece before and after the EP process was characterised
by an Olympus LEXT 5000 Laser Microscope with MPLAPONZ20XLEXT objectives. During
the data acquisition process, the size of each field was 640 %< 640 um and 4 x4 fields were
measured and stitched to form a large map. To quantitatively characterise the changes in
surface condition, the tool ProfilmOnline (https://www.profilmonline.com/gallery) which can
read the uncompressed Spatial Data File (*.sdf file format) exported from the microscope was
applied to calculate the areal roughness Sa. The acquired data from the microscope was
flattened by a 3-order polynomial to remove the inherent shape of the sample before a
Gaussian filter was applied. According to the ISO 4288 and ISO 25178 standards, a high-
pass filter (L-filter) was applied to extract the waviness from the primary surface and a low-

pass filter (S-filter) was to extract the rough surfaces.

However, as mentioned in section 2.5, there was no guidance on what cut-off values were
appropriate for the rough AM components. Many researchers have adopted different cut-off
values such as 0.8, 1.0, 1.1, 2.0 and 2.5 mm, which were meaningless for extracting the
waviness from AM surfaces®®® 261, Nagalingam et al advised that the maximum size of surface
textures (partially melted particles, beam path, etc.) can be used as the cut-off values and the
measurement area should be at least five times the cut-off values®. Lou et al and Agustin
summarised the surface topographical features of L-PBF components and suggested that the
Gaussian filter could be applied to the separate surface of L-PBF components®2?%. Therefore,

to avoid confusion, the roughness surface was referred to as the residual surface in this
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research, meaning that the primary surface of the L-PBF components was categorised into
waviness and residual surfaces. The corresponding component and production mechanism of
surface features are listed in Table 22. Surface roughness for the primary surface Psa,
waviness surface Wsa and residual surface Rsa were calculated based on their height
distribution and area, as the equation shown in Table 7 (Sa).

Table 22 Components and their production mechanism of the surface features

Surface types Components Production mechanism
Melted tracks Formed by the flow of melted liquid
) Form error Formed by thermal effect
Waviness
Pores Low power or local overheating, wavelength
larger than melted tracks
Primary
surface Micro-asperity ~ Formed by the interaction between the melting

process and metal powder
Residual Globules Unmelted/partially melted powder

Pores Low power or local overheating, wavelength

smaller than melted tracks

3.5.3 Scanning Eletron Microscope

A Field Emission Scanning Electron Microscope (FESEM, JEOL JSM-7800F) was utilised to
measure the surface texture below 1 um. It has a magnification range of 25 x to 1000000 x,
an accelerating voltage of 10 V to 30 kV, a probe with a current range of a few pA to 200 nA
and a resolution of 0.8 nm @ 15 kV.

3.6  Summary

(1) The polarisation curves of the EP cells with four types of electrolytes: 65 % and 85 %
HsPO4, a mixture of NaCl-EG-Ethanol, and commercial A2 electrolytes were measured.
Systems for polishing 316L SS showed evident polishing regions while no hint of
polishing TCA4.

(2) Surface metrology including the texture parameters (profile and areal parameters), the

operation and filtration to process the raw data was introduced.
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(3) To appropriately characterise the surface texture of the L-PBF components, the primary
surface was separated into waviness and residual surface based on the surface
morphology. A gaussian filter with 150 pm cut-off values was applied for separation.

(4) The initial surface conditions of L-PBF 316L SS characterised by the optical microscope
and SEM were presented.
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Chapter 4 Numerical Simulation of the Viscous

Layer Formation

As mentioned in section 2.5, the viscous layer generated on the anode surface during the
electrochemical polishing process is essential for obtaining a smooth and mirror-like surface.
However, the growth of the viscous layer for polishing Laser-Powder Bed Fusion (L-PBF)
components having rough surface features with a height and wavelength difference range of
several hundred microns differs from the surface finish at the micro/nanometre level. In this
chapter, an L-PBF surface profile model was proposed using the Spatial Frequency Method
and the Navier-Stokes equation was solved to simulate the influence of the diffusion
coefficient, inlet velocity, inter-electrode distance, and workpiece surface profile on the
thickness and geometry of the viscous layer. The surface roughness index Ra was employed
to characterise the uniformity of the viscous layer for the first time. Results show that the
moderate values of 10® m?%s diffusion coefficient and 4 to 5 mm inter-electrode distance
facilitate the establishment of a moderately thick and uniform viscous layer while the flow
field in the present case led to non-uniform thickness at the inlet and outlet boundaries.
Surfaces with a large height distribution demand a thicker viscous layer, while surfaces with
shorter wavelength distribution characteristics are conducive to lower initial surface

roughness and improved uniformity of the viscous layer.

4.1 Results of the Model Validation

The results of the schematic profile and roughness values are shown in Figure 46. The scale

parameters and spatial frequencies utilised to simulate waviness and residual profile were
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adjusted according to the measured steel surface roughness. In this case, the roughness of the
original profiles, simulated by combining the waviness and residual profiles, can be compared
with the measured roughness. Figure 46 (c) showed the primary roughness of the simulated
and measured profiles, corresponding to 20.48 pm and 22.75 pm, 16.92 pm and 18.13 pm,
20.35 pm and 22.55 pm. respectively for the three sets. The corresponding errors were 9.97%,
6.67% and 9.76%, respectively. The reasons for the deviation were calculation method and
accuracy, meaning that (a) the simulated original profile employed the addition method while
the measured profile employed the Gaussian filter, and (b) the waviness and residual profile
can be further represented in equations with different characteristic wavelengths. Although
the multi-level expansion of equation 15 could improve the accuracy of the surface model, the
computation burden would increase. Therefore, in the chapter, equation 15 was adopted for
investigating the impact of the height and wavelength distribution on the viscous layer

formation process.
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Figure 46 (a) Measured L-PBF steel surface profile, (b) simulated profile and (c) their roughness comparison.

The growth process of the diffusion layer is shown in Figure 47. The present results showed
that the mass transport process and concentration distribution of the diffusion layer were
similar to the reported work. The process did not reach equilibrium at 300 s, meaning that no
steady viscous layer was formed and the EP process at the conditions could not provide a
uniform polishing effect. The simulation results of Tailor’s work were also presented here for
comparison. The mass transport process and concentration distribution within the 300s were

quite similar, proving that the model was correct.
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Figure 47 Growth process of the diffusion layer with time at the diffusion coefficient of 107 m?/s (a) in this work

006 008 0.06 0.8 006 0.8 0.06 0.06 0.8 0.06 08

0.08

0 sec 60 sec 120 sec 180 sec 240 sec 300 sec

and (b) in Tailor’s work.

4.2 Impact of the Diffusion Coefficient of the Electrolyte

Figure 48 showed the profile, uniformity, thickness and concentration distribution of the
viscous layer variation with the diffusion coefficient after 300s simulation. The thickness was
calculated from the difference between the average height of the viscous layer and the anode
surface. It was understandable and reasonable that the thickness increased with the diffusion
coefficient. However, on one hand, when the diffusion coefficient was excessively high
(110" m?/s), the viscous layer disappeared because of the rapid diffusion process. As shown
in Figure 48 (c) (D=10" m?s), the concentration distribution of the dissolved metals and
electrolyte composition nearly reached uniformity and there is no concentration gradient from

the anode to the cathode surfaces, meaning that polished surfaces cannot be produced in such
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a condition. Conversely, the viscous layer thickness was too small to polish rough L-PBF
components at low diffusion coefficients. With the diffusion coefficients of 1x10° m?/s and
1x<10° m?/s, the viscous layer thickness was only approximately 50 and 100 pm while the
height difference between the protrusion and valley region on the anode surface can exceed
150 m. The viscous layer geometry was similar to that of the anode surface, especially in the
protrusion region, leading to low polishing efficiency, as shown in Figure 48 (a) and (b).
Moreover, the viscous layer roughness also indicated that the layer became less uniform with
the decreasing diffusion coefficient. Therefore, the viscosity should be considered for the
choice of the electrolyte and be adjusted in the EP process. Common methods included
adjusting the solvent concentration, temperature, magnetic stirring, or employing pulse

current etc. to fulfil the requirements3844.262-266,
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Figure 48 (a) the profile, (b) uniformity and thickness variant and (c) the concentration field of the viscous layer at

the different diffusion coefficients.

