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On the Optimization of Roughness and Corrosion
Resistance of Laser Beam Powder Bed Fusion Fabricated
Ti—-6Al-4V Parts—An Electrochemical Approach

Shamim Pourrahimi and Lucas A. Hof*

Laser beam powder bed fusion is emerging as a technology for fabricating
components made of advanced alloys, such as Ti-6Al-4V. However, it suffers
from rough as-built (AB) surfaces, necessitating postprocessing for desired
quality and performance. Electrochemical methods such as electrochemical
polishing (ECP) and anodization (AN) are promising postprocessing methods;
ECP can effectively smoothen surfaces irrespective of their complexity and
hardness, while AN enhances the material’s corrosion resistance. However,
literature lacks research that discusses combined ECP and AN treatment on
surface texture evaluation and corrosion behavior. This work presents a detailed
study on the effects of different processing factor levels using a Taguchi design of
experiment (DOE) approach and discusses the underlying process mechanisms.
The optimized treatment conditions to achieve highest roughness improvement
and best corrosion resistance are discussed and the most influential postpro-
cessing factors are revealed and ranked. The treatment that achieved smooth
surfaces and high corrosion resistance is ECP at 20V and 15 °C for 20 min,

builds components in a layer-by-layer
process, which allows for the fabrication
of complex geometries and customized
designs that would be challenging or
impossible to create with conventional
methods.”™® This approach also enables
significant material savings and reduces
lead times, making it ideal for applications
where rapid prototyping or small-batch
production is required.””!

Among the various AM methods, laser
beam powder bed fusion (PBF-LB) is
widely used for producing metallic parts.!'%
PBF-LB is a subset of powder bed fusion
(PBF) processes, which involves spreading
a thin layer of metal powder (typically
20-100 pm) over a build plate and selec-
tively melting specific areas using a focused
energy source, such as a laser beam. This

followed by AN at 15V for 5 min. This treatment achieves a 72% roughness
improvement, providing an arithmetic areal surface roughness of 2.63 pm and a
corrosion current density of 0.09 pA cm 2, which is almost similar to the AB part.

1. Introduction

Titanium and its alloys have been widely used in biomedical,™™
aerospace,?) marine,! and automotive industries,™ due to their
high strength, chemical resistance, and biocompatibility. These
industries often require complex or custom-designed parts that
are difficult to produce using traditional manufacturing meth-
ods. In such cases, additive manufacturing (AM) emerges as a
favorable alternative. AM is a rapidly advancing technology that
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process is repeated layer by layer until
the final component is constructed.!'”
One of the distinctive features of PBF-LB
is the high cooling rate that occurs after
the laser energy melts the material.
These fast cooling rates can lead to unique
microstructures with desirable mechanical properties but my
also introduce residual stress due to the rapid solidification.”*"!

However, PBF-LB parts typically exhibit inferior surface qual-
ity compared to those produced using conventional manufactur-
ing methods, such as machining."! This is primarily attributed
to the layer-by-layer nature of AM and the physical phenomena
that occur during the deposition and fusion of the feedstock. This
process can result in highly irregular surface features and the
formation of semimelted particles on the surface, as well as a
characteristic staircase effect due to the discrete layering.”
Additionally, the high energy input required to melt the powder
can cause overheating of areas adjacent to the melt zone, further
contributing to surface irregularities.'"**! In addition, the layer-
by-layer deposition and melting result in a distinct texture to the
surface parallel to the build direction, known as the staircase
effect.'! Despite these challenges, PBF-LB remains an attractive
manufacturing method due to its versatility in producing com-
plex geometries and the potential for tailored material properties
through process parameter control.!*”!

These rough surfaces of parts produced by AM present several
disadvantages. First, the aesthetic appeal of the part may be com-
promised, affecting its overall quality perception.'! Second, the
rough surface increases friction and wear, potentially reducing
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the component’s lifespan.'”) Additionally, stress concentration
points can form on rough surfaces, weakening the structural
integrity of the part.*®! Moreover, the rough surface can acceler-
ate corrosion, making the part more susceptible to degradation in
corrosive environments.'”! Finally, rough surfaces disrupt fluid
flow, leading to increased turbulence and reduced efficiency in
applications involving fluid dynamics.?*?!1 Therefore, it is
important to effectively control the surface roughness of AM
parts to ensure their optimal performance in their intended
applications.

Effective parameters in the PBF-LB process, such as feed stock
properties, layer thickness,'"! hatching,*?! laser power, scanning
speed, and building direction!®® may control the surface quality
of the as-built (AB) part. However, for most applications, further
postprocessing is required to meet the fabricated part’s service
conditions.

In general, postprocessing techniques can be categorized into
four main groups: 1) mechanical (abrasive); 2) laser; 3) chemical;
and 4) electrochemical methods. The selection of the appropriate
method depends on multiple factors, such as the material prop-
erties, part geometry, complexity, and desired level of finish-
ing.">** Each of the postprocessing methods offers its own
advantages and suitability based on these considerations. The
present study specifically investigates electrochemical polishing
(ECP) as a technique that provides significant advantages. One
notable advantage is its capability to access and treat intricate
internal surfaces, regardless of their hardness.”>?*! As well,
ECP enables efficient material removal and surface refinement
in complex areas that are typically challenging to reach using
alternative polishing methods."**

As per the definition provided by the ASTM B374 standard,
ECP is a method that enhances the surface finish of a metal
by making the metallic part anodic within a suitable solution.*”’
The process is driven by electrochemical oxidation, where the
metal surface acts as the anode in an electrolytic cell. When
an electrical potential is applied, metal atoms at the surface oxi-
dize and dissolve into the electrolyte as ions. Due to the higher
current density at surface asperities, these areas dissolve more
quickly than the smoother regions, resulting in a leveled and pol-
ished surface. This specific dissolution mechanism makes ECP
effective in smoothing metallic surfaces, regardless of their hard-
ness. However, while ECP can be applied to complex parts, it
requires careful consideration of the process parameters. In par-
ticular, ensuring consistent electrolyte flow and ion exchange can
be challenging in complex geometries, such as internal holes
with intricate helical shapes.[?#%"!

This process can be manipulated by various factors, including
potential and/or current density, temperature, time, electrolyte
composition, electrode working distance, electrolyte flow, and
other relevant parameters. However, it is still difficult to meet
the industrial standards and requirements for part finishing
by ECP, specifically in the biomedical industry.*” By adjusting
the ECP factors, this process can be effectively controlled to
achieve the desired surface finish on the metal part.*!
Literature suggests that, typically, good surface finish can be
achieved, when ECP is performed in the potential/current den-
sity range within the workpiece-electrolyte system polarization
curves’ limiting current plateau region.!” However, such plateau
does not exist for all metals including Ti alloys. Wu et al.*”
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observed that there was no plateau in the current density versus
potential curve when polarizing an additive-manufactured
Ti—6Al-4V part in the potential range of 0-24 V.

Due to the mass-controlled nature of ECP, temperature has a
significant impact on the process. Generally, higher tempera-
tures result in accelerated diffusion of dissolved metal and
acceptor ions, increased ion solubility, reduced electrolyte
viscosity, and a thinner viscous layer on the electrolyte.****!
Nevertheless, excessively raising the temperature is not benefi-
cial, as it can lead to the emergence of defects such as pitting
on the sample’s surface.*53

ECP time is another critical factor influencing the part’s final
roughness and mass loss. Experimental findings demonstrate an
exponential decrease in surface roughness as the polishing time
increases.*” In general, a longer duration of ECP leads to a
smoother surface. However, it is important to consider other
factors such as manufacturing time, control over mass loss,
and the avoidance of significant changes in geometry, i.e., for
near-net-shape manufacturing. Therefore, it is necessary to care-
fully control the ECP time to achieve the desired surface quality,
while maintaining control over these end-application important
aspects.

