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Abstract  Nickel-Titanium is a medical-grade alloy used extensively in medical implants and devices in the biomedical 
field. Nickel-Titanium was successfully electropolished via an ecologically friendly and biocompatible ionic liquid medium 
based on Vitamin B4 and resulted in nanosized surface roughness and topography. Voltammetry and chronoamperometry 
tests determined optimum polishing conditions for the Nickel-Titanium alloy while atomic force microscopy and scanning 
electron microscopy provided surface morphology comparisons to benchmark success of each electropolishing condition. 
Energy dispersive X-ray analysis combined with scanning electron microscopy resulted in significantly smoother 
Nickel-Titanium surfaces for alloy samples tested while indicating that the constituent metals comprising each specimen 
effectively electropolished at uniform rates. 
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1. Introduction 
Metal alloys are comprised of two or more of different 

metals, and these alloys incorporate the physical and 
chemical properties of all constituent metals in the process of 
being smelted. Common reasons for combining metals 
include, modification of melting point, improving thermal or 
electrical conductivity, increased structural integrity, along 
with potential benefits of improved tensile and shear strength 
[1, 2]. Metal alloys have been shown to possess numerous 
relevant applications in science, especially in the biomedical 
industry, ranging from prosthetic artificial limb replacements 
to coronary artery stents and are commonly referred to as 
biometallic alloys [3, 4]. Examples of prominent biometallic 
alloys include stainless steel alloys [5], cobalt-chromium 
alloys [6, 7], and titanium alloys [8-14]. 

A medical-grade alloy, Nickel-Titanium (Ni-Ti), is the 
focus of this research endeavor, and has been recently used 
extensively in medical devices and in the biomedical field as 
a result of its ferroelastic capacity as an effective shape 
memory alloy. When in contact with blood, biometallic 
alloys including Ni-Ti, may trigger a variety of iatrogenic 
reactions, including surface-mediated thrombosis, 
complement activation and device-centered infection [15, 
16]. A significant body of research clearly demonstrates that 
in-vivo tissue compatibility may be modified by varying   

 
* Corresponding author: 
fattah@cnu.edu (Tarek M. Abdel-Fattah) 
Published online at http://journal.sapub.org/nn 
Copyright © 2015 Scientific & Academic Publishing. All Rights Reserved 

surface chemistry and topography as these changes guide 
alterations in the morphology and the orientation of adhering 
cells, thus enhancing biocompatibility [16]. Therefore, a 
variety of surface treatments are commonly performed on 
medical devices prior to use or implantation to promote and 
enhance corrosion resistance and biocompatibility [17, 18]. 
For many years, electrochemical polishing (electropolishing) 
has been used to smooth conductive surfaces and to perform 
surface passivation on biomaterials [19-25]. 
Electropolishing of metals provide long lasting benefits 
[26-29] for individuals who have undergone surgeries and 
have received an implant containing biomedical alloys. 
Some of the benefits of electropolishing include prolonged 
lifetime of implants and reduced metal release into the 
bloodstream, both of which protect the longevity of the 
surgical implant [26-29]. 

Reports of electropolishing of Ni-Ti usually cite use of 
acids such as sulfuric acid, nitric acid, phosphoric acid, and 
other acid-based formulations as the electrolyte in the 
electrochemical cell [6, 30]. Any residual acid present on the 
implant could have a detrimental effect on implant-cell 
interactions. Escalating awareness of these complications in 
the practical utilization of biometallic alloys in various 
applications including coronary stents or prosthetic limb 
replacement, has perpetuated the need for non-acid 
electrolytes to be used during the electrochemical polishing 
of metal implants [31, 32]. Thus, electrochemical studies 
outdating the previous processes of electropolishing via 
controlled acid corrosion have been gaining significance in 
recent years [19-25]. In this paper, we report the 
electrochemical polishing of Ni-Ti in a non-acid based 
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electrolyte to produce nanoscale controlled surfaces. The 
electropolishing efficiencies of Ni-Ti with a non-acid ionic 
liquid-based deep eutectic solvent based on vitamin-B4 and 
ethylene glycol will be demonstrated. Surface 
characterization will be conducted prior to and after 
electropolishing treatments to survey the surface roughness 
and elemental concentrations correlated with 
electropolishing parameters such as applied current density, 
voltage, and duration of polishing treatments.  