4.3 Impact of the Inlet Velocity

Figure 49 shows the profile, uniformity, thickness and concentration distribution of the
viscous layer variation with the inlet velocity. The viscous layer thickness was smaller than
the thickness without inlet velocity in Figure 48, reducing from approximately 325 pm to

below 100 pm. The thickness of the viscous layer was lowest at the inlet and highest at the
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outlet, leading to non-uniform material removal rates and polishing efficiency. Noticeably,
the thickness was almost zero at the inlet side, which could result in an unpolished surface in
this case.

When the inlet velocity was 0.001 m/s, the viscous layer roughness exceeded the values of the
anode surface, corresponding to 23.5 pm and 26.6 pm, respectively. The viscous layer
roughness decreased and then increased slightly with the inlet velocity, indicating that the
viscous layer uniformity improved but then deteriorated. This is because the thickness
difference between the inlet and outlet boundary became smaller with the inlet velocity and
this process was the dominant factor at the beginning. However, as the velocity increased
further, the viscous layer thickness reduced, and the geometry became similar to that of the

anode surface, leading to an increase in roughness values.
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Figure 49 (a) the profile, (b) uniformity and average thickness variant and (c) the concentration field of the
viscous layer under the different inlet velocities of the electrolyte.

4.4 Impact of the Inter-electrode Distance

Figure 50 (a) and (b) show the viscous layer profile, roughness, and thickness for different
inter-electrode distances without inlet velocity. The profile for the 1 mm distance is not
shown on the graph as the thickness exceeded the inter-electrode distance, and the thickness

was hereby considered as 1000 pm. When the inter-electrode increased, the thickness

83



Chapter 4 Numerical Simulation of the Viscous Layer Formation

decreased and reached a constant of approximately 120 pm. Noticeably, the viscous layer
roughness decreased with the inter-electrode distance, indicating that the uniformity improved.
This was because the diffusion rate was proportional to the concentration gradient, which
decreased as the domain of the electrodes was too small for the dissolved metals to diffuse.
Therefore, the uniformity deteriorated although the thickness of the viscous layer increased.
On the contrary, when the inter-electrode distance was large enough, the dissolved metals can
diffuse sufficiently to form a thin and smooth viscous layer, which can enhance the polishing

efficiency and provide a smooth polished surface.

Because applying inlet velocity will seriously deteriorate the viscous layer uniformity,
comparing the results in Figure 48 and Figure 49, it is not recommended to apply the inlet
velocity. The value of 0.01 m/s was just chosen for investigating the difference in the viscous
layer formation process under different conditions. Figure 50 (c) and (d) show the viscous
layer profile, roughness, and thickness for different inter-electrode distances with the 0.001
m/s inlet velocity. Similarly, the viscous layer thickness was smaller than the values without
flow fields, below 100 pm. However, the thickness increased with increasing inter-electrode
distance, which was contrary to the result without inlet velocity. This is because, in one
respect, the dissolved metal was removed by the flowing electrolyte, leading to a sufficient
domain for the substances to diffuse. Conversely, the effect of the flow field on the electrode
surface became more pronounced with a smaller inter-electrode distance, leading to a smaller
layer thickness. Additionally, the viscous layer roughness increased with the inter-electrode
distance, which is because of the increased thickness difference at the inlet and outlet

boundaries, despite the improved fluctuation.

The smallest value of the viscous layer roughness increased from 12.0 pm (5 mm inter-
electrode distance) to 22.3 pm (1 mm inter-electrode distance) after applying 0.01 m/s inlet
velocity, meaning that the viscous layer uniformity was deteriorated seriously, as mentioned
above. Therefore, this flow method was not appropriate for polishing L-PBF component
surfaces in the present case although a large amount of metal was dissolved into electrolytes.
Additionally, a large inter-electrode distance can be adapted in the stationary electrolyte to
provide a flat viscous layer with small thickness, and thus a fast-polishing rate and improved

polishing surface.
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Figure 50 (a, c) Profiles of anode surfaces and viscous layer, (b, d) uniformity and thickness of viscous layer
under the (a-b) 0 and (c-d) 0.001 m/s inlet velocity.

4.5 Impact of the Height and Wavelength Distribution

L-PBF component surfaces varied according to the particle size, melting parameters (speed,
power, etc.) and building orientation and have a non-negligible influence on the polishing
effect®2. Therefore, the effect of height and wavelength distributions on viscous layer

formation was investigated. The results of the profile and roughness are shown in Figure 51.

Figure 51 (a) showed the anode surfaces (solid lines) and the corresponding viscous layer
(dotted lines) when the anode surfaces have different height distributions (parameters A in
equation 15). By positioning the highest and lowest points, the height difference of the anode
surface and viscous layer can be obtained. By calculating the average height distribution, the
distance between the anode surfaces and the viscous layer (viscous layer thickness) can be
obtained, as shown in Figure 51 (c). Results showed that the height difference of the anode
surface and the viscous layer increased from 74.2 pm to 272.3 pm, and from 48.9 pm to
176.0 pm, respectively, with increasing scale parameters. The thicknesses of the viscous layer
were 33.6, 37.9, 43.0, 48.7, and 54.9 pm, respectively. The height difference of the anode
surface and viscous layer showed a linear relationship (R? = 1) while the viscous layer
thickness showed an approximately linear relationship (R? = 0.995) with the scale parameter.

The fitted equations are shown as follows:

Yanode = 12383.14 — 0.10976 (22)
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yyiscous = 7943.5514 + 1.2534’ (23)
Vinickness = 1335.384 + 24.9553 (24)

where Yanode and Yuiscous represented the height difference of the anode surface and viscous
layer, Viickness represented the viscous layer thickness, and A represented the scale parameters.
According to the slope of the equation, the increase of height difference of the anode surface
is faster than that of the viscous layer, indicating that the anode surface roughness might be
more sensitive than the viscous layer uniformity to the scale parameters. This can be proved
by Figure 51 (e), although the roughness of the viscous layer and anode surface both
increased with the increasing scale parameters (the number 0.006 - 0.022 above the green
line), the roughness difference between the anode surface and the viscous layer was more
evident at larger scale parameters, indicating that the roughness reduction might be more

pronounced on surfaces with larger height distribution.

The average spatial frequency parameters (parameters ® in equation 15) had no impact on the
height distribution of the anode surface, with a height difference of approximately 173 pm
while the height difference of the viscous layer decreased from 73.8 pm to 43.2 pm. The
thickness of the viscous layer was not affected by the wavelength distribution in the current
case, corresponding to 45.9 pm, 41.1 pm, 43.1 pm, 45.0 pm and 47.0 pm, as shown in Figure
51 (d). However, the spatial frequency had a smaller impact on the anode surface roughness
than on the viscous layer uniformity, as shown in Figure 51 (e). With the decreasing spatial
frequency (from 0.2 to 0.04), the anode surface roughness increased from 21.5 pm to 25.6 m,
while the viscous layer roughness increased from 8.6 pm to 13.2 pm. This means that
surfaces with shorter-wavelength distribution could reduce the initial surface roughness and

generate a uniform viscous layer with moderate thickness.

To conclude, the fitted equations for the viscous layer roughness under different scale and
spatial parameters in Figure 51 (e) are as follows, with the corresponding R2 values of 0.99
and 0.79.

yscaleilo_g = 09897x + 04‘614 (25)
Vspatial so—s = 1.2376x — 18.0383 (26)

where VYscale 108 and Yspatial 10-8 represented the viscous layer roughness under the diffusion
coefficient of 10 m?/s, and x represented the anode surface roughness. Noticeably, the slope
Of Yscale_10-8 1S Smaller than 1 while the slope of Yspatial_10-8 iS larger than 1, meaning that rougher
surfaces caused by height distribution alteration would generate a more uniform viscous layer
than surfaces caused by wavelength distribution alteration. Additionally, smaller height (small

scale parameter) and shorter wavelength (large spatial frequency) distribution could provide a
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viscous layer with smaller roughness values (better uniformity), and thus better polishing

effect.
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Figure 51 (a and b) Profiles, (c and d) height difference, thickness and (€) roughness of the anode surfaces and

viscous layers with different height and wavelength characteristics, the solid and dotted lines in (a) and (b) are

anode surfaces and viscous layers under different conditions.