The electrolyte used in ECP serves as a carrier for current,
heat, and reaction products. Indeed, the concentration of reacting
ions in the electrolyte directly influences the dissolution of the
metallic material during the process.”’® In the past decades,
toxic, acidic, and aggressive electrolytes were commonly used
for the ECP of titanium alloys;?”*® however, in recent years,
there has been a shift toward more environmentally friendly
approaches. Nonaqueous electrolytes, consisting of organic sol-
vents like ethylene glycol or propylene combined with sodium
chloride (NaCl) and ethanol, have shown promising results in
ECP of titanium alloys.***! Regarding the mechanism of Ti dis-
solution in such an eco-friendly electrolyte, Kim et al.**
highlighted the role of added ethanol to the ethylene glycol
and NaCl solution. According to their study, ethylene glycol con-
tains traces of water as an impurity. Once the ECP begins and an
overpotential is applied to the part, TiCl, is formed, as described
by Equation (1). Then, in a second step, due to the presence of
water in the electrolyte, titanium dioxide (TiO,) is formed on the
surface, as presented by Equation (2):

Ti* 4+ 4 Cl- — TiCl, (1) (1)
TiCl, (1) + 2H,0 — TiO, (s) + 4H* + 4Cl- 2)

In the context of ECP, the goal is material dissolution, while
the material oxidizes. However, the formed TiO, does not dis-
solve in the electrolyte and instead accumulates on the surface,
hindering further material dissolution, which is not ideal for
ECP. Therefore, as suggested in this study, the addition of etha-
nol helps the dissolved TiCl, to react with water molecules via the
added ethanol (Et), as described in Equation (3) and (4), away
from the electrodes.”*”!

TiCl, + EtOH — Ti(OEt), () + 4H* + 4Cl~ (3)

Ti(OEt), (1) + 2H,0 — TiO, (s) + 4HOEt (4)
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Other important factors that impact the ECP process include
the electrode distance and electrolyte flow. In fact, they have a
significant influence on the kinetic behavior of the electrochemi-
cal cell, affecting the workpiece’s final surface roughness and
mass removal rate. Therefore, it is necessary to carefully consider
and select appropriate values for both electrode distance and elec-
trolyte flow to achieve desired outcomes in terms of surface qual-
ity and material removal, which is still a challenging task.*"]

Despite the superior chemical resistivity of Ti alloys, it is
important to consider that there can be situations where
corrosion-related issues occur.*!! This is particularly crucial
when considering the application of AM Ti alloys in environments
that are susceptible to corrosion, such as marine or biomedical
applications. One significant concern is the potential release of
ions from the alloy, which can have detrimental effects on biolog-
ical tissue in medical applications.** Additionally, the occurrence
of pitting corrosion poses a notable risk as it can cause localized
damage to the material, ultimately leading to part failure.*’)

Controlling the passive film formation is important to
enhance the corrosion behavior of Ti alloys. Electrochemical
anodization (AN), also known as anodic oxidation, is a widely
used technique to create a stable and protective TiO, layer.
Unlike the natural oxide layer formed in ambient conditions,
the oxide layer produced by AN is significantly thicker, more uni-
form, and strongly adherent, which contributes to the material’s
enhanced resistance to corrosion in aggressive environments.[**]
Similar to ECP, during AN, a constant current or potential is
applied to the part immersed in a conductive electrolyte.*”!
When ECP is performed in an ethanol-containing electrolyte,
no TiO, forms on the surface. Hence, by introducing a subse-
quent AN treatment, a protective TiO, can be formed on the sur-
face to improve the corrosion resistivity.[*"! The mixture of NaCl
and ethylene glycol can be used for AN as an eco-friendly solu-
tion. However, to promote the formation of oxides rather than
material dissolution, a higher water content and lower NaCl con-
centration should be used.**) Nguyen et al. proposed the use of a
0.3 M NaCl solution in a mixture of 50 vol% ethylene glycol and
50 vol% water.”!

Rodriguez-Martinez et al.*® investigated the quality of the
TiO, passive film formed on pure Ti foil using ECP and AN
methods. They observed the formation of vertically oriented
TiO, nanotubes on electropolished surfaces, but the corrosion
resistivity was not measured. In another study by Zhang
et al.’® a decrease in the corrosion current density of AM
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Ti—6Al-4V alloy was reported after ECP in a solution of 0.2 M
MgCl, + ethylene glycol. The observed increase in corrosion
resistance in this reported study?®*® may be related to the forma-
tion of TiO,, since their electrolyte did not contain ethanol.
However, according to the proposed mechanisms of Ti dissolu-
tion, ethanol is necessary for an efficient ECP treatment.®?! In
fact, literature lacks studies that evaluate the corrosion properties
of Ti alloy parts after ECP in an electrolyte which avoids TiO,
formation. As well, studies that examine a subsequent—post-
ECP—AN step that can affect the corrosion resistance are absent
in literature.

The objective of this study is to examine the effects of various
combinations of ECP potential, temperature, and time on surface
roughness enhancement and material removal rate (MRR) to
optimize these ECP parameters for surface roughness and cor-
rosion resistance improvement. Additionally, to assess the influ-
ence of AN on corrosion behavior of AM parts, AN experiments
were conducted following ECP, varying the potential and dura-
tion as controlled parameters. Among the available electrolytes
recommended for postprocessing of Ti alloy, this study has pri-
oritized an ethylene glycol-based solution due to its eco-
friendliness compared to acidic alternatives. It is worth mention-
ing that additional factors such as electrolyte composition, flow
rate, and working distance can also influence the ECP process.
However, for the purpose of this study, these variables were held
constant and their specific impact will not be extensively dis-
cussed, as this topic is already well-documented in literature.*>°!
Hence, the selected values for these parameters are based on
literature combined with preliminary validation experiments.

2. Experimental Section

In this section, a detailed explanation of the experimental proce-
dure is presented. This includes the materials and solutions in
Section 2.1, the ECP and AN procedure in Section 2.2, and the
sample characterization methods, which are presented in
Section 2.3. Section 2.3 is further divided into three subsections:
Section 2.3.1 for roughness measurement, Section 2.3.2 for mass
measurement, and Section 2.3.3 for corrosion measurement.
Finally, Section 2.4 outlines the DOEs approach used for optimi-
zation. Figure 1 summarizes the overview of the experimental
procedure used in this study, and the details will be elaborated
in the subsequent subsections.
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Figure 1. Schematic of methodology and experimental procedure to find optimal surface treatment of the Ti—6Al-4V AM parts.
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2.1. Materials and Solutions

For this study, the samples, presented in Figure 2a, were pro-
duced using PBF-LB technology, employing a plasma-atomized
Ti-6Al-4V powder with diameters within the 15-45 pm range.
The chemical composition of the Ti-6Al-4V powder used for
sample fabrication by PBF-LB is according to the requirements
specified in ASTM F136!*"! and is provided in Table 1.

To conduct the ECP treatment, an eco-friendly electrolyte
solution was prepared following the method suggested by Kim
et al.’?! Ethylene glycol (Certified, 99.8% pure with a maximum
water content of 0.2%, Fisher Chemical) was mixed with sodium
chloride (analytical grade, Fisher Chemical) to create a 1M
NaCl solution. Subsequently, 20 vol% ethanol (99.9%+, Fisher
Chemicals) was added to the mixture.

For the AN step following ECP, a solution of 0.3 M NaCl in a
mixture of 50 vol% ethylene glycol/water was used according to
other reported studies on the AN of titanium alloys."”*8]

To perform electrochemical corrosion measurements, a
3.5wt% NaCl solution was utilized as the electrolyte, which is
commonly used as an electrolyte in corrosion experiments.
This concentration closely resembles seawater and water in
marine environments; however, it exhibits a slightly higher level
of corrosive aggressiveness.”>%

2.2. Electrochemical Polishing and AN Methods

Figure 3 illustrates a schematic representation of the deployed
three-electrode ECP cell. The working electrode (WE) functions
as the anode and represents the workpiece that undergoes polish-
ing. The counter electrode (CE) acts as the cathode and completes
the electric circuit to enable the current flow. A stainless steel
316L sheet, abraded using 1200-grit abrasive paper, was used
as CE. The reference electrode (RE), a silver-silver chloride
(Ag/AgCl) was the reference electrode (0.209V vs standard
hydrogen electrode), allows for the measurement of the potential
in close proximity to the WE, minimizing the disruptive effects
caused by factors like electrode polarization and electrolyte
resistance, which dynamically fluctuate during the ECP process.

www.aem-journal.com

Table 1. Chemical composition of the virgin Ti-6Al-4V powder (wt%).