2. Experimental Methods 
Electrochemical polishing tests were conducted on 5 

identical Ni-Ti samples, each with a polishing area of ½ cm2. 
Electropolishing consisted of acid-free treatments using an 
ionic liquid prepared from vitamin-B4 (VB4, choline 
chloride, Acros Organics 99%), and ethylene glycol (EG, 
Sigma-Aldrich 99.8%); both chemicals were used 
as-received. The ionic liquid mixture was prepared by 
stirring the two components together at a molar ratio of 2 
ethylene glycol to 1 vitamin-B4 (2EG:1VB4) at 70°C until a 
homogeneous colorless liquid was formed. 

Electropolishing was carried out in a standard 
electrochemical cell with a three electrode system and the 
ionic liquid (2EG:1VB4) was prepared as the electrochemical 
polishing medium. Electropolishing procedures consisted of 
a platinum counter-electrode plate accompanied with a silver 
wire reference and the Ni-Ti alloy as the working electrode. 
Electrodes were degreased using deionized water and 
acetone to preserve the purity of samples during testing. The 
working electrode was abraded with 150-grit glass paper, 
rinsed, and dried prior to recording each measurement to 
ensure reproducible voltammetric results. All trials were 
performed at 70°C with chronoamperometric tests set to 900 
s. Linear sweep voltammetry was utilized to step voltage 
from 0-8 V to determine an ideal current range for each 
sample to conduct electrochemical polishing. 
Chronoamperometry was used to fix the voltage for 
electrochemistry experimentation; while the charge was 
optimized to limit undesired variability. Linear sweep 
voltammetry and chronoamperometry experiments were 
conducted using a Gamry PCI4-G750 potentiostat and 
controlled using the accompanying framework and e-chem 
Analyst (v.5.5) software. Voltammetric experiments were 
performed at a constant scan rate of 20 mV/s.  

After electropolishing treatments, surface 
characterizations were made using Atomic Force 
Microscopy (AFM), Scanning Electron Microscopy (SEM), 
and Energy Dispersive X-Ray Spectroscopy (EDX). The 
surface topography and roughness were analyzed using AFM; 
or specifically, a Dimension 3100 Digital Instruments 
manufactured Nanoscope IV Scanning Probe Microscope 
with software version 6.12 in resonant (tapping) mode. 
Tapping mode was utilized to determine roughness analyses 
for the metal alloy sample both prior to and post 
electropolishing treatments. This study reports root mean 

square calculations for all roughness average 
characterizations, such that standard deviation is accounted 
for in the average statistic provided. In supplemental AFM 
imagery provided for each section, root mean square data 
(listed as RMS Rq data in AFM frames) was selected over 
roughness average data (listed as Ra; below RMS Rq in 
AFM frames) for its capacity to best summarize the 
conditions present at the sample surface being characterized.  

SEM and EDX provided additional characterization for 
the alloy samples. These tests provided details of surface 
morphology via SEM and percent composition analyses 
through EDX before and after electropolishing treatments of 
Ni-Ti specimens. The imaging mode used to facilitate 
sweeps from 0-10 keV allowed for detection of all elements 
included in the EDX library (the library contains all periodic 
table elements). All SEM imagery in this study was recorded 
at 25 kV with listed magnification settings and representative 
scale. EDX was utilized to survey and report % composition 
of the alloy surveyed to supplement scanning electron 
microscope (SEM) imagery recorded before and after each 
treatment via a JEOL JSM 6060 LV equipped with 
WINEDS High Performance X-Ray Micro-Analysis 
software. 

