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KEYWORDS Abstract This work presents a facile and efficient electropolishing of metallic titanium (Ti) in the

relatively eco-friendly electrolyte of deep eutectic solvent (DES) using a mixture of choline chloride-
propylene glycol (1 mol ChCl: 2 mol PG). The electropolishing process of metallic titanium was per-
formed under potentiostatic condition (10 V for 40 min) at room temperature. Surface topography
and morphology were investigated using scanning electron microscope (SEM) and atomic force
microscopy (AFM). The promising electropolishing provides a shiny and mirror-like surface with
an average surface roughness (Ra) of 37.92 nm from the parent metallic Ti with a roughness of
455.60 nm. The surface passivation after electropolishing is of the most likely acceptable mechanism
for removing microscope roughness. The proposed electropolishing in the present DES electrolyte is
a promising strategy for making mirror-like surface (surface resistive against corrosion) of biomed-

ical metallic titanium.
© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Electropolishing is finishing process that atomically removes
material from metals and alloys based on anodic dissolution
process to make a smooth and bright surface free from grain
boundary attack (Karim et al., 2018). Anodic oxidation has
been carried out for many metals, such as copper, silver and
gold (Karim, 2016; Abbott et al., 2015; Karim et al., 2019).
To achieve electropolishing process, a viscous layer has to be
formed at electrolyte/electrode interfacial region. This is to
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control mass transport of ions in which the surface roughness
attenuation can be reached. It is well-known that after elec-
tropolishing, the surface resists corrosion relatively for reason-
able long period of time (Han and Fang, 2019; Abbott et al.,
2006a, 2006b).

Titanium as one of precious metals has wide applications,
such as in aerospace and medicine (Gurappa, 2002; Ryhdnen
et al., 1997). It has been polished electrochemically in perchlo-
ric acid-based electrolytes, such as perchloric acid/acetic acid
and perchloric acid/methanol/ethylene glycol systems
(Mathieu and Landolt, 1978; Peighambardoust and
Nasirpouri, 2014). It has also been electropolished in perchlo-
ric acid-free electrolytes, for instance methanol/sulfuric acid
and ethylene glycol/NaCl (Piotrowski et al., 1998; Kim et al.,
2015).

Ionic liquids are defined as salts with relatively high con-
ductivity compared to organic electrolyte media with low melt-

1878-5352 © 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2020.11.012&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:wrya.karim@univsul.edu.iq
https://doi.org/10.1016/j.arabjc.2020.11.012
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2020.11.012
http://creativecommons.org/licenses/by/4.0/

2

W.O. Karim

ing point below the boiling point of water (Smith et al., 2014;
Endres et al., 2017). Over last two decades, these electrolytes
have been used as a proper medium for electrochemical reac-
tions and show wide potential windows in electrochemical
course (Abbott et al., 2013; Abbott et al., 2017) Deep eutectic
solvents (DESs) are sub-class of ionic liquid with more envi-
ronmental friendly than ionic liquids. From choline chloride
that is a quaternary ammonium salt containing, one can make
a range of deep eutectic solvents using metal salts and hydro-
gen bond donors (Smith et al., 2014).

In this work, electropolishing of metallic titanium in a mix-
ture of choline chloride-propylene glycol (1 ChCl: 2 PG) was
successfully conducted. This finding is of significant impor-
tance for industrial and biomedical applications in which the
smooth surface resists corrosion. Under electrochemical condi-
tions of relatively low potential (10 V) and for 40 min, and mol
ratio of 1 ChCl: 2 PG, a mirror-like finished surface was obvi-
ously obtained.

2. Experimental

2.1. Chemicals

The Ti sheet was obtained from Alfa Aesar (Alfa Aesar 99%,
USA). Prior to use, the Ti sheet was properly cleaned in mix-
ture of dilute sulfuric acid and hydrochloric acid. Afterwards,
it was inserted into acetone with sonication in order to remove
impurities. The propylene glycol (PG, 99%, Sigma Aldrich,
USA) and choline chloride (ChCl, 99%, Sigma Aldrich) were
purchased from Sigma Aldrich (Sigma Aldrich, USA) and
used as received.

2.2. Instruments and measurements

The current density-voltage (I-7) and current density-time (I-f)
plots were drawn using AC/DC Laboratory Power Supply
DC: 0-30 V and digital multi-meters (Widewing ANS008
True-RMS). For morphological analysis, scanning electron
microscopy (SEM) was used ex situ to investigate the surface
morphology (Philips XL30 ESEM). The atomic force micro-
scopy (AFM) image acquisitions were recorded ex situ using
a Digital Instruments Nanoscope 4 run at contact mode oper-
ation. The AFM images of titanium recorded in resonant
mode at a frequency (300 Hz) at a scan rate of 0.5 Hz.

2.3. Preparation of deep eutectic solvent

The preparation of deep eutectic solvent was performed by
mixing choline chloride (ChCl) and propylene glycol (PG) in
a 1:2 mol ratio. The mixture was heated at 60 °C with contin-
uous stirring till a homogeneous clear electrolyte was gained.

2.4. Electrochemical polishing

For the electropolishing process, 1 cm® Ti disk (thickness of
2 mm) and cylindrical platinum electrode were used as working
and counter electrodes, respectively in 10 ml of the electrolyte
ChCl: PG in 1:2 mol ratio at a constant potential of 10 V for
40 min at room temperature. The distance of 1 cm was kept
between the working and the counter electrodes.