Al \ Fe (0] C N H Ti

Powder 6.25 4.0 0.22 0.10 0.01 0.01 0.002 Balance

To ensure a consistent temperature throughout the process, a
double-walled cell and a Cole-Parmer Polystat heating/cooling
circulating bath equipped with a thermostat were employed
for water circulation at controlled temperature. Additionally, to
eliminate the agglomeration of reaction’s products on the surface
and facilitate access of fresh electrolyte to the electrodes,
magnetic stirring at a speed of 200 rpm was utilized. A BK
PRECISION 9117 power supply was used to apply the potential
for the treatments. A dedicated LabVIEW program was devel-
oped and employed to regulate the potential difference between
the RE and the WE, ensuring the consistent application of poten-
tial between the WE and CE throughout the electrochemical
treatment, hence acting as potentiostat.

AN was performed using the same cell and setup but using a
different electrolyte and potential range. For all ECP and AN
treatments, as shown in Figure 2b, a square shape surface area
(0.55-0.60 cm?) was exposed to the electrolyte for corrosion char-
acterization. The rest of the parts were insulated with electrical
insulator paints.

2.3. Sample Characterization Methods

The treated samples are analyzed through three distinct
methods: surface roughness measurement (Section 2.3.1),
mass measurement (Section 2.3.2), and corrosion examination
(Section 2.3.3). Each method is comprehensively described in
its respective subsection.

2.3.1. Roughness Measurement

Surface roughness measurement serves as a means to assess the
effectiveness of surface treatments. While the arithmetic average
roughness (R,) is the commonly utilized parameter in this

(a) (b)
§ = i =
=
ww 1 11 £ wuw | 14

iy [Es

Figure 2. a) Photograph of the PBF-LB produced Ti-6Al-4V sample utilized in the study; b) the sample postapplication of electrical insulator coating for
corrosion testing; and c) digital microscope image alongside the color map representation of the AB surface.
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Figure 3. Schematic of a three-electrode system used for ECP and AN surface treatments with an integrated home-built LabVIEW control system

including a power supply, depicted in the dashed square.

context,?'> it provides only limited insights into surface topog-

raphy since it is conducted along a single line.’* Alternatively,
areal roughness measurements can be employed to describe the
surface texture in a three-dimensional space.®?! Hence, accord-
ing to the recommendation of standard ASTM F3624-23,5! the
arithmetic mean height of areal surface roughness (S,), the root
mean square height (S,), the sum of the maximum peak height
and the maximum valley depth values (S,), and the skewness of
surface heights (Sq), which is the quotient of the mean cube
value of the ordinate values and the cube of S, were chosen
for this study to evaluate the improvement in roughness achieved
through the ECP process.**

The surface texture measurement was conducted in
accordance with ISO 25178 standards using a Keyence digital
microscope model VHX-7000. The measurement covered a
stitched surface area of 3 x 3 mm obtained with a 1000X lens.
Roughness calculations were performed using the microscope

Adv. Eng. Mater. 2024, 2401395 2401395 (5 of 18)
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software, employing a scale-limited surface (S-L) filter with prior
tilt correction. According to the ASTM F3624-23 standard, con-
sidering a minimum surface area of 2.5 x 2.5 mm is sufficient
for surface texture studies of AM parts. A laser confocal micro-
scope, LEXT 4100 (Olympus), and scanning electron microscopy
(SEM) using a Hitachi SU-70 field emission electron microscope
were used to examine the localized defects after processing and
corrosion examinations.

2.3.2. Mass Measurement

Mass measurements were conducted both before and after each
ECP treatment, utilizing a digital laboratory balance, with the
resolution of 0.0001, from SARTORIUS. These measurements
were repeated five times, and the resulting averages were
employed for the calculation of the MRR.
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2.3.3. Corrosion Examination

Electrochemical measurements were carried out in a three-
electrode cell connected to a Metrohm Autolab PGSTAT 302N
potentiostat. The experiments were conducted in a double-walled
glass cell with multiple inlets for electrodes and water circulation
to control the temperature. In the three-electrode system,
Ag/AgCl was the RE, a coiled platinum wire (99.99% pure) was
used as the CE, and the AM Ti-6Al-4V part was mounted as
the WE. The corrosion behavior of the part was investigated using
the potentiodynamic polarization techniquel®® To ensure electro-
chemical stability before commencing the corrosion test, the open
circuit potential (OCP) was monitored for 20 min. Subsequently,
the WE was polarized within the range of —0.4 to +6.0 V versus
OCP, with a scan rate of 50mVs™ ..

2.4. DOE

DOE is an effective method for identifying critical factors and
determining optimal conditions in today’s industrial pro-
cesses.””! The present study utilized the Taguchi method, which
employs orthogonal arrays to systematically evaluate the factors
and their levels influencing the ECP and AN process. Unlike the
full factorial method, which requires testing of all possible com-
binations, the Taguchi method examines pairs of combinations
to minimize the number of trials needed.”®

In this study, a L12 array has been generated, encompassing
five factors, each including two levels. This array is chosen to take
advantage of its capability to investigate the main effects of each
factor independently.®” Here, the factors comprise ECP poten-
tial, time, temperature, as well as AN potential and time, and
their respective levels, based on values reported in literature
for similar environments and preliminary experiments, are spec-
ified in Table 2. In a previous study conducted by the authors,**!
preliminary experiments showed that a single ECP treatment
reduced the corrosion resistance of the Ti-6Al-4V parts. One
of the present study objectives is to systematically evaluate the

Table 2. L12 orthogonal array Taguchi DOE for ECP and AN of AM
Ti-6Al-4V parts.

Experiment # (sample) ECP ECP ECP AN AN time
potential time temperature  potential  [min]
M [min] [q M
Experiment#1 (ST7) 15 10 15 15 0
Experiment#2 (S2) 15 10 15 15 0
Experiment#3 (S3) 15 10 25 10 5
Experiment#4 (S4) 15 20 15 10 5
Experiment#5 (S5) 15 20 25 15 5
Experiment#6 (S6) 15 20 25 10 0
Experiment#7 (S7) 20 10 25 10 0
Experiment#8 (S8) 20 10 25 15 5
Experiment#9 (S9) 20 10 15 10 5
Experiment#10 (S10) 20 20 25 15 0
Experiment#11 (S11) 20 20 15 10 0
Experiment#12 (S12) 20 20 15 15 5
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possibility and effectiveness of an added AN step to form an
oxide layer that improves the corrosion behavior after ECP treat-
ment. The AN potentials and times were selected based on the
study by Rodriguez-Martinez et al.*®) which used a similar elec-
trolyte for anodizing Ti foils. Additionally, preliminary experi-
ments were performed to ensure that the selected parameters
would be effective for Ti-6A1-4V AM parts. To ensure the repeat-
ability of the results, each experiment was conducted three times.

Regarding the AN time, it should be highlighted that two lev-
els, including 0 and 5 min are considered. Indeed, when we refer
to 0 min, it means that no AN treatment is performed. This is
done to evaluate how the corrosion behavior changes between
the only ECP-treated samples and the ECP + AN-treated
samples.

It is important to mention that in the L12 orthogonal array
used for this study, some experiments may appear identical
when fewer than six factors are included. This is a known char-
acteristic of the Taguchi design methodology and is mathemati-
cally consistent with the principles of orthogonal arrays. Despite
the repetition, the Taguchi analysis remains valid and allows for a
robust investigation of the factors under study.”®

These factors and levels are chosen to investigate their influ-
ence on roughness improvement, MRR, and corrosion behavior.
This study uses Taguchi analysis of means to identify the most
important factors contributing to the process. According to
Equation (5), the means of responses (ymean), i-€., roughness
improvement, MRR, and corrosion current density, are the
average of responses of the specific level of specific factors:

Ymean = (Z Yt) /” ()
i=1

where y; is the output under observation and » is the number of
experiments.