46 Summary

The
and

Spatial Frequencies Method was applied to model the rough L-PBF component surface

the growth process of the viscous layer with several inherent and external parameters was

investigated. Based on the results, the following conclusions can be drawn.

()

)

©)

The Spatial Frequencies Method can be employed to model the L-PBF component surface
with different height distribution and wavelength features by adjusting the scale
parameters and spatial frequency.

External parameters of diffusion coefficient, inlet velocity and inter-electrode distance
had negligible influence on the viscous layer thickness and geometry. The diffusion
coefficient should be chosen appropriately based on the metal surface conditions. The
inlet velocity can reduce the viscous layer thickness while increasing the non-uniformity
of polishing rough L-PBF components. Inter-electrode distance should be chosen based
on the flow field and the generator sufficient diffusion space.

The inherent parameters of the height distribution and wavelength affected the anode
surface roughness, viscous layer uniformity and thickness. These three indexes showed
linear relationships with the height distribution, while small wavelength features can

reduce the anode surface roughness and improve the uniformity of the viscous layer.
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Chapter 5 One-Step Electrochemical Polishing
SLM 316L SS and TC4

L-PBF fabricated 316L SS and TC4 components were electrochemically polished in four
types of electrolytes including 65 % and 85 % phosphoric acid, a non-agqueous electrolytic
solution consisting of sodium chloride, ethylene glycol, and ethanol, and an aqueous
commercial electrolyte A2. The influence of high current densities ranging between 250 —
2000 mA/cm? on the surface roughness (Psa, Wsa, and Rsa), materials removal weight, and
thickness reduction with various morphological characteristics was investigated. It is
confirmed that polishing at the tranpassive region was feasible in non-aqueous electrolytes

where little pitting occurred.

5.1 Initial surface conditions

Assuming that the shape of trapped powders and partially melted/sintering particles are ideal
spheres, their size distribution can be estimated at approximately 0 - 50 um, as shown in
Figure 52 (a), meaning that the cut-off values should be larger than 50 pm. Figure 52 (b) and
(c) show the primary, waviness and residual profiles separated with the cut-off values of 50,
150 and 250 um. The transmittance for the waves with different wavelengths can be
calculated by the filter transfer function as the equation (13). Results showed that the
transmittance for the waves below 50 um can reach 50 %, and for the waves with a
wavelength of 40 um was 35.8 %, meaning that many particle features will be extracted to the
waviness profile. As the red region in Figure 52 (b) showed, the peak regions on the primary

profile should be particle features while part of them was extracted onto the waviness profile
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and thus the height of the residual profile in Figure 52 (c) decreased. In contrast, the
transmittance for the particle with 50 um wavelength was only 2.7 %, while the many
waviness features remained in the residual profiles. When the cut-off value was 150 pum, the
transmittance for the particle with 50 um wavelength was 7.4 % and for the laser tracks with
200 - 250 um wavelength was 67.7 % - 77.9 %. Since the transmittance values for short and
long waves cannot be satisfied simultaneously and the short waves were more sensitive to the
EP process than the long waves because of the shape-edge effect. Therefore, general primary
L-PBF steel surfaces with their waviness and residual surfaces can be obtained with the 150

um cut-off values, as shown in Figure 53 (b), (c) and (d).
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Figure 52 (a) Size distribution of the unmelt and partially melted powders, and separation of the (b) primary,
waviness and (c) residual profile using the Gaussian filter with 50, 150 and 250 pm cut-off values.

ARSI L

Figure 53 (a) Physical photo, general (b) primary, (c) waviness and (d) residual surface topography of L-PBF AM
316L SS with the cut-off values of 150 pm.
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The initial surface condition of L-PBF 316L SS before polishing was obtained using the SEM
with 5.0 kV, 100x and 3000x magnification, as shown in Figure 54, where many residual
powder particles and partially melted powder are attached to the surfaces.

200 um

Figure 54 Surface morphology of L-PBF 316L SS obtained by SEM.

5.2 Anodic Polarisation Curve

Figure 55 shows the current density vs. potential curve of the EP system with the phosphoric
acid, NaCl-Ethylene Glycol-Ethanol and A2 electrolyte for 316L SS. The measurement was
repeated three times for the electrolytes and the corresponding curves were shown by the
transparent solid lines. Hereafter, an average curve, represented by the blue line, was
calculated and drawn to improve accuracy. As shown in Figure 55 (a), the limiting current
density for the electrolyte A2 approximately started from 200 — 240 mA/cm?, which was
greatly higher than that of the other electrolytes. However, the polishing region and the
transpassive region were difficult to distinguish as no apparent critical point on the curve.
Two plateau regions were shown in Figure 55 (a), corresponding to approximately 1.8 — 2.7 V,
and 4.5 — 5.3 V. However, according to the literature, the behaviour in the green rectangle
was possibly caused by a brown product generated adjacent to the anode surface, but not
representing the polishing phenomenon®. The red rectangle was the polishing region where
the current density was approximately 30 — 40 mA/cm?. The limiting current density plateau
regions for the phosphoric acid with different concentrations ranged between 1.5 - 2.0 V. The
difference was that the current density in 85% H3PO4 was a little higher than that in 65%

HsPO, solution because more H* and PO4? can be ionised in the former solution.
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Figure 55 polarisation curve of the EP system with the electrolytes of (a) A2, (b)1M NaCl-Ethylene Glycol-
Ethanol (c) 65% H3PO4 and (d) 85 % H3PO4 electrolytes for 316L SS.

Figure 56 shows the current density vs. potential curve of the EP system with the phosphoric
acid, NaCl-Ethylene Glycol-Ethanol and A2 electrolyte for TC4. The current density

increased suddenly at the potential of approximately 18 V for the A2 electrolyte while

showing no evident inflexion point for the other electrolytes. The polarisation curve for the

H3PO, electrolyte showed serious fluctuations at the high potential, indicating the

electrochemical cells became unstable. The viscous layer or the distribution of the current

density at the anode surface might be un-uniform, deteriorating the polishing effect.
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Figure 56 polarisation curve of the EP system with the electrolytes of (a) A2, (b)1M NaCl-Ethylene Glycol-
Ethanol (c) 65% H3PO4 and (d) 85 % H3PO4 electrolytes for TC4.

5.3 Electrochemical Polishing 316L SS

5.3.1 Polishing duration determination

Figure 57 showed the primary roughness changes with the polishing time for polishing 316L
SS in the EP systems with the electrolytes of 65 % and 85 % H3PO4, 1M NaCl-EG-10%
Ethanol, and commercial A2. The roughness values of the 316L SS increased from 13 - 16
um to 17 um after 400 s polishing in the phosphoric acid solutions, indicating that the
electrolyte cannot provide a good polishing effect at the transpassive region. The roughness
values reduced from 15 +(0.55, 0.92) um to 8.4 +(2.45, 4.5) um and 5.2 £(0.68, 0.73) um,
respectively, using the electrolytes 1M NaCI-EG-Ethanol and commercial A2 when being
polished for 840 s, and then increased with polishing time. Therefore, the best polishing

duration should be 840 s when the current density was 1 A/cm?,
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Figure 57 Roughness changes with the EP duration in the systems for polishing 316L SS with the four types of
electrolytes.