3. Results and Discussion 
The Ni-Ti sample surfaces were characteristic of effective 

electrochemical pretreatment (ECPT), and were successfully 
electropolished using a non-acid ionic liquid (2EG:1VB4). 
Visual observations of surface-treated sample areas 
presented a shiny surface with increased optical reflectivity 
and a smoother appearance and feel as compared to untreated 
sample area (Figure 1).  

Ni-Ti samples observed in the process of linear sweep 
voltammetry were stepped from 0-8 V at 70ºC while the 
current ranged from 0-0.146 A/cm2 with an initial peak 
observed at 0.019 A/cm2 at 0.076 V (Figure 2). Ni-Ti 
samples exposed a point of inflection at 3 V allowing for a 
necessary diversion from the usual optimum settings for 
chronoamperometry at the trough following the first major 
peak in the linear sweep voltammogram. The trough after the 
first peak at 1.5 V yielded a current density of 0 A/cm2 as 
suggested in the linear sweep voltammogram (Figure 2). 

The relatively low current density below 0.020 A/cm2 
before 3.5 V shown in voltammograms for Ni-Ti (Figure 2), 
were a direct result of the passivation of a surface film 
present on the metal surface comprised primarily of carbon 
and silicon (Table 1). This surface film caused the Ni-Ti 
alloy to appear slightly blue in color, but this layer is 
ultimately removed as the EDX material composition of 
silicon elements present in the alloy declined from  
0.14±0.04% to 0.02±0.01% after electrochemical treatments 
(Table 1). The third major EDX component of the Ni-Ti 
alloy was revealed to be carbon, which was ultimately 
diminished in concentration from 5.66±0.51% to  
4.77±0.46% for an overall 0.89% difference in alloy 
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composition (Table 1), indicating nickel and titanium 
concentrations were virtually the same after polishing.  

With the surface film largely removed prior to 
chronoamperometry, instead of the 1.5 V setting, the point of 
inflection present at 3 V was selected from the linear sweep 
voltammogram for Ni-Ti (Figure 2) to run 
chronoamperometry (Figure 3). The continuation of the 
Ni-Ti voltammogram revealed that it could be polished at 
higher voltages, but with the caveat of additional pitting at 
the metal surface due to exponentially higher current 
densities (Figure 2). In the chronoamperogram displayed 
(Figure 3), Ni-Ti is revealed to range from 0-0.023 A/cm2 
yielding a relatively smooth and even electropolishing rate of 
41.889 µg/s throughout the duration of the 900 s experiment. 
This recorded rate was a result of electropolishing of Ni-Ti 
with a mass difference of 0.0377 g achieved by calculating 
the difference between the 0.148 g specimen weight 
recorded prior to polishing and the 0.111 g weight recorded 
after treatment with the ionic liquid eutectic solvent. This 
mass transform is comparable with roughness calculations 
recorded for Ni-Ti before and after polishing recorded via 
AFM. 

Ni-Ti metal alloy samples were received with an average 
roughness calculated via the root mean square method of 
226.21 nm (Figure 3). It can be noted that a slight blue 
surface coating existed on the shape-memory alloy prior to 
polishing, and this may contribute to some of the observed 
roughness. The pre-electropolishing roughness for 
three-dimensional topography is nearly outside of the 
measurable z-axis range (>1.5 µm) for the silicon tip 
oscillating on the cantilever of the AFM in tapping mode 
(Figure 4). Regardless, this film and surface is etched away 
with the ionic liquid eutectic mixture yielding final 
roughness of 9.277 nm with some intermittent peaks 
remaining in the three-dimensional topography of the metal 
surface (Figure 5).  