Equation (6) and (7) are used to calculate the roughness
changes and the MRR for each experimental set:

AS = |Final roughness — Initial roughness| (6)

AM  (M; — My)

where AS represents the absolute change in the areal roughness
value parameter (S,, Sq, S, or Sq) due to ECP treatment. In
Equation (7), AM is the mass change by the ECP treatment,
M; is the mass of the sample before treatment, expressed in
mg, Myis the mass after treatment (mg), and t is the processing
time expressed in minutes. The corrosion rate is calculated using
the Tafel equation (Equation 8):

E—Eor=a% blOgM (8)

where E is the applied potential, E.,, is corrosion potential, a and
b denote the Tafel constant and slope, respectively, the “+” sign
indicates in which domain the sample operates (“+” for the
anodic domain and “-” for the cathodic domain), and i denotes
the current density.
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3. Results

In this section, the obtained results are presented in four subsec-
tions. Surface roughness measurement and characterization of
the Ti alloy samples before and after ECP, along with the
obtained MRR, are documented in Section 3.1. In Section 3.2,
the influence of AN is studied through surface characterization
of samples that underwent AN following ECP. Section 3.3 pro-
vides a detailed analysis of the corrosion properties assessment
of treated samples using electrochemical techniques. Finally,
Section 3.4 presents the Taguchi analysis to study the influence
of surface treatment factors and levels on roughness improve-
ment, MRR, and corrosion resistivity.

3.1. Surface Texture Characterization and MRR Study after ECP

The bar graphs shown in Figure 4 present the results of rough-
ness measurements throughout the ECP process. For clarity,
labels (S1, S2, S3,...) have been assigned to each designed exper-
iment (see Table 2). In this study, the surface treatment consid-
ered in the DOE consists of two components: ECP and AN. ECP
treatments were specifically conducted to improve surface qual-
ity. Therefore, Figure 4 depicts only the influence of ECP on the

(@) Arithmetic mean of height (S,)

—
(=]

Roughness (um)
O = D W s Y N O

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11S12
[l S.after ECP [ AS,

(c) Maximum height (Sz)
250
225
200
175
150
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100

Roughness (pm)

o~
S

ot
(=R

SI S2 S3 S4 S5 S6 S7 S8 S9 S10S11SI12
M s,after ECP [l AS,
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surface texture parameters, the inclusion of the AN step is
discussed in Sections 3.2 and 3.3.

As explained in the introduction, higher levels of the three
selected factors in the DOE would accelerate or increase material
removal. Such increase occurs by providing a higher level of driv-
ing force when a higher potential is applied, lowering viscosity
and increasing ion solubility through a temperature increase,
and extending the ECP duration to allow for more time for
the reaction to occur. These hypotheses are supported by the
observed results after ECP. In experiments #1 and #2 (performed
on samples S1 and S2, respectively), where the factors were at
their lowest levels, the roughness changes were minimal through
all the studied texture parameters. The ECP treatments of
these samples, resulted in average roughness parameter
values of AS,=1.59pm, AS;=4.46pm, AS,=110.08 um,
and ASy =0.7.

Conversely, in experiment #10 (performed on sample S10),
where the factors were at their highest levels, the roughness
improvement was the most significant. The measured
changes for surface texture parameters for this sample were
AS,=7.72pm, AS;=11.58pm, AS,=168.60pm, and
ASg. =3.5. However, some pit-like defects can be observed on
the sample’s surface, which are indicated by red dashed lines
in Figure 5c. These pit defects specifically appeared in surface

(b) Root mean square of heights (S,)
16

14

Roughness (um)

0
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11S12
[l S,after ECP [l AS,

(d) Skewness of surface heights (S,,)

Skewness
—_
—

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10S11S12
M S.after ECP ] AS,,

Figure 4. Stacked bar charts indicating the final values and changes in four surface texture parameters—a) S,, b) Sq, ) S,, and d) Sy—resulting from the

ECP process.
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Figure 5. a) Surface topology of Ti—6Al-4V AM parts at AB condition and after ECP under different experimental conditions: b) 15V, 10 min, 15°C,
c) 20V, 20 min, 25°C, and d) 20V, 20 min, 15 °C. The red rectangle in (a) identifies the area shown in Figure 2c and the red circles in (c) show

the pit-like defects.

roughness measurements as a negative S value after ECP treat-
ment. To be more specific, negative S, surface roughness values
indicate a predominance of valleys on the surface, while positive
values suggest a predominance of peaks.*” Further, a more
in-depth investigation into the effectiveness of each factor on
surface roughness will be conducted using the Taguchi analysis
discussed in Section 3.4.

Table 3 displays the MRR associated with each ECP treatment,
which is considered as the treatment influencing material disso-
lution and roughness improvement. The MRR values in the ECP
experiment range from 0.47 to 1.64 mg min~'. To more compre-
hensively study, the influence of ECP factors on the MRR and
AS, further Taguchi analysis was performed, and these results
are elaborated in Section 3.4.

The samples’ surface topology, obtained through digital
microscopy, were investigated and are included in the
Supporting Information section (Figure S1, Supporting
Information) to maintain the conciseness of the text.
However, the most relevant images for discussion are outlined
in Figure 5. Figure 5a displays the surface topology, along with its
color height map representing quantitatively the sample surface
texture in its AB condition before any treatment. A randomly
selected zone (indicated by a red rectangle in Figure 5a) of
the AB rough surface at higher magnification is shown in
Figure 2c, presenting irregularities in the flatness from layer
to layer and semimelted particles attached to the surface.

Adv. Eng. Mater. 2024, 2401395 2401395 (8 of 18)
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In Figure 5b, when ECP is performed at 15V and 15°C for
10 min, the material removal was insufficient to provide a
smooth surface. Some changes are visible, specifically in the
upper-right area of the image, but it only resulted in a slight
roughness reduction as quantitatively illustrated in Figure 4.
This minor improvement might not be adequate for applications
requiring a smooth finish.

Table 3. Mass loss and MRR during ECP process for each experiment.

Experiment Am [mg] ECP time [min]  MRR of ECP [mg min ']
Experiment#1 (S1) 48+1.6 10 0.48 £0.16
Experiment#2 (S2) 47+1.9 10 0.47 £0.19
Experiment#3 (S3) 11.5+£23 10 1.15+£0.23
Experiment#4 (S4) 121+£1.6 20 0.60 +0.08
Experiment#5 (S5) 13.0£25 20 0.65+0.13
Experiment#6 (S6) 133+2.1 20 0.66 £0.10
Experiment#7 (S7) 16.4+23 10 1.64+0.23
Experiment#8 (S8) 16.0£2.9 10 1.60£0.29
Experiment#9 (S9) 9.1+24 10 0.9140.24
Experiment#10 (S10) 193 £2.1 20 0.96 +0.10
Experiment#11 (S11)  18.1£3.6 20 0.90+0.18
Experiment#12 (S12)  18.0+3.1 20 0.90£0.15
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Figure Sc shows the surface texture of sample S10, which
involved high levels of the factors, resulting in a roughness value
of S,=1.95um, Sq=3.5pum, S, =65.4pm, and Sy = —1. The
smooth surface becomes apparent when compared to the AB tex-
ture. To illustrate the effect of AN on a smooth surface obtained
by ECP, the texture of sample S12, which underwent significant
roughness reduction and was anodized according to the DOE
table, is shown in Figure 5d. Although S10 achieved slightly bet-
ter surface roughness based on S, and S, values, it was not anod-
ized as part of the DOE plan. S12 was selected here, because it
exhibited smoothness and AN was applied, allowing for a com-
parison of the surface texture before and after AN. Some pits are
observable on the surface in Figure 5d (S12 samples); however,
considering the color map height and Sy value, they appear
shallower than those in Figure 5¢ (S10 samples). By considering
the visible colors around the pits on each color map and their
corresponding values, the height values in Figure 5c¢ (S10) range
from dark blue to light orange (0-55 pm), while in Figure 5d (S12
sample), they range from green to orange (40—-60 pm).

3.2. Surface Characterization after AN

Figure 6 depicts the surface morphologies of six samples after
AN following the ECP process, as specified in the DOE
(Table 2). The AN time, electrolyte, and temperature were kept
constant across all samples, with the only variable being the AN
potential. However, it is important to highlight that the previous
ECP treatments applied to the samples differed significantly, as
outlined in Table 2. These variations in ECP conditions led
to different degrees of surface roughness improvement, as

www.aem-]ournal.com

discussed in Section 3.1. The impact of these different ECP
treatments on surface roughness quality is further illustrated
in the histograms (Figure 4) and macroscopic images
(Figure 5). For experiments #3 (Figure 6a), #4 (Figure 6b),
and #9 (Figure 6e), AN was carried out at E= 10V, while for
experiments #5 (Figure 6c), #8 (Figure 6d), and #12
(Figure 6f), AN was conducted at E=15V.