5.3.2 Surface topography analysis

Figure 58 and Figure 59 show the three types of polished surface topographies at the current
densities from 0.25 to 2.0 A/cm? polished by the A2 electrolyte. Regarding the primary
surface, the maximum height difference between peak and valleys can reach to 150 pm for the
unpolished components, as shown in Figure 53 (b), for instance. The values have a reduction
of 84 £ (26, 34) um after polishing. Additionally, the sharp peaks disappeared and only
several long waves remained on the surface. Regarding the waviness surface shown in Figure
59 (a) — (e), there was also a reduction of around 41 (14, 11) um in the height difference
between the peak and valleys. The surface became smoother than before, because in one
respect, the peak regions were flattened, and conversely, short waves were connected to form
long waves. Regarding the residual surface, the small particles disappeared, and the reduction
in height difference was 65 £ (25, 25) um. However, large amounts of pores smaller than 10
um were observed on the sample residual surface polished with the current density of 0.25
Alcm?, The phenomenon of the pitting corrosion became weak first with the increased current

density, as shown in Figure 59 (f) — (h), while became serious when the current density was
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over 1.0 mA/cm?, as shown in Figure 59 (h) — (j). Two reasons would cause the pitting
corrosion during the polishing process: an acidic environment and oxygen bubbles?7:28,
Because the current density of 0.25 mA/cm? was still in the limiting current density plateau
region according to Figure 55 (a), where less gas bubble will be generated on the anode
surface, the pores on the sample surface can be attributed to prolonged polishing time in the
acidic environment. With the increased current density, the number of pores should decrease
due to the reduction in polishing duration. However, because the polishing current density of
above 0.5 mA/cm? was in the transpassive region, as Figure 55 (a) showed, the water in the
solution was electrolysed and the viscous layer was broken. Therefore, oxygen bubbles would
generate and grow on the anode surface. Figure 59 (g) and (h) did not have many pores on the
surfaces which assumed that the bubble effect was not serious, while the amount and growth
rate of the oxygen bubbles increased with the increasing current density and therefore the
pores became evident again on Figure 59 (h) and (i)*?%°. The amount of pores on the samples

was also positioned and counted with numbers (24 - 12 -4 -5 - 17).

Figure 58 Physical photos, topographies and mean roughness values of the primary surfaces of the 316L SS
polished with the A2 electrolyte at the (a) 0.25, (b) 0.5, (c) 1.0, (d) 1.5 and () 2.0 A/lcm? current densities.
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Figure 59 Topographies and mean roughness values of the (a-e) waviness and (f-j)) residual surfaces of the 316L
SS after polishing with the A2 electrolyte at the (a-e) (f-j) 0.25 - 2.0 A/cm? current densities.
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Figure 60 and Figure 61 showed the three types of polished surface topographies with the 1M
NaCl-EG-10% ethanol electrolyte at the current densities from 0.25 to 2.0 A/cm? The
surfaces after polishing did not present much porosity as no water was added to the electrolyte,
however, polygonal patterns were exhibited at the low current densities and flocculent tearing
at the high current densities, especially on the residual surfaces. Several deep pores emerged
on the steel surface at 0.25 A/cm?, which may be due to prolonged exposure to the CI~
environment®, The polished surfaces were not as smooth as those of the samples polished
with the electrolyte A2 in terms of waviness and residual surfaces. For instance, at the 0.5
Alcm? current density, the samples polished with the different electrolytes had similar height
scales corresponding to 25 and 15 pum, however, the latter had more pronounced surface
undulation. Additionally, the roughness values after polishing with the NaCIl-EG-ethanol

electrolyte were higher than those of the surfaces with the A2 electrolyte.
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Figure 60 Physical photos, topographies, and mean roughness values of the primary surfaces of the 316L SS
polished with the 1M NaCI-EG-10% Ethanol at the (a) 0.25, (b) 0.5, (c) 1.0, (d) 1.5 and (e) 2.0 A/cm? current
densities.
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Figure 61 Topographies and mean roughness values of the (a-e) waviness and (f-j)) residual surfaces of the 316L

SS after polishing with the 1M NaCl-EG-10% Ethanol at the (a-e) (f-j) 0.25 - 2.0 A/cm? current densities.
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Figure 62 (a) and (b) showed the morphologies of the 316L SS after polishing with the A2
electrolyte under the current densities of 0.25 and 1.5 A/cm?. The surfaces were flat after
polishing while some scratches and holes with widths below 1 pum existed on the sample
surfaces, which might be caused by the broken bubbles tunnelling effect®®. The scratches
became more evident and complicated (as the red line showed) under the 1.5 A/cm? current
density, and more white dots which might be elements not being polished existed on the

surface, as shown in Figure 62 (b).

Figure 62 (c) and (d) showed the morphologies of the 316L SS after polishing with the 1M
NaCl-EG-10% Ethanol electrolyte under the current densities of 0.25 and 1.5 A/cm?. Results
for the sample with 0.25 A/cm? showed a flat surface with many dark regions that might be
etched by the CI™. Some unpolished elements and large particles exceeding 1 pm existed on
the surface. The dark regions and large particles disappeared with 1.5 A/cm? while many

raised filamentous textures and holes with inserted particles were generated on the surface.

10 um

Figure 62 SEM morphologies of the 316L SS polished with (a) A2 electrolyte, 0.25 A/lcm?; (b) A2 electrolyte, 1.5
Alcm?; (c) 1M NaCI-EG-10% Ethanol, 0.25 A/cm?; and (d) 1M NaCl-EG-10% Ethanol, 1.5 A/cm?,
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5.3.3 Current density on surface roughness

Figure 63 (a) and (b) showed the surface roughness after polishing with the two electrolytes.
Since the polishing effect of the electrolytes was related to the initial surface conditions, the
initial surface roughness values were normalised for the three types of surfaces. The surface
roughness polished with the electrolyte A2 appeared to increase with higher current density,
while the surface roughness polished with NaCl-EG-ethanol electrolyte decreased. This trend
was most evident in the Rsa values. This was because, a brown product would generate on the
anode surface and hinder the diffusion process in the NaCI-EG-Ethanol, which deteriorates
the polishing effect®®. Han et al found that the brown product was mainly composed of Cl, O,
Fe and Na elements and speculated that it might be [Fe(C20.)(OH)(OH,)].-0.3nH,0,

proposing that the addition of ethanol could improve the solubilities of the ions contained in
the brown product and decrease the adherent ability®. In addition, they also found that the
small current density peak on the polarisation curve, as shown in Figure 55 (b) was mainly
caused by the brown product, which disappeared at a high stirrer speed®®. The oscillation
under the high current density might have a similar function as the stirring to destroy the
brown product, and therefore, the roughness after polishing decreased with the increased
current density although some side effects happened during the process. On the contrary, no
obstructing layer formed when polishing with A2 electrolyte, while the current became more

unstable with the increased current density, leading to a bad polishing effect.

In addition, because of the different polishing behaviours under the different current densities
such as local heating, current density distribution, viscous layer uniformity, etc., polished
surfaces will have different textures such as large waviness and small pitting etc., resulting in
different roughness values®®2%, As the amplitude and wavelength of defects (residual peaks,
holes, pitting, etc.) were far smaller than the waviness, the defects would not have an apparent
impact on the measured and waviness roughness values. For example, the roughness
difference and proportion for the primary surfaces were 2.52 pm, 4.74 pm, 42.4 %, and 46.5 %
(vs. max roughness value), respectively. Regarding the residual surfaces, although the
difference in the roughness reduction only reached 0.34 jum and 0.86 |, the proportion can
reach 64.2 % and 55.8 %. Additionally, the residual surface roughness after polishing had an
average reduction of more than 90 %, meaning that most granular features have been removed,
whilst conversely, the surface roughness of the waviness was only 40 % — 70 % lower than
the unpolished surface. Finally, the primary surface roughness was reduced by 50 % — 80 %.
The corresponding roughness values are shown in Figure 58 to Figure 61, Rsa values can be
reduced to approximately 1 pum or below, while Wsa values can only be reduced to
approximately 3 pm or above which also limited the Psa values. The difference between Wsa

and Psa values was considerable on the initial surface, which however became somewhat
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smaller as the polishing time progressed. This is because the surface feature became long
wave-dominated and the difference in current density distribution between the peak and

valley regions became smaller as the polishing time progressed.
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Figure 63 Normalised surface roughness of the 316L SS polished with the (a) A2 electrolyte and (b) 1M NaCI-EG-
10% Ethanol electrolyte under different current densities.