SEM reveals diminishing of surface roughness, which 
supports similar observations and data obtained from AFM 

(Figure 6). EDX analysis revealed sample elemental 
composition typical of Ni-Ti after treatments (Figure 7; 
Table 1). Therefore, electropolishing using 2EG:1VB4 did 
not significantly change the elemental composition of the 
Ni-Ti sample while reducing the surface roughness. The use 
of a non-acid electropolishing medium and biomedically 
compatible solutions such as VB4 would be less likely to be 
hazardous to patients, and less harmful to the environment as 
compared with currently used industrial acid electrolytes 
[19-25]. The unique shape-memory effect, coupled with 
enhanced biocompatibility makes Ni-Ti especially useful for 
implantation, but Ni-Ti alloys containing 
high-concentrations of nickel (>50%) can have a large 
number of nickel ions dissolved out during controlled 
corrosion using caustic acid electrolytes; even after 
implantation. In body fluids containing chlorine ions, point 
corrosion-resistance is less than satisfactory, potentially 
triggering larger chronic negative responses from the host, 
including sensitization, teratogenicity, and even 
carcinogenic change [9].  

However, electropolishing using this non-acidic 
electrolyte 2EG:1VB4 methodology, minimal loss of nickel 
ions are dissolved out of the metal during controlled 
corrosion (Table 1), while the same cannot be said for 
alternative caustic electrolytes such as hydrofluoric acid, 
nitric acid, or phosphoric acid. This ideally should make the 
Ni-Ti samples polished this way more biocompatible. It is 
possible that surface modification via plasma electrolytic 
oxidation or coating TiO2 onto the alloy surfaces could also 
improve biocompatibility of Ni-Ti [10]. 

As an added benefit, this non-acid electropolishing 
method does not incur nearly as much surface pitting or the 
require the expensive cost of hydrogen degassing to remove 
hydrogen ion contamination typical of metals treated using 
phosphoric or hydrofluoric acid electropolishing methods 
[19, 25]. Additionally, the 2EG:1VB4 ionic liquid provides 
the added benefit of being recyclable for reuse with Ni-Ti 
[19]. 

 

Table 1.  EDX % composition for Ni-Ti before and after electropolishing treatments 

 Before 
Treatment    After 

Treatment    

Element Normalized Wt. %  Element Normalized Wt. %  Difference 

Ni 51.24 +/-0.40  Ni 51.65 +/-0.38  -0.41 

Ti 42.06 +/-0.24  Ti 42.66 +/-0.23  -0.60 

C 5.66 +/-0.51  C 4.77 +/-0.46  0.89 

Al 0.48 +/-0.05  Al 0.48 +/-0.05  0.00 

O 0.43 +/-0.05  O 0.43 +/-0.00  0.00 

Si 0.14 +/-0.04  Si 0.02 +/-0.01  0.12 
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(a)                                (b) 

Figure 1.  Photograph of Ni-Ti sample depicting separate regions (a) before electropolishing and (b) after electropolishing 

 

Figure 2.  Linear sweep voltammetry scan for a Ni-Ti sample at a scan rate of 20 mV/s. The dashed line indicates the ideal voltage (3 V) utilized for 
chronoamperometry experiment 

 

Figure 3.  Chronoamperometry scan (15 min) for a Ni-Ti sample carried out at 3 V and 70ºC with the current ranging from 0-0.147 A/cm2 
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Figure 4.  AFM images of a Ni-Ti sample in 2D (top) and 3D (bottom) prior to electropolishing treatments 
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Figure 5.  AFM images of a Ni-Ti sample in 2D (top) and 3D (bottom) after electropolishing treatments 
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Figure 6.  SEM image Ni-Ti alloy before (top) and after (bottom) electropolishing with the ionic liquid 
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Figure 7.  EDX data for Ni-Ti prior to (top) and post-electropolishing (bottom) 

4. Conclusions 
In this study, we demonstrated an ECPT of medical-grade 

Ni-Ti surfaces using 2EG:1VB4 as an electropolishing 
medium. Surface roughness of the ECPT of Ni-Ti using the 
ionic liquid resulted in surface roughness of the specimen 
being significantly reduced from 64.4 nm to 11.4 nm without 
significantly altering the alloy elemental composition. This 
study provides an electrochemical polishing pretreatment 
method to effectively control the relative smoothness of 
Ni-Ti implants at the nanoscale (less than 20 nm) which 
could offer many potential biomedical applications including 
controlling cell interactions at biointerfaces. 
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