In Figure 6a,b, a “gold” colored oxide layer was formed uni-
formly on the surface. Similarly, Figure 6e depicts a “gold” col-
ored oxide film on the surface, but including some brighter spots
(highlighted by red squares), which seem to be due to localized
breakdowns of the oxide film during AN. In Figure 6¢,d, a
“purple/blueish” colored oxide layer is evident on the surface,
interspersed with bright-colored spots. These spots are the areas
where the oxide layer has broken down, forming pits that
exposed the base Ti-6Al-4V to the surface similar to those
observed in Figure 6e but at a larger quantity. The sample
depicted in Figure 6f features an oxide film with colors ranging
from “gold” to “blue”. The presence of pit defects is not detect-
able here.

Literature reports that the thickness of the anodic film
increases with higher AN potential.*’***! Additionally, the
purple/bluel®? titanium oxide layer is known to be thicker than
the oxide layer with a yellow/greenish!® color. Taking into
account these established facts and the observations in
Figure 6, it can be concluded that AN at a higher potential of
E=15V resulted in a thicker Ti oxide layer identified by
a “blueish” color.

However, it was observed that AN at higher potential
increased the pitting tendency. This can be attributed to the

Figure 6. Surface topology of Ti—6Al-4V AM parts after ECP + AN at different experimental conditions: a) ECP: 15V, 10 min, 25 °C and AN: 10V, 5 min;
b) ECP: 15V, 20 min, 15 °Cand AN: 10V, 5 min; ¢) ECP: 15V, 20 min, 25 °C and AN: 15V, 5 min; d) ECP: 20V, 10 min, 25 °C and AN: 15V, 5 min; ) ECP:
20V, 10 min, 15°C and AN: 10V, 5 min (red squares show the defect formed on surface); and f) ECP: 20V, 20 min, 15°C and AN: 15V, 5 min.
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increased electrical energy provided by the higher potential
difference and intensified electrochemical reactions. The pitting
can be more pronounced when the surface texture is rougher
(Figure 6¢,d). Oppositely, in case of having a smooth surface
prior AN like Figure 6f, can prevent the pit formation.

Figure 7a shows the confocal image of one the bright spots
observed in sample S5 (as shown in Figure 6¢ by a red dashed
square), serving as an example to indicate that these defects are
actually deeper than the surrounding area and can be considered
as pit defects. The maximum depth of this pit was documented as
23.45pm and is shown in Figure 7b by a profile obtained by
cross-sectioning the shown plane and the pit. Same characteriza-
tions were performed on sample S8 (Figure 6d) which had a
rougher surface texture before AN. Random examination of pits
revealed deeper pits up to 55 pm for this sample as is shown in
Figure 7c,d, which could be associated with the rougher surface
that promoted pit growth.

Using confocal microscopy, as shown in Figure 7, it became
evident that the bright spots observed in Figure 5d and 6c are pit
defects that were created specifically on rough surfaces while
anodizing at higher potentials.®®! Conversely, AN at E=10V

www.aem-jou rnal.com

resulted in an oxide layer which covered the surface uniformly
(Figure 6a,b). Regarding the surface texture observed for S12,
displayed in Figure 5f, it is evident that a smooth surface
with an areal roughness value of S,=3.15pum, S;=3.30um,
S, =47 pm, Sy = —0.7, contributed to a more uniform AN treat-
ment and appeared to generate a more uniform oxide layer, even
at the higher AN potential of E =15 V. According to Figure 6e, it
can be highlighted that even at lower AN potential a rough sur-
face can cause pit formation.

3.3. Corrosion Evaluation

As mentioned in Section 2.3.3, for the corrosion evaluation, after
recording the OCP value for 20 min, a linear polarization sweep
from 0.4 V below OCP to +6.0 V versus OCP was applied. This
potential range allowed to determine the corrosion potential and
rate, as well as the passivation behavior and pitting corrosion on
the samples. To assess the general corrosion behavior of the parts
under study, the linear polarization curves around the OCP val-
ues are specifically assessed in Figure 8 and the localized corro-
sion, which happens at higher potential ranges in the linear

0 100 200 300 400 500 600
Position (um)

80
60
40
20

Depth (um)

0 100 200 300 400 500 600
Position (um)

Figure 7. Confocal images of pits observed on anodized sample: a) 2D micrograph of sample S5 (ECP: 15V, 20 min, 25 °C; AN: 15V, 5 min), b) 3D
micrograph and pit depth profile of sample S5, ¢) 2D micrograph of sample S8 (ECP: 20V, 20 min, 25 °C; AN: 15V, 5 min), and d) 3D micrograph and pit

depth profile of sample S8.
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Figure 8. Polarization curves in the Tafel region for AM Ti—6Al-4V parts: comparison of Eor and i in @) AB parts and electropolished parts,
b) ECP + anodized parts (AN) at E=5V and AB part, c) ECP+ anodized parts at E=10V and AB part, and d) electropolished parts with
ECP + anodized parts of the same roughness. All S, values mentioned in the legend are in pm.

polarization tests, are evaluated in Figure 9. The final values
describing the general and localized corrosion behavior are
reported in Table 4. Based on preliminary experiments, the
selected polarization sweep range will demonstrate the passiv-
ation and pitting of samples. However, this level of overpotential
makes potentiodynamic polarization a destructive electrochemi-
cal corrosion evaluation method. Hence, it was not possible to
perform a linear polarization test on a sample before and after
treatment. Instead, linear polarization was applied to a separate
sample in its AB condition as a reference.

Additionally, for experiments involving both ECP and AN
treatment, linear polarization was conducted only after AN.
The voltammograms of AM Ti-6Al-4V samples in AB condition
and after selected treatment are depicted in Figure 8 and 9. The
following thermodynamic corrosion parameters were obtained
from analysis of voltammograms; (1) corrosion potential
(Ecorr) where anodic and cathodic branches intersect; (2) passiv-
ation potential (Ey,ss) Where the current becomes constant due to
the passivation; (3) pitting (breakdown) potential (E;) where a
continuous increase of current is observed after the passivation
region; and (4) pitting tendency (|Ecorr— Epit|), which shows the
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Figure 9. Potentiodynamic polarization of AM Ti-6Al-4V part in AB con-
dition, after surface treatment #4 (ECP:15V, 20 min, 15°C and AN: 10V,
5 min), after surface treatment #10 (20 V, 20 min, 25 °C), and after surface
treatment #12 (ECP: 20V, 20 min, 15°C and AN: 15V, 5 min).
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Table 4. Thermodynamic and kinetic parameters obtained from potentiodynamic polarization of AM Ti-6Al-4V parts in AB condition and after surface
treatments.

Part name OCP V] Ecorr [V] Epass [V] Epit [V] |Ecorr—Epitl [V] icorr [MACM ™7 ipass X 1074 [Acm 7]
AB —0.05 +0.02 —0.23+0.10 2.73+0.60 4.58 +0.40 4.81+0.28 0.11+0.08 6.40 + 0.06
S1 —0.10+ 0.04 —0.3140.15 0.63 +0.22 5.36+0.33 5.67 +0.39 1.69 +0.12 9.81+2.90
S2 —0.11+0.03 —0.31+0.18 1.174+0.32 5.65 +0.20 5.96 + 0.30 1.3740.10 16.0 +3.51
S3 0.23 +0.07 0.0240.12 1.43+£0.12 2.26 +0.33 2.24+0.31 0.23 + 0.04 0.18 4+ 0.11
S4 0.18 +0.05 0.04 +0.08 1.48 4+ 0.09 2.4140.25 2374033 0.14 +0.07 0.48 +0.19
S5 —~0.07+0.08 —0.09+0.13 1.27 4 0.25 2.4140.41 2.50+0.18 2.9540.11 1.88+0.26
S6 —~0.18+0.08 —0.29+0.09 0.42 +0.07 5.26 +0.51 5.50+0.51 1.09 4 0.09 6.18+0.18
S7 —0.04 £ 0.05 —0.29+0.17 1.1240.05 4.24+0.48 4.53 +0.44 3.07+0.08 6.96 +0.14
S8 —0.07 £ 0.07 —0.11+40.12 1.36 4+ 0.09 3.80+0.26 3.91+0.35 2.85+0.22 5.23+0.61
S9 0.2140.03 0.043 +0.07 1.39+0.23 2.3740.25 2.3340.28 0.364+0.13 1.05 £ 0.45
S10 —0.07 +0.06 —0.268 +0.05 0.41+0.03 3.84+0.31 4114018 457+0.71 1.56£0.15
ST —0.05 4 0.07 —0.287+0.1 1.12+0.12 4264061 4.54+0.56 1.8540.33 418+0.08
S12 0.08 + 0.04 —0.115+0.09 1.25+0.19 5.69 + 0.55 5.81+0.42 0.09 =+ 0.07 0.41+0.05

susceptibility to pitting. Among the mentioned parameters,
Epie and | Ecor— Epy| are specifically used to compare the localized
corrosion behavior of the parts.