5.3.4 Dimensional and geometric accuracy analysis

Figure 64 (a) and (b) show the materials removal weight and the thickness reduction for the
EP process with the A2 and the NaCl-EG-ethanol electrolyte at the current densities of 0.25 —
2.0 A/cm?. Regarding the A2 electrolyte, the total weight of the material being removed
remained similar as the current density increased, meaning that no obvious reduction in the
current efficiency was observed. However, the roughness values shown in Figure 63 (a)
increased and the average reduction in thickness decreased. This was because the current
density distribution became non-uniform and unstable as the current density increased,
resulting in a rough surface with significant material removal weight in the edge region.
Regarding the NaCIl-EG-Ethanol electrolyte, the total materials removal weight decreased
with the increasing current density, reaching a minimum of 98.2 mg at the current density of
1.5 A/cm?. Both the weight and thickness reductions decreased with the current density and
reached the minimum values at the current density of 1.5 A/cm?, which was attributed to the
reduction in materials removal weight and depth at the edge region. In this case, the removal
of the reduced material can be divided into two portions: the normal removal of the surface
and the depth of the edge regions, which can be estimated through equations (22) and (23)

based on the total weight and height removal.
77Zhormal = ﬂmzhredurl‘[an ( 22 )

(23)

Mdepth = Mreduction — Mnormal
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where the Mnormal, Mdepth aNA Mreduction are the material removal weight from the part above the
flat polished surface, the edge region, and the total material removal weight, p is the density
of 316L SS which is 7.93 gem?, r is the diameter of the polishing region, and hreduction is the
thickness reduction of the flat polished region. The calculated results are shown in Table 23.
The normal materials removal in the central region decreased with the increasing current
density, while the edge region showed the opposite trend, implying an improvement in the
dimensional accuracy but worse geometric accuracy at the high current densities. The
increment in materials removal weight and thickness reduction at 2.0 A/cm? may be due to the
localised overheating of the sample surface. In addition, although these two indices were
relatively higher for the NaCl-EG-ethanol polished samples at low current densities, the
roughness values Psa, Wsa, and Rsa were higher. This could be explained by the erosive
effect of inert particles from the sample surface, the extent of which decreased as the
polishing time decreased.

Table 23 Materials removal weight and the height changes in the one-step EP process

Electrolytes i (Alcm?) Mreduction [MQ] Meenter [MQ] Medge [MQ]

0.25 115.1 +(17.7,18.9)  825+(13.3,23.2)  32.7 +(8.7, 14.1)

0.5 135.0 +(12.2,20.6) 73.5 +(12.1, 22.5) 61.5 +(5.9, 13.4)
A2 electrolyte 1.0 121.9 +(22.7,20.9)  65.0 +£(12.5,21.4)  56.9 +(20.3, 14.4)
15 118.2 +(17.0,31.8)  62.1 +(13.5,15.6)  56.2 +(6.0, 20.5)

2.0 120.9 +(13.5,19.6)  70.1+(11.2,9.1)  50.8 +(4.3,17.2)

0.25 122.4 +(2.8,2.2) 85.0 (1.6, 3.0) 37.4+(1.4,2.7)

0.5 123.2 +(0.8, 1.0) 70.5 +(8.6, 4.3) 52.6 +(3.3, 2.9)

NaCl-EG-ethanol 1.0 111.3 +(4.7,6.2) 56.5 +(6.6, 3.7) 54.8 +(3.4,3.7)

15 98.2 +(2.7, 3.4) 42 +(6.4, 3.4) 56.5 +(4.6, 5.6)

2.0 103.0 +(2.4, 1.6) 54.8 +(1.2, 1.1) 48.2 +(2.8, 1.5)
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Figure 64 (a) Weight and (b) height reduction of the 316L SS polished with the A2 and 1M NaCl-EG-10% Ethanol
electrolyte under different current densities

5.4 Electrochemical Polishing TC4

5.4.1 Polishing duration determination

Figure 65 shows the primary roughness changes with the polishing time for polishing TC4 in
the EP systems with the electrolytes of 65 % and 85 % H3PO4, 1M NaCI-EG-10% Ethanol,
and commercial A2. The roughness values of the TC4 remained unchanged or had little
reduction after 360 s polishing, indicating that the electrolyte cannot provide a good polishing
effect at the transpassive region. The roughness values reduced from 9.5 um to approximately
3.5 um and 3 um, respectively, using the electrolytes 1M NaCl-EG-Ethanol and commercial
A2 when being polished for 600 s, and then increased with polishing time. Therefore, the best

polishing duration should be 600 s when the current density was 1 A/cm?,
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Figure 65 Roughness changes with the EP duration in the systems for polishing TC4 with the four types of
electrolytes.

5.4.2 Surface topography analysis

Figure 66 and Figure 67 show the three types of polished surface topographies of TC4 at the
current densities from 0.25 to 2.0 A/cm? polished by the A2 electrolyte. The surfaces became
quite rough after polishing at 0.25 A/cm?, especially on the primary and residual surfaces, as
shown in Figure 66 (a) and Figure 67 (f). Because the potentiostat has a maximum measuring
potential of 20 V, it cannot give the potential and current density of the EP system, as shown
in Figure 56 (b). However, according to Kim’s work of polishing Ti in the NaCl-EG-Ethanol
electrolytes, the polishing current density might be higher than 0.3 A/cm? ®6, Therefore, the
low current density and the stable oxide layer on the TC4 surface were assumed as the main
reasons for the poor polishing effect. With the increased current densities, the surfaces
became smoother and reached the best at 1.0 A/cm? for the primary and waviness surface
while at 1.5 A/cm? for the residual surfaces, and then increased again. The evolution of the
waviness surfaces was similar to the 316L SS in that the peak regions were flattened, and
short waves were connected to form long waves. However, many micro particle-like features
appeared on the residual surface polished under the current densities of 1.0 - 2.0 A/cm? and

the features became more evident under the higher current density. This might be because of
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the generation of the gas bubbles on the anode surface which functioned as agitation for the
viscous layer, leading to the un-uniform distribution of the current density.

Compared to the surfaces of 316L SS shown in Figure 58 and Figure 59, the TC4 did not have
pores on the surfaces after polishing. Since the formation and growth of the pores depend on
the acidic environment and release of the broken bubble tunnelling effect, a stable oxide layer
could protect the TC4 surface and raise the requirement of the polishing current density
45176197 Therefore, at the same current density, the broken bubble tunnelling effect in the EP
system of TC4 might be weaker than in the EP system of 316L SS. A large amount of small
gas bubbles are generated in the viscous layer while most of them cannot grow and move to
the bulk electrolytes. Therefore, the pores would be quite small even if they were generated.

Additionally, a large amount of small gas bubbles would influence the distribution of the

current density, leading to rough surfaces.

Figure 66 Physical photos and topographies of the primary surfaces of the TC4 polished with the A2 electrolyte at
the (a) 0.25, (b) 0.5, (c) 1.0, (d) 1.5 and (e) 2.0 A/cm? current densities.
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Figure 67 Topographies of the (a-e) waviness and (f-j)) residual surfaces of the TC4 after polishing with the A2
electrolyte at the (a-e) (f-j) 0.25 - 2.0 A/lcm? current densities.
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Figure 68 and Figure 69 showed the surface topographies of TC4 polished with the 1M NaCl-
EG-10% ethanol electrolyte at the current densities from 0.25 to 2.0 A/cm?2 The surfaces
polished at the 0.25 A/cm?still showed micro-roughness features whose size ranged from tens
of microns. The micro-features should be residual powder particles that remained because of
the high viscosity of the viscous layer and low polishing efficiency. The particles disappeared
with the increased current density and the surface became smoother while pores started
emerging on the anode surface. According to the polarisation curve shown in Figure 56, the
current density for polishing TC4 in the 1M NaCl-EG-10% Ethanol electrolyte would be low

because of the high viscosity of the electrolyte. Therefore, the pores will generate and grow

when the viscous layer is broken under the high current density. Additionally, contrary to the
results of polishing 316L SS, the 1M NaCI-EG-10% Ethanol electrolyte showed a better
polishing effect than the A2 electrolytes.

Height (w)

Figure 68 Physical photos and topographies of the primary surfaces of the TC4 polished with the 1M NaCl-EG-10%
Ethanol at the (a) 0.25, (b) 0.5, (c) 1.0, (d) 1.5 and (e) 2.0 A/lcm? current densities.
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Figure 69 Topographies of the (a-e) waviness and (f-j)) residual surfaces of the TC4 after polishing with the 1M
NaCl-EG-10% Ethanol at the (a-e) (f-j) 0.25 - 2.0 A/cm? current densities.
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Figure 70 (a) and (b) show the morphologies of the TC4 after polishing with the A2
electrolyte under the current densities of 1.0 and 1.5 A/cm?. The surfaces have many irregular
raised regions in Figure 70 (a) and broken powder particles in Figure 70 (b), which also
reflect the serious effect of the agitation from the gas bubble and the non-uniform distribution
of the current density.