3. Results and discussion

3.1. Electrochemical study

The electrochemical response of pure metallic titanium in
ChCl: PG in 1:2 mol ratio at 20 °C is presented in Fig. la. It
is seen that there is no noticeable dissolution electrochemically
in the potential range of 0.1-5 V as shown in region A. Within
5-9 V presented in region B, there is a random electrochemical
dissolution leading to pitting other than desired polishing.
From 9 to 12 V that exhibited in region C, the effective elec-
tropolishing process occurs whereas beyond 12 V shown in
region D, huge electrolyte decomposition takes place. It is
worth-mentioning that at the constant current plateau (ca.
9-12 V), mass transport is responsible for achieving electropol-
ishing successfully. This electrochemical dissolution of Ti is
believed to be due to complex formation with C1™ ion as shown
in the following equation:

Tl + 4C17 — TiCl4(]) + de~

This electrochemical reaction would be accelerated in the
presence of the CI™ ions (choline chloride) from the bulk elec-
trolyte region to interfacial region (Han and Fang, 2019). The
constant current plateau (i.e. steady state) is the desired region
where electropolishing takes place effectively, and the steady
state faradaic current is the mass transport controlled. The
electrolyte decomposition might involve H, evolution where
the propylene could be the main source in addition to the pres-
ence of trace water in the mixture (Haerens et al., 2009; Abbott
et al., 2006a, 2006b).

Fig. 1b shows the I-¢ plot of Ti in ChCl: PG in 1:2 mol ratio
at 20 °C. It is seen that after 6 min of potential holding at 10 V,
a steady state reaches. This indicates the real electropolishing
begins beyond this period and continues until the end of time
scale of the experiment. The potential holding in electrochem-
ical course is helpful to accumulate desired ion with enough
concentration at the interface region where the electropolish-
ing occurs.

The graphical representation of electrochemical polishing
under mass transport is presented in Fig. 2 Based on the vis-
cous film theory, the film is relatively thick in the valley posi-
tions (Fig. 2, shown in b arrow) and the metal dissolution is
slow due to high electric resistance and low potential distribu-
tion (Han and Fang, 2019). On the contrary, at the protruding
positions (shown in a arrow) the viscous film is thin and the
metallic dissolution is fast owing to low electric resistance
and high potential distribution.

3.2. Surface morphology

3.2.1. Scanning electron microscope (SEM)

The electropolishing course of Ti sheet was conducted in
propylene-choline chloride electrolyte by holding potential at
10 V for 40 min as shown in a micrograph in Fig. 3. The opti-
mum potential range was obtained which is from 9 to 12 V for
40 min. It is obviously seen that the features of polished and
unpolished at the boundary are definitely shown in the SEM
micrographs of the Ti surface. From the SEM image, it is seen
that there is a considerable change of Ti surface from large
grain surface to a large extent to a surface that free from grain
crystal surface.
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Fig. 1  Shows electrochemical studies of metallic Ti in ChCl: PG in 1:2 mol ratio; polarisation curve determined (a) and i-¢ curve
measured at constant potential of 10 V for 20 min. (b).
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Fig. 2 Typical schematic diagram shows the mechanism of electropolishing.
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Fig. 3 SEM image at the boundary between the unpolished and
polished metallic Ti sample in 1 ChCl: 2 PG at 10 V for 40 min at
20 °C.

In fact, before the effective electropolishing potential (ca
9 V), a dull surface finished was gained on the Ti surface.

3.2.2. Atomic force microscopy (AFM)

Fig. 4 exhibits Ti sheet after electropolishing in 1 ChCl: 2 PG
mol ratio mixture at 20 °C. From the image it is clearly seen
that the roughness is considerably reduced. The interesting
observation is this large reduction in surface roughness from
parent metallic Ti sheet. The polished surface roughness
obtained for Ti is quite close to this obtained for Ni and Co
(Karim et al., 2018). The surface roughness of the Ti sheet
prior to electrochemical polishing is about 455.60 nm where
reduced to an average roughness of 37.92 nm (over five
measurements).
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¥ [um]
sl

T T T T T T T T
1 2 3 4 5
x [um]

<)

The single line traces alongside of metallic titanium before
and after electropolishing is presented in Fig. 4c and d. The
surface is relatively very rough with grain size of up to
600 nm where converted to 250 nm in the polished one. The
cross section of Ti corresponding to a single line at X-axis of
5000 nm in both cases was scanned. Over the Y-axis, in the
polished one, there is a reduction in the grain sizes up to
200 nm.

In the Fig. 5, a photograph exhibits a clear mirror-like sur-
face that obtained at a constant potential of 10 V at for 40 min
at 20 °C.

Fig. 5 Shows an optical photograph of a sample of Ti both
unpolished and polished regions in 1 ChCI: 2 PG.
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Fig. 4 AFM images of a sample of Ti sheet after dissolution in 1 ChCl: 2 PG at 10 V for 40 min at 20 °C, a) Parent Ti sheet, b) Ti sheet
after electropolishing, ¢ and d) single line traces alongside of Ti recorded before and after electropolishing, respectively in resonant mode
at a frequency of ca. 300 Hz (recorded in air at a scan rate of 0.5 Hz, 256 lines).
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4. Conclusions

Summarily and descriptively, the following points have been
concluded:

e The electropolishing of metallic titanium produces a rela-
tively high-quality bright surface with uniform surface
morphology.

e [t seems that propylene glycol as efficient as ethylene glycol
to interact with choline chloride in 1:2 mol ratio to form a
deep eutectic solvent.

e The optimum potential range has been confirmed that effec-
tive electropolishing occurs.

e It is also emphasised that the eutectic mixture provides suf-
ficient viscous medium where Ti can be electropolished by
facilitating mass transport throughout the interfacial
region.

e The electropolishing of Ti in this electrolyte results in level-
ing and disappearance of surface defects.

e The anodic potential of the process is relatively low (10 V
for 40 min) which is necessary to cause anodic film break-
down that prevents the metal from dissolution.
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