In addition, several parameters describing corrosion kinetics
were obtained from the cyclic potentiodynamic polarization
graphs, such as; (a) corrosion current density (ico;;) Where the
anodic and cathodic Tafel slopes intersect, or in cases where
there is not a well-defined anodic Tafel region, as observed in
this study due to simultaneous dissolution and passivation reac-
tions, the intersection of the cathodic Tafel slope and E,, will be
considered as icory; and (b) passive current density (ipass), defined
as the average of the current density in which the oxide film on
the metal retains stable and protective and shows the perfor-
mance of a passive film.**

These corrosion kinetics parameters are illustrated for the AB
part in Figure 8c and 9 as an example; and the values for all sam-
ples were calculated using the obtained voltammograms; these
results are summarized in Table 4. The standard deviations pre-
sented in the table were calculated based on three replicates for
each sample. Figure 8 displays a limited potential range of the
potentiodynamic polarization curves around OCP, i.e., at the
Tafel region,[65 1 where the icoy and Eop values are calculated.

Figure 8a compares the polarization curves of the AB part with
three ECP-treated parts that provided different areal roughness
values. In this figure, it is evident that when only ECP is per-
formed as the surface treatment, regardless of any roughness
improvement, the E.,, value shifts toward a more negative
potential. This observation indicates a higher thermodynamic
tendency toward corrosion. Moreover, the current densities
increase, signifying a higher corrosion rate. Both these observa-
tions show that ECP results in a decrease in corrosion resistivity
of AM Ti—6Al-4V samples.

In Figure 8b, the voltammogram of the AB part is compared
with samples that underwent AN at E =15V following ECP. The
Ecorr values for the combined ECP and AN treated parts are more
positive than those for the AB parts. As for the i, values, they
are higher for S5 and S8 but lower for S12 compared to the ico,, of
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the AB part. This difference may be attributed to the lower sur-
face roughness of the S12 part and the absence of pit defects
formed during AN (see Section 3.2). The lowest achieved corro-
sion current density among all treated parts was obtained for S12,
which was 0.09 4 0.07 pA cm 2. Considering the standard devi-
ations of i, calculation, this value is lower than or similar to the
icorr Of AB part, which was 0.11 £ 0.08 pA cm 2. This suggests
that by performing ECP followed by AN, surface roughness
can be improved while maintaining the same or even better cor-
rosion resistance as the AB part.

Figure 8c compares the voltammograms of the AB part with
samples that were anodized at E= 10V after the ECP treatment.
It is evident that all AN-treated samples, following ECP, have
larger E.., values and similar or lower i, values compared
to AB part. This observation shows that creation of a uniform
oxide layer by AN at E= 10V improved the corrosion behavior.

Finally, in Figure 8d, the effect of AN on corrosion properties
is highlighted by comparing the voltammogram of parts that
exhibit similar surface roughness values. One pair of them
has undergone ECP only, while the other pair has been both elec-
tropolished and anodized. Parts S8 and S12 have the same rough-
ness as parts S7 and S11, respectively. The E,, values for S8 and
S12 samples are more positive than those for S7 and S11, which
were only electropolished. However, when comparing the iy,
values of S7 and S8, it is notable that despite the AN of S8,
pit formation during AN led to a higher i.,, compared to S7.
Conversely, in the case of S11 and S12, AN resulted in a
more uniform oxide layer on a smoother surface, leading to
decreased icoy, values. This demonstrates that employing suitable
AN parameters to achieve a uniform oxide film on the surface
can improve corrosion behavior. The rest of voltammograms
in Tafel region are presented in Figure S2, Supporting
Information.

Figure 9 shows the potentiodynamic voltammetry of selected
samples over the full potential sweep range. In this figure,
voltammograms of AM Ti—6Al-4V parts are presented under
different conditions: at AB state, after treatment, S4 showing
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the lowest i, among the samples anodized at E=10V with
medium surface roughness improvement, after treatment, S10
presenting the lowest surface roughness, and after treatment
S12, which involved combination of ECP and AN resulting in
the second smoothest surface and the lowest i, value.

Indeed, Figure 9 clearly demonstrates that the treated parts
exhibit different behavior in the higher potential ranges. As
the overpotential increases in the anodic branch, the first notice-
able difference appears in the starting passivation potential. Part
S10 exhibits the lowest passivation potential, with a passive
region initiating at 0.41V and pitting starting at 3.84 V. For
S4 the passive region begins 1.48 V and shows early breakdown
at 2.41V. For S12, the passive region begins at 1.25V, and the
part starts to develop some metastable pits at a potential of 2V,
while the breakdown potential, as reported in Table 4, was
around 5.81 V. In contrast, the AB part experiences passivation
at a higher potential (2.73 V), with pitting initiating at 4.58 V.

Additionally, besides these differences in Ey,ss and Ep values,
the most significant observation is the lower current density
throughout the entire potential range for S12. This lower current
density indicates a slower anodic reaction rate for this part at dif-
ferent potentials, making it a better option for corrosive environ-
ments. A complete overview of the potentiodynamic polarization
curves is available in Figure S3, Supporting Information.

The occurrence of metastable pitting in Ti alloys has been
reported in the literature™ and can also be observed in our study.
During the metastable state, there is a competitive process
between dissolution and repassivation, which appears as

www.aem-journal.com

fluctuations in the polarization curves. As the dissolution rate
gradually increases, it may reach a critical condition, leading
to the formation of stable pits.*® This transition is observed
as a sudden increase in current density in the polarization curves.

Regarding the sudden increase in current density during lin-
ear sweep voltammetry, it should be noted that oxygen evolution
does occur within the potential range in this study./*”) However,
this sudden current density increase cannot be solely attributed
to oxygen evolution; it is indicative of the occurrence of pitting
corrosion. This claim is supported by the postexperiment
analysis of the samples following linear polarization experi-
ments, where clear signs of pitting corrosion were observed.
Figure 10 further confirms the presence of pitting corrosion,
showing SEM images of the AB sample after linear polarization.
Figure 10a captures a low-magnification view of the surface, with
a red box highlighting a pit. Figure 10b shows a higher magnifi-
cation SEM image of the pit, providing a detailed view of the
corrosion morphology.

3.4. Taguchi Analysis

Taguchi analysis is used to select the parameters that optimize
surface treatment factors and levels, employing statistical meth-
ods to identify the most impactful variables on process outcomes.
Main effect plots are created to visually represent the effects of
factors. In Figure 11, the main effect plots display the mean val-
ues of S, roughness changes at various factor levels. Among the

Figure 10. SEM images of pitting corrosion on the AB sample after linear polarization. a) Overview image of the corroded surface depicting numerous
pits on the surface, b) higher magnification of one pit, indicated by the red box on (a).
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Figure 11. Main effect plots for mean of S, roughness changes considering three ECP factors potential, time, and temperature.
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various observed surface texture parameters in this study (see
Section 3.1), the arithmetic mean areal roughness parameter
S, is selected due to its increased industry usage.” The interac-
tion graphs reveal that ECP time exhibits the most significant
variation in the vertical position of the plotted mean roughness
improvement points, indicating that ECP duration has the most
substantial influence on roughness improvement. ECP potential
and ECP temperature are ranked as second and third important
factors, respectively.

The main effect plots for MRR are displayed in Figure 12.
These plots indicate that the ECP factors have a similar influence
on MRR. However, when sorting them based on the differences
in means at various factor levels, they can be ranked in the fol-
lowing order: ECP potential, ECP time, and ECP temperature. To
explain the negative slope in the mean versus ECP time line, it is
important to note that as the ECP duration increases, ion disso-
lution decreases exponentially, which causes the decrease in
MRR. This phenomenon is a result of the mass-controlled nature
of this process. In other words, although the overall material loss
increases, the rate of material dissolution, or MRR, decreases.