Figure 70 (c) and (d) show the morphologies of the TC4 after polishing with the 1M NaCl-
EG-10% Ethanol electrolyte under the current densities of 1.0 and 1.5 A/cm?. Results for the
sample with 1.0 A/cm? showed a flat surface with several wrinkles features and some
unpolished elements. The wrinkle features disappeared with 1.5 A/cm? while more small
unpolished elements emerged on the surface, indicating that the polishing effect was

improved.

Compared to the SEM morphologies of 316L SS shown in Figure 62, the TC4 polished with
A2 electrolyte has many partially melted powders and broken powders adhered on the
surfaces, especially under the 1.5 A/cm? current density. On the contrary, the 1M NaCI-EG-
10% Ethanol electrolyte had a better polishing effect on the TC4 surface than the 316L SS as

smooth surfaces without pores and small particles can be provided.

Figure 70 SEM morphologies of the TC4 polished with (a) A2 electrolyte, 1.0 A/lcm?; (b) A2 electrolyte, 1.5 Alcm?;
(c) 1M NaCI-EG-10% Ethanol, 1.0 A/cm?; and (d) 1M NaCI-EG-10% Ethanol, 1.5 A/cm?.
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5.4.3 Current density on surface roughness

Figure 71 (a) and (b) showed the normalised surface roughness after polishing with the two
electrolytes. The surface roughness polished with the electrolyte A2 at 0.25 A/cm? current
density became larger than the initial surface because of the serious etching effect. Then the
values appeared to decrease with higher current density and reach the minimum at 1.0 A/cm?
for the primary and waviness surfaces and 1.5 A/cm? for the residual surface. The roughness
would increase again when the current density increased to 2.0 A/cm?. The samples polished
with 1M NaCl-EG-10% Ethanol electrolyte showed a similar trend in that the roughness
decreased with the current density and reached the minimum at 1.5 A/cm? and then increased
again at 2.0 A/lcm?. This was because the polishing process was not happening at the low
current density due to the highly dense oxide layer on the TC4 surface. With the increased
current density, the oxide layer was destroyed, and the viscous layer could be formed on the
surface for the polishing process. Therefore, the samples polished with the two electrolytes
showed a reduction in roughness with the increased current density. Conversely, because the
current density became unstable and the viscous layer might be broken under the high current
density such as 2.0 A/cm?, the roughness values increased again. Noticeably, the current
density of 1.0 A/cm? or 1.5 A/cm? might be above the limiting current density plateau region
because the thickness of the viscous layer would increase with the potential at the limiting
current density plateau region, leading to a small current density. For example, the current
density for polishing Ti-6Al-4V in 0.1 - 0.5 M/L NaCI-EG electrolyte was only 0.5 A/cm??#.

Compared to the 316L SS, the TC4 has a lower roughness after polishing on the primary and
waviness surfaces while a higher value on the residual surface roughness. However, the
roughness reduction rates of the TC4 were higher than that of the 316L SS because the TC4
had a better initial surface condition. For example, when being polished with the A2
electrolyte, the maximum roughness reduction proportion for the 316L SS were 79.64 +(7.22,
13.59) %, 67.11 £ (11.74, 22.64) % and 98.16 +(0.84, 1.49) % while only 66.47 =+ (7.94,
9.01) %, 50.97 +(14.22, 11.35) % and 87.95 +(4.85, 4.27) % for TC4, respectively, for the
primary, waviness and residual surfaces. Similarly, when being polished with the 1M NaCl-
EG-10% Ethanol electrolyte, the roughness reduction proportion were 78.60 +(3.45, 2.81) %,
68.94 +(4.62, 2.64) %, and 94.41 +(2.26, 1.12) % for the 316L SS while only 66.56 +(14.34,
10.64) %, 44.21 * (21.66, 21.01) %, and 93.24 + (4.46, 6.02) % for TC4, respectively.
Noticeably, the A2 electrolyte had a better polishing effect than the NaCl-EG-Ethanol
electrolyte on the primary and residual surfaces for the 316L SS and a worse polishing effect

on the waviness surface, while the result was contrary to the TC4.
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Figure 71 Normalised surface roughness of the TC4 polished with the (a) A2 electrolyte and (b) 1M NaCIl-EG-10%
Ethanol electrolyte under different current densities.

5.4.4 Dimensional and geometric accuracy analysis

Figure 72 (a) and (b) showed the materials removal weight and the thickness reduction for the
EP process with the A2 and the NaCl-EG-ethanol electrolyte at the current densities of 0.25 —
2.0 A/cm?. Regarding the A2 electrolyte, the total weight of the material being removed was
small at 0.25 A/cm? because no polishing process happened. Then the weight loss reduced
with the increased current density because more side reactions happened and there was more
heat generation. However, the height reduction increased sharply with the increased current
density, as shown in Figure 72 (b). Noticeably, the height reduction was not the average value
but the values at the centre region because a large hole feature was formed and it was
meaningless to measure the average height reduction, as shown in Figure 73. The profile
feature of TC4 polished with A2 electrolyte was different to the profiles of 316L SS and the
TC4 polished with the NaCl-EG-Ethanol electrolyte. Regarding the NaCl-EG-Ethanol
electrolyte, the total materials removal weight increased with the increasing current density,
reaching a maximum of 65.5 #(1.40, 0.90) mg at the current density of 2.0 A/lcm?, compared
to 127.7 %(3.23, 6.37) mg for the surface polished with A2 electrolyte. Additionally, although
the height reduction also increased with the increased current density, they were much smaller
than the surfaces polished with the A2 electrolyte. Therefore, the NaCIl-EG-Ethanol
electrolyte had a higher polishing efficiency than the A2 electrolyte.
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Figure 72 (a) Weight and (b) height reduction of the TC4 polished with the A2 and 1M NaCl-EG-10% Ethanol
electrolyte under different current densities.
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Figure 73 Line profiles of the TC4 polished with the A2 and NaCIl-EG-Ethanol electrolytes.

5.5 Summary

Four types of electrolytes including 65 % H3PO4, 85 % H3PO4, commercial A2 and 1M
NaCl-EG-Ethanol electrolytes were introduced into the experiment. The roughness changes
with the polishing duration for the four electrolytes and the influence of current density on the
EP process of L-PBF 316 L stainless steel and TC4 components in the A2 and NaCI-EG-

Ethanol electrolytes were investigated. The following conclusions can be drawn:

(1) The phosphoric acid cannot be used to polish rough L-PBF 316L stainless and TC4 with
the current densities at the transpassive region because of the low current efficiency and high-
water content. The surface roughness increased with the polishing duration under the 1A/cm?
current density.

(2) The A2 electrolyte has a better polishing effect than the NaCI-EG-Ethanol electrolyte on
the 316L SS while it was contrary to the TC4. The optimised primary surface roughness could
reach 3.42 pm, 5.46 pm, 3.10 pm, and 3.32 pm for 316L SS and TC4 polished with the A2
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and NaCl-EG-Ethanol electrolytes, the corresponding reduction rates were 79.64 %, 78.60 %,
66.47 %, and 68.70 % respectively.

(3) The total material removal amount for 316L SS polished with the electrolyte A2 remained
consistent with the current density, while decreased for those polished with the NaCl-EG-
ethanol electrolyte due to increased side chemical reactions at higher current densities. The
NaCl-EG-ethanol electrolyte has a higher current efficiency for polishing TC4 than the
commercial electrolyte because the materials removal weight was only approximately half of

that polished with the A2 electrolyte.

(4) The 316L SS had similar profile features after being polished with the electrolytes and the
material removal amount above the flat surface decreased with increasing current density
while at the edges increased, which corresponded to variations in dimensional accuracy and
shape. However, the profiles for polished TC4 are different in that the central region had the
most height reduction when being polished by A2 electrolyte while maximum height

reduction was at the edge for the surfaces polished by NaCl-EG-ethanol electrolyte.
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Chapter 6 EP Optimisation and Prediction

A two-step EP method for polishing L-PBF 316L SS and TC4 components was proposed
based on the previous results using the NaCl-EG-Ethanol and commercial A2 electrolytes.
The influence of high current densities ranging between 250 — 2000 mA/cm? on the surface
roughness, materials removal weight, and thickness reduction with various morphological
characteristics was investigated. Six algorithms including the Adaptive Boosting algorithm,
Random Forest, Multilayer Perceptron Regression, Ridge Regression, Support Vector
Regression, and Classification and Regression Trees were introduced for training and

predicting the results obtained from the one-step and two-step EP experiment.