To explore the influence of processing factors on i.,, as a
parameter to determine corrosion resistivity, both ECP and
AN factors are considered in the main plots of Figure 13.
Based on the plots, the most influential factor for corrosion rate
is ECP temperature, with the lowest corrosion current density
observed at lower ECP temperatures. The next significant factor
is AN time, which, in this study, is having the AN step following
the ECP treatment. Subsequently, the next influential factor is
AN potential, with higher levels resulting in higher current

www.aem-journal.com

density. While the most corrosion-resistant sample (S12) was
anodized at E=15, the other samples that were anodized at
the same potential displayed high i, and pitting defects. An
increase in i.,, is detected by increasing the AN potential, as
the plot displays the mean value. The last two influential factors
are ECP potential and ECP time, respectively. These observations
are further discussed in Discussion Section.

4, Discussion

In the Section 3, the results for surface roughness measurement,
surface characterization, corrosion examination, and Taguchi
analysis for different electrochemical surface treatments of
PBF-LB-produced Ti-6AL-4V samples were reported separately.
Now, in this section, the relation between the obtained results
and observations will be discussed. In this study, the DOE con-
sidered two postprocessing treatments: ECP and AN. For ECP,
three factors were taken into account: ECP potential, time, and
temperature. For AN, two factors were considered: AN potential
and time. Each factor included two levels. All factor levels, based
on the Taguchi L12 orthogonal array, are presented in Table 2
(Section 2.4). The aim was to treat half of the samples with
ECP alone and the other half with both ECP and AN to study
the distinct effects of ECP and ECP combined with AN.
Consequently, two levels of AN time were considered: 0 and
5min. Experiments including Omin AN time indicated that
no AN was applied, and the sample was solely electropolished.

After surface treatment, the initial focus was on comparing the
change in surface roughness parameters (AS,, AS;, AS,, and
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Figure 12. Main effect plots for mean of MRR considering three ECP factors potential, time, and temperatures.
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Figure 13. Main effect plots for mean of corrosion current densities considering all five factors included in the DOE.
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ASg) under various experimental conditions. Further examina-
tion of each sample’s surface roughness before and after
the ECP experiment led to the conclusion that experiment
S10 demonstrated the most significant roughness changes,
RAS,=7.72pm, AS;=11.58pm, AS,=168.60um, and
ASg =3.5. In this experiment, the ECP factors potential, time,
and temperature were at their highest levels, with values of 20 V,
20 min, and 25 °C, respectively. This observation aligns with the
theoretical understanding of material dissolution and ion diffu-
sion in the ECP process. In theory, higher overpotential, longer
process duration, and higher temperature can either accelerate
metal oxidation and dissolution or increase the total amount
of material loss. This increased material dissolution ultimately
leads to a smoother surface finish.?*358

In contrast, experiments S1 and S2 (Table 2) were performed
at the lowest levels of ECP potential, time, and temperature,
which resulted in the lowest roughness changes of around
AS,=1.59 pm, ASy=4.46 pm, AS,=110.08 pm, and
ASg.=0.7. The influence of ECP factors on roughness changes,
for different process conditions, was further discussed in
Section 3.4. The main effect plots of S, roughness changes mean
values, revealed that ECP time is the most influential factor for
improving roughness through the ECP process, followed by ECP
potential. ECP temperature was found to have the least effect.

Regarding the MRR, experiment S7, in which ECP was per-
formed at a higher potential (20V) and temperature (25 °C)
and a lower level of time (10 min), achieved the highest MRR
value of 1.64 mgmin~'. In contrast, experiments S1 and S2,
which were performed at lower levels of potential (15 V) and tem-
perature (15 °C) and a lower level of time (10 min), had the lowest
MRR value of 0.47 mgmin~" among all the experiments.

Based on Figure 12, the main effect plots of the average MRR
values at different factor levels, it is observed that the three ECP
processing factors, namely, potential, time, and temperature,
have nearly equal influence on MRR. However, the influence
slope of the plot for the factor time is negative. This indicates
that, for the same levels of ECP potential and temperature,
increasing the ECP time results in a decrease in MRR. It is
important to note that this decrease does not imply a reduction
in the total material removal; instead, it signifies a decrease in the
rate of material removal due to the role of time in the MRR equa-
tion (Equation 3).

The corrosion behavior of the samples after the treatments
was assessed using potentiodynamic voltammetry to compare
them to the AB part. It was observed that the parts that
underwent only ECP had lower E,, values, indicating a higher
susceptibility to corrosion. Additionally, for these samples, the
corrosion density increased compared to the nontreated part,
demonstrating a higher degradation rate in corrosive conditions,
such as saline environments. This observation can be attributed
to the removal of the natural passive layer and the prevention of
TiO, formation on the surface of the parts treated with ECP.

In this study, the electrolyte contains 20 vol% ethanol, which
reacts with the TiCl, film stacked on the parts, dissolving it into
the electrolyte. This reaction prevents the trace of H,0, available
in the ethylene glycol-based electrolyte, from reacting with TiCl,
to form TiO,.*?) Consequently, this process helps achieving a
shiny surface on Ti alloy parts through ECP. However, not hav-
ing the protective passive film on the treated Ti-6Al-4V parts
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resulted in a diminished corrosion behavior. According to the
results of this study, AN treatment can address this issue and
enhance the corrosion behavior of metallic samples.

To more specifically address this aspect, conducting an treat-
ment on Ti alloy AM samples, subsequent to ECP, that does not
form a protective passive film, proves to be effective. This
sequence allows for the formation of a robust passive film, after
the surface roughness reduction step by ECP, significantly
enhancing the corrosion resistance of Ti—6A1-4V parts. This find-
ing represents a novel contribution of our study for the research
community, highlighting an effective strategy for improving the
durability of these alloy components after ECP.

This successful postprocessing strategy becomes evident from
the voltammograms of the samples that underwent both ECP
and AN, as shown in Figure 8b,c. The E,,, values for all of them
were more positive than the E.,, of the AB, nontreated part.
Additionally, under the AN condition in which the oxide film cov-
ered the entire surface and no pits were formed during AN, a
lower corrosion current density was observed, indicating supe-
rior corrosion behavior compared to the AB part. This uniform
oxide film was achieved when the AN potential was at its highest
level (15 V) and the surface roughness was reduced by ECP down
to S, =2.63 pm. As shown in Figure 4, this treatment led to the
second smoothest surface, with a 72% improvement in S, rough-
ness. Following the ECP treatment, the sample underwent AN,
which, according to Table 4 and Figure 8 and 9, resulted in the
best corrosion behavior, characterized by the lowest corrosion
current density, the highest pitting potential, and the lowest
pitting tendency.

At higher potential ranges, the voltammograms were
compared, and Epugs, Epir, and i, values were reported in
Table 4. Additionally, the most significant observation from
the voltammograms of Figure 9 at higher potentials (1.0-6.0 V)
was the consistently lower current density for sample S12.
Indeed, this sample (S12), which was anodized under conditions
that produced a uniform oxide layer and that had been previously
smoothed by ECP, showed these characteristics across the entire
potential range.

The main effect plots were analyzed to identify the parameters
that most significantly influence the i, values. Based on the
plots, the most influential factor for corrosion rate is the ECP
temperature. Among all ECP-treated samples, samples that were
electropolished at T=15°C had the lowest corrosion rate. The
next significant factor is AN time, which, in this study, deter-
mined if either the AN step, post-ECP, was applied or not.
The next influential factor is AN potential, with higher levels
resulting in lower current density.

The two least influential factors are ECP potential and ECP
time, respectively. To explain the importance of temperature
on ECP, it should be noted that according to the literature,
ECP at lower temperature is beneficial due to decreasing the cur-
rent density and expansion of steady state current density plateau
in anodic polarization curves.'*®”% Lower current density leads to
smoother and more uniform material dissolution during ECP.

The metallic alloy parts used in this study were produced by
AM (PBF-LB) and observation of nonuniform material dissolu-
tion at higher temperature is difficult, because of their heteroge-
neity in surface texture. However, for experiment S10 which
resulted in a smoother surface (see Figure 5c), a localized
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material dissolution can be observed. This might be due to
over-electropolishing that was also observed in literature, when

conducting ECP at higher temperatures.