6.1 Two-step EP Effect of 316L SS

Figure 74 and Figure 75 showed the topographies of the primary, waviness and residual
surfaces of 316L SS after two-step polishing at different conditions. The optimal roughness
can be reduced to 4.40 £(0.57, 0.88) pm, 3.73 +(0.15, 0.13) pm and 0.21 £(0.02, 0.03) m
when the polishing duration of the A2 electrolyte dominated the EP process. When the
polishing duration of the NaCIl-EG-Ethanol electrolyte gradually dominated the EP process,
the polishing effect became worse, as the sample Sns showed. The worst roughness values
after polishing were 7.64 +(0.97, 0.86) pm, 6.88 +(0.29, 0.29) pum and 0.58 +(0.02, 0.02)
pm. However, both surfaces of Sni and Snz became smooth without etching, pitting and

scratches, as the SEM graphs shown in Figure 76.

Figure 77 showed the normalised surface roughness, weight and height reduction utilising the

two-step method. The polishing effect deteriorated as the polishing proportion of the NaCl-
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EG-ethanol electrolyte increased, while the weight and thickness reduction decreased.
Similarly, the materials removal and thickness reduction values of the two-step EP process
were in the middle of those obtained with the one-step EP process in the A2 electrolyte and
NaCl-EG-Ethanol electrolytes.

Compared to the one-step EP process, the polishing effect of the two-step EP method was
much better than the samples polished with the NaCl-EG-Ethanol electrolyte. The roughness
after polishing could decrease to below 7.64 +(0.97, 0.86) pm and even 4.40 £(0.57, 0.88)
pm (Figure 74) while most of the surface roughness was larger than 8 pm after one-step
polishing with the NaCI-EG-Ethanol electrolyte (Figure 60). Although the polishing effect
cannot be as good as the sample polished with the A2 electrolyte, the roughness showed little
difference for the three types of surfaces, especially for the Sni sample. For example, the
primary, waviness and residual roughness of the 316L SS polished with the A2 electrolyte at
0.25 A/cm? for 56 mins were 3.97 +(1.17, 0.62) m, 3.71 +(1.09, 0.64) m, and 0.22 +(0.09,
0.0.06) pm, while the values of the sample Sni were 4.40 % (0.57, 0.88) pm, 3.73 +=(0.15,
0.13) pm and 0.21 %£(0.02, 0.03) pm. The comparison of the normalised surface roughness
and the weight loss of the 316L stainless steel after polishing with the one-step and two-step
EP processes were shown in Figure 79. The surface roughness and weight loss of the Sni were
quite similar to the sample polished in the A2 electrolyte under 0.25 mA/cm? Moreover, the
total polishing time was reduced from 56 min to 42.7 mins and the polishing time in the
commercial A2 electrolyte was 16 mins less than the one-step EP process which benefited the

environment.

In conclusion, although the two-step EP process of 316L process cannot provide a better
polishing effect than the commercial A2 electrolyte, it can either reduce the usage of the

perchloride acid or improve the polishing effect of the NaCl-EG-Ethanol electrolytes.
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Figure 74 Physical photos, surface topographies and roughness values of the primary surfaces of the 316L SS
polished at different conditions.
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Figure 75 Surface topographies and roughness values of the (left) waviness and (right)) residual surfaces of the
316L SS after polishing at different conditions.
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Figure 76 SEM morphologies of the 316L SS polished at different conditions (a: Sn1 and b: Sna)
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Figure 77 (a) Normalised surface roughness, (b) weight and height reduction of 316L SS polished with the two-
step EP method.
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Figure 78 Comparison of the optimal (a) Normalised surface roughness, (b) weight and height reduction of 316L
SS polished after polishing with the one-step and two-step EP method.

6.2 Two-step EP Effect of TC4

Figure 79 and Figure 80 show the topographies of the primary, waviness and residual surfaces
of 316L SS after polishing at different conditions. Different to the 316L SS, the optimal
roughness can be reduced to 2.72 +(0.90, 0.74) pm, 2.51 £(0.79, 0.61) pm and 0.29 £(0.22,
0.18) pm when the polishing duration of the NaCl-EG-Ethanol electrolyte dominated the EP
process. When the polishing duration of the A2 electrolyte gradually dominated the EP
process, the polishing effect became worse, as the sample Tns showed. The worst roughness
values after polishing were 5.67 +(0.95, 1.00) pm, 5.07 £(0.69, 0.74) pm and 0.94 +(0.80,
0.54) pm. However, both surfaces of Sn1 and Sns became smooth without etching, pitting and
scratches, as the SEM graphs shown in Figure 81.
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Figure 82 shows the normalised surface roughness, weight and height reduction of TC4
utilising the two-step method. The roughness reduction decreased as the polishing proportion
of the A2 electrolyte increased, while the weight and thickness reduction decreased.
Compared to the one-step EP process, the optimised roughness reduction in the two-step EP
process was better while the values of materials removal weight and thickness reduction were
in the middle of those polished in the one-step EP process. The mechanism was similar to the
roughness changes in that the electrolytes have a much different influence on the material

removal weight and thickness reduction for polishing TC4.

Compared to the one-step EP method, the two-step EP method for polishing TC4 provided a
better polishing result than the one-step EP process, which is also different to the 316L SS.
The minimum primary, waviness and residual surface roughness can reach 2.72 +(0.91, 0.74)
pm, 2.51 £(0.79, 0.61) pm, and 0.29 +(0.22, 0.18) pm, while the minimum values in the
one-step EP process were only 3.1 +(0.11, 0.19) pm, 2.7 £(0.16, 0.20) jm, and 0.49 +(0.35,
0.26) pm (Figure 66 (c), Figure 67 (c) and Figure 69 (i)). The roughness reduction rate for the
primary, waviness and residual surface reached 70.8 £(7.4, 11.5) %, 53 £(11.2, 14.7) %, and
95 *+(3.1, 4.3) %. Figure 83 also showed that the optimal polishing effect of the two-step EP
method was much better than the one-step EP method, especially on the residual surface
although the weight loss in the EP process with NaCI-EG-Ethanol electrolyte was much lower.
This might be because 1) the dissolved metals would be removed from the anode surface
during the change of the electrolytes and therefore, the dissolved metals would not influence
the polishing effect in the second step; 2) the two types of electrolytes had a comparative
polishing effect for polishing TC4 while the commercial A2 electrolyte had a much better
polishing effect than the NaCl-EG-Ethanol electrolyte on polishing 316L SS. Additionally, as
the SEM graphs shown in Figure 70 and Figure 81, the surface polished with the A2
electrolyte had a large amount of micro unevenness (the broken particles on the surface)
while the unevenness disappeared and smooth surfaces without scratches were presented in

the two-step EP process.

In conclusion, the two-step EP process could improve the roughness reduction for polishing
TC4 and present a smooth surface without pitting and scratches while the material removal

weight and thickness reduction should be controlled appropriately.
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Figure 79 Physical photos, surface topographies and roughness values of the primary surfaces of the TC4 polished
at different conditions.
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Figure 80 Surface topographies and roughness values of the (left) waviness and (right)) residual surfaces of the
TC4 after polishing at different conditions.

Figure 81 SEM morphologies of the 316L SS polished at different conditions (a: Tni and b: Tna)
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Figure 82 (a) Normalised surface roughness, (b) weight and height reduction of TC4 polished with the two-step

EP method.
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Figure 83 Comparison of the optimal (a) Normalised surface roughness, (b) weight and height reduction of TC4
polished after polishing with the one-step and two-step EP method.

6.3 Prediction Accuracy and Stability

Figure 84 shows one example of predictive surface roughness obtained by the algorithms.
Ensemble, neural network, and decision tree-based algorithms could present better results
while the predictive results obtained by regularisation-based methods have a large difference
from the true values. The highest R? values could reach 0.89 and the lowest was 0.31. To
avoid the deviation caused by the small scale of the dataset, 10 sets of R? values for the
algorithms were presented in Figure 85 (a). The MLP have the best prediction accuracy and
the R? values ranged between 0.73 and 0.92. Second is the RF method and the R? values
ranged between 0.73 and 0.88. The worst was the RR method whose R? values only ranged
between 0.27 and 0.47. Figure 85 (b) showed the mean values and the variance of the R?. The
MPL method had the highest prediction accuracy with the mean R? values of 0.85 while the
variance ranked fifth, corresponding to 0.0039, which may be caused by the small amount of

data (only 150 data) and less amount of data would increase the fluctuation of the prediction
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results. Although the mean R? of the ensemble-based methods of AdaBoost and RF were
lower than the MPL method, corresponding to 0.76 and 0.80, respectively, the variance of the
RZ was lower, corresponding to 0.0028 and 0.0017. Therefore, the AdaBoost and RF methods
had better stability in predicting the dataset, particularly for the RF method which had the
lowest variance values among the 6 algorithms. As the dataset had two properties: 1) the scale
was quite small and 2) the dataset might contain some abnormal data caused by the
experiment errors, the variance of R? of the CART method reached 0.0121, indicating that it
cannot be used for predicting the dataset. Similarly, the RR and SVR cannot be used for

prediction because of the low mean R? values, corresponding to 0.39 and 0.62.
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Figure 84 Comparison between the true values of the test dataset and the predictive results obtained from the

different algorithms.
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Figure 85 (a) Coefficient of determination change with the number of the prediction; (b) Mean value and variance
of the coefficient of determination of different algorithms.

6.4 Summary

A two-step EP method was proposed to improve polishing effects by utilising the polishing
characteristics with different current densities and electrolytes. The experimental data
including the parameters and results were adopted for prediction using the machine learning
algorithms including the Adaptive Boosting algorithm, Random Forest, Multilayer Perceptron
Regression, Ridge Regression, Support Vector Regression, and Classification and Regression

Trees. The following conclusions can be drawn:

(1) Regarding polishing the 316L SS, the proposed two-step EP process showed an
improvement in surface roughness and edge depth at 1.5 A/cm? current density compared to
the one-step EP process with the NaCl-EG-Ethanol electrolyte. Polishing efficiency and
thickness reduction were improved compared to the one-step EP process with the commercial
electrolyte A2 at 0.25 A/cm? current density. In addition, the two-step method reduced the

usage of acid.

(2) Regarding polishing the TC4, the proposed two-step EP process showed an improvement
in maximum surface roughness reduction compared to the one-step EP process with the A2
and NaCl-EG-Ethanol electrolytes. The weight and thickness reduction were smaller than the

sample polished with the A2 electrolyte.

(3) The neural network and the ensemble-based methods are preferable for predicting the
small-scale dataset with errors. The Multilayer Perceptron Regression have the best prediction

accuracy while the Random Forest had the best prediction stability.
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Chapter 7 Conclusion and Future Work

7.1 Conclusions

This research systematically investigates the EP process of L-PBF 316L SS and TC4 to
improve the polishing effect and reduce the experimental workload. The research contents
include the FEM simulation of the viscous layer formation process, the determination of the
separation method for the surface texture, electrochemical analysis of the EP systems, one-
step and two-step EP of 316L SS and TC4, and prediction of the surface roughness using the
machine learning method. Results showed that the proposed two-EP process can improve the
polishing efficiency and surface roughness, and the MLP and RF methods can be used to
predict the polished surfaces with high accuracy and stability.

EP method was a promising tool for polishing L-PBF components, but there are many
limitations, such as the low polishing efficiency, low polishing capability, geometry
deformation, large workload on experiment attempts, etc. Therefore, in this thesis, numerical
simulation and machine learning were introduced to assist in polishing L-PBF components at

higher current densities.

Due to the complexity of the EP process, many factors will influence the polishing effect and
these factors will also have impacts on each other. In order to reduce the experimental
workload, a FEM model composed of rough surfaces obtained by the Spatial Frequency
Method was established, and the parameters of the diffusion coefficient of ions, inter-
electrode distance, electrolyte flowing rate, and the height and the wavelength distribution on
the L-PBF component surfaces were investigated. By comparing the surface roughness of the

simulation with that of the physical samples, and the mass transport process with the results in
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the previous studies, the accuracy of the model was verified. By simulation, a diffusion
coefficient of 10® m?/s, an inter-electrode distance of 5 mm, electrolyte flowing rate of 0
mm/s were obtained. However, the numerical simulation was not quite accurate because it
was impossible to consider all factors and appropriate assumptions were compulsory.
Additionally, the simulation results depended on the mechanism of the EP process while the
detailed mechanisms were still controversial. Therefore, the FEM methods were only used to
reduce the variants in this thesis and the real polishing effect will be illustrated by

experiments.

Many types of electrolytes can be used for polishing while many of them can only work for
several specific metals. 316L SS and TC4 are common metals used in the AM process and
they have different requirements for the polishing electrolytes. The most electrolyte can be
used for polishing 316L SS while in general, perchloric acid or hydrofluoric acid was needed
for polishing TC4. Recently, the proposed NaCl-based solution was a promising electrolyte
for polishing 316L SS and TC4 while the limiting current density was low, leading to a low
polishing efficiency for rough L-PBF components surfaces. Therefore, the influence of the
high current density ranging between 0.25 A/cm? to 2 A/lcm? with the phosphoric acid,
commercial A2 and NaCl-based electrolytes on polishing 316L SS and TC4 was investigated.
A two-step EP process was proposed based on the polishing effect with the electrolytes under
different current densities. Results showed that the EP process at the high current density for
polishing 316L SS and TC4 with the A2 and NaCl electrolyte can improve the polishing
efficiency, and the two-step EP process could improve the polishing effect and the geometry
deformation. However, the polishing effect of other current densities, electrolytes and metals
was still unknown, and it was impossible to experiment on all the combinations. Therefore,

the machine learning method was introduced to generate models for EP prediction.

Generally, machine learning requires a large-scale dataset for training to obtain a model that
can accurately predict results. Since experimenting with data collection is time-consuming
and costly, six types of algorithms including AdaBoost, RF, MPL, RR, and CART were
introduced to generate models for predictions. The prediction accuracy and stability were
evaluated using the mean values and variance of the coefficient of determination. Results
showed that MPL could present the most accurate prediction results and the RF had the most
stable prediction result. Therefore, the polishing effect of the samples with different initial

surface roughness, at different current densities, etc. can be obtained by the trained models.
By now, a clear logic line of EP L-PBF 316L SS and TC4 has been drawn:

® Numerical simulation to reduce the experimental variants.
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® Experiment to investigate the influence of the high current density and types of
electrolytes and collection of data.
® Using machine learning method to predict the surface roughness polished under other

conditions.

In conclusion, a systematic investigation through numerical simulation, experiment and
machine learning prediction on the EP process of L-PBF components had been studied to

allow an improved polishing effect with low experiment workload and cost.

7.2 Future Works

Based on the research presented in this thesis, if more time and resources were available, the
study on the EP of L-PBF components could be further improved and expanded in the

following aspects:

® The surface topography of the L-PBF components can be scanned and imported into the
simulation model to restore the sample surface conditions. The electrochemical reaction
process and the dynamically moving mesh can be added to the numerical simulation
process to simulate the materials removal process during the EP process. By this method,
the simulation results can be verified by the experiment and the requirement of large-scale
data used in machine learning can be fulfilled by collecting data from the simulation
results.

® More parameters can be investigated in the EP experiment such as the type of power
source: direct current, pulse current and pulse reverse current. The surface texture
evolution of the L-PBF components with the parameters during the EP process can be
further studied using advanced in-situ characterisation techniques.

® Advanced machine learning methods such as transformer, federated learning, or
combining using two or more algorithms could generate more accurate and stable
prediction results. Moreover, the model can be further improved by the optimisation of
the data structures and super-parameters. The prediction system can also be revised for
the purpose of predicting the EP parameters, for example, predicting the current density,
inter-electrode distance, etc. based on initial surface roughness and expected surface

roughness.
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