[34]

Over-polishing of the surface can hinder its corrosion resis-
tance because pit-like areas make the surface more susceptible
to degradation, resulting in a higher i.,,. In the performed

Taguchi analysis, AN time and

potential are ranked as the

second and third most influential factors in the i.,, of the
treated parts. As expected, and as shown in Figure 6, the AN
step created an oxide film on the surface of the parts.
Performing AN at higher potential led to the creation of a more
uniform and thicker ‘yellow/greenish’ colored oxide film on the

AM part.

Based on the experiments and analysis conducted in this study

www.aem-journal.com

To summarize the key findings of this study, the comparative
process flowchart depicted in Figure 14 introduces the surface
state and corrosion behavior of the AB AM Ti-alloy part shown
in the dashed frame, followed by the experimental processes that
yield the maximum roughness improvement (ECP) or the best
corrosion resistivity (ECP + AN), and the obtained process-
specific characterization parameters after treatment. The
achieved arithmetic areal surface roughness of 2.63 pm and cor-
rosion current density of 0.09 pA cm™> demonstrate significant
improvements compared to the original AB part, which had a
surface roughness of 9.49 pm and a corrosion current density
of 0.11 + 0.08 pA cm ™ 2. The 72% reduction in surface roughness
highlights the effectiveness of the ECP treatment in significantly
improving the surface finish. The subsequent AN treatment,

to select the best postprocessing experimental condition within
the scope of the factors and levels considered, the following rec-
ommendations can be presented: 1) To achieve a significant
improvement in surface roughness, it is recommended to use
the ECP method described in experiment S10, which resulted
in a 7.72 pm reduction in S, surface roughness, equivalent to
an improvement of 80% compared to the AB parts. In this exper-
iment, ECP was conducted at a potential of 20 V and a tempera-
ture of 25 °C for a duration of 20 min. 2) To achieve a smooth
surface with corrosion resistance similar to or better than the
AB part, it is essential to include an AN treatment. If the ECP
step results in a smooth surface with a S, value of 2.63 pm,
reflecting a 72% improvement as seen in experiment S12, apply-
ing AN at E=15V for 5 min can generate a uniform oxide film
on the surface. However, if the surface is not sufficiently smooth
(Sa exceeding 4 pm, as observed in this study), it is recommended
to decrease the AN potential to E= 10V to create a more uniform
on a rough surface.

Ecor= -0.230 V, E,,,,= 2.73V,
Ey= 4.58 V, | Ecorr-Eye|=4.81,
icor=0.11 pA cm’?, i, = 640 uA cm™?

Potential:
15Vor20V
\

_improvement

AB AM Ti-6Al-4V

Roughness, or corrosion
resistance improvement?
Roughness Corrosion resistance

applied after ECP, plays a
rate. As shown in Table 4,

critical role in reducing the corrosion
the sample with a similar roughness

(S11) but no post-AN step revealed a corrosion current density of
1.85 pA cm ™2, which is twice as large compared to the anodized
S12 sample. Indeed, the lower corrosion current density post-AN
treatment (e.g., S12) reflects a significant decrease in the materi-
al’s susceptibility to corrosion, i.e., enhanced corrosion resis-
tance. These substantial improvements in both surface quality

and corrosion performanc

e validate the success of the postpro-

cessing treatments in meeting their intended objectives.

In fact, the developed flowchart (Figure 12) can be employed as
a decision support tool for academic or industrial researchers aim-
ing to identify the best routes to follow for AB AM Ti—6Al-4V parts
postprocessing strategies. Indeed, if the goal is to achieve a smooth
surface, and corrosion properties are less important, the blue

arrows should be followed.

If the corrosion properties of the post-

processed part are important, the green arrows should be followed.
This path also results in reasonably good surface finishing.

$,=9.61 um, S,

5,=231.97 um, 5,:=2.74

=15.01 um,

improvement ¢

Electrochemical polishing
(ECP)

Time: 20 min
10 min or 20 min

Electrochemical polishing
(ECP) + Anodization (AN)

Temperature: 25°C
15°Cor25°C

Start point Ecor=-0.268 V
Process Epasi= 041V
Y q
Decision Epe=3.83V
EcorrEpit| =4.11

Corrosion properties [Ecorr ol

icorr= 4.57 pA cm™2
Surface roughness parameters

iass= 156 pA cm?

Ecor=-0.115V
Epps=1.25V
E,=5.69V

| Ecorr-Egie | =5.81

___________ -’

ECP Potential:
15Vor20V
ECP Time:
10 min or 20 min
15°C ECP Temperature:

15°Cor25°C

AN Potential:

10VorisVv

icor= 0.09 pA cm2
ipass= 41 pA cm2

AN Time:
0 min or5 min

Figure 14. Comparative flowchart of ECP and ECP + AN postprocessing, summarizing key results, and outlining the optimal paths for achieving the best

corrosion properties and surface finishing.
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5. Conclusion

The present study employed a DOE approach using an L12
orthogonal array to optimize the postprocessing of AM
Ti-6Al-4V parts. In the DOE, two surface treatments, ECP
and AN, were considered. For ECP, factors such as potential,
temperature, and time were considered, while AN involved fac-
tors of time and potential, all including two levels. The surface
roughness of the samples and their weight were measured both
before and after each treatment to determine, respectively, the
optimal experimental conditions that yield the highest roughness
improvement and the fastest MRR. Additionally, the corrosion
behavior of the treated samples was examined using the poten-
tiodynamic linear polarization technique to assess the impact of
the surface treatment conditions on their corrosion resistance. A
Taguchi analysis was performed to determine the surface treat-
ment factors that have the most significant influence on the stud-
ied process performance parameters, including roughness
improvement, MRR, and corrosion rates. Based on the obtained
results, the following conclusions can be made: 1) ECP at
E=20V, T=25"C, for 20 min resulted in the highest roughness
improvement of AS, = 80% and the smoothest surface achieving
Sa=1.95 pm. However, some pit-like surface defects were visible
on the electropolished surface, indicating over-electropolishing.
Another ECP condition with similar parameters, but performed
ata decreased processing temperature of 15 °C achieved a surface
roughness of S,=2.60pm with no such surface defects.
Therefore, the latter processing condition is preferable. 2) The
ECP experiment with the highest MRR was conducted at a high
potential of E=20V and a high temperature of T=25°C for
10 min. This can be explained by the fact that the ECP process
is controlled by the diffusion of ions into the solution, and over
time, the amount of material being dissolved will exponentially
decrease. As a result, the MRR is higher in its initial stages com-
pared to the later stages. 3) Corrosion behavior of the electro-
chemically treated parts is affected by postprocessing. ECP
treatments increased both the E., and i.,, of the parts com-
pared to its AB surface, which shows inferior corrosion resis-
tance. However, it was proven that by applying a proper AN
treatment following ECP, a protective oxide layer can be formed
on the surface to improve the corrosion resistance. The best cor-
rosion behavior was measured for a Ti-6Al-4V alloy part electro-
polished at E=20V, T= 15 °C, for 20 min and further anodized
at E=15V for 5 min. In addition, considering the current den-
sity across the entire range of potential scan and its passive
behavior, it is selected as the most favorable for corrosion prop-
erties. 4) The most influential factors for the postprocessing con-
ditions were identified through Taguchi analysis using main
effect plots. For roughness improvement, ECP time, potential,
and temperature respectively influenced the process. In terms
of MRR, the plots indicate that the ECP factors have relatively
similar influences. When considering corrosion rate (ico,, values
as a criterion), the three most influential factors are ECP temper-
ature, AN time, and AN potential, respectively. 5) The combined
treatment of ECP at 20 V and 15 °C for 20 min followed by AN at
15V for 5min on AB LB-PBF fabricated Ti-6Al-4V parts was
identified as the optimal condition for achieving both significant
surface smoothness (72% S, roughness improvement) and
enhanced corrosion resistance. This outcome, supported by both
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surface roughness and electrochemical measurements, high-
lights the importance of integrating ECP and AN for improved
performance and is among the key findings of this study.

Based on the results of this study, ECP and AN in an
eco-friendly solution composed of NaCl and ethylene glycol, with
the addition of ethanol/water, can be successfully used to
improve surface roughness and corrosion behavior of AM
Ti—6Al-4V surfaces.
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