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Abstract 

Tungsten/tungsten carbide (W/WC) coatings deposited through chemical vapour deposition (CVD) 

exhibit favourable mechanical properties and are widely used to extend the working life and 

performance of engineering parts which operate in high wear and corrosive environments. Following 

the coating deposition process, the coated parts must adhere to low surface roughness and 

geometrical tolerance specifications necessitating the need of a machining or surface finishing 

operation. Unlike monolithic materials, hard W/WC coatings have low machinability due to their high 

hardness and superior mechanical properties. In this study, electropolishing, which is independent of 

the material’s hardness and capable of processing parts with complex geometries has been studied as 
a prospective noncontact machining and surface finishing technique for CVD W/WC coatings. Here we 

report the electropolishing behaviour of W/WC coatings with an average thickness of 50 ± 15 µm and 

1300 ± 50 HV hardness. Optimal electropolishing parameters using 5 wt% sodium hydroxide (NaOH) 

electrolyte concentration at 21 oC allow a mirror-like surface finish with Ra of less than 50 nm and a 

change in coating thickness of up to 18 µm to be achieved within 5 mins. The change in electrolyte 

temperature from 21 oC to 40 oC was found to have a significant effect on the electropolishing 

behaviour due to the formation of a thin and unstable viscous film. The electrolyte concertation of 5 

wt% was more stable when compare to 3 wt%, giving an overall better surface finish. EBSD analysis 

revealed that grains with a {111} orientation were preferentially etched in NaOH.  
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Introduction 

Tungsten carbide (WC) is an advanced technical ceramic with superior mechanical properties, such as 

high hardness, stiffness, and wear resistance, along with exceptional physicochemical characteristics, 

such as high melting point and corrosion resistance [1–4]. WC is highly suitable for use as tribological 

coatings in a wide range of engineering applications where extreme resistance to wear and corrosion 

is paramount to extend the usable lifetime of critical components [5,6]. Typical applications include 

pumps and valves handling abrasive fluids such as quartz, gravel and sand [7], aerospace components 

subjected to abrasive, adhesive and fretting wear [8], and plastic extrusion dies where the operating 

temperatures can exceed 400 oC [9]. Apart from providing enhanced protection to the substrate 

materials, the surface condition of the coatings typically requires conformity to low surface roughness 

and stringent geometrical tolerance specifications. This leads to the requirement of post-production 

machining and surface finishing operations [10], typically in a form of mechanical surface finishing 
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techniques such as grinding, honing, and superfinishing [11,12]. However, the superior mechanical 

and physicochemical properties of WC coatings make their machinability challenging and time 

consuming. As WC coatings have the potential to replace existing hard coatings with adverse health 

effect, e.g. hard chromium coatings from hexavalent chromium, it is imperative to further the 

understanding of techniques and parameters for machining and surface finishing of WC coatings [13]. 

The WC coatings considered in this work are deposited through chemical vapour deposition (CVD). 

CVD is a versatile vapour-phase process that is commonly used for synthesis of advanced materials 

including multi-length scale low-dimensional materials [14–16], optical and electronic thin films 

[17,18], and hard coatings [5,19]. The non-line-of-sight nature of CVD makes it ideal for coating 

deposition on parts with complex and intricate geometries, such as internal cavities and sharp corners. 

Nonetheless, such complex features often obstruct mechanical machining process and thus 

satisfactory surface finish can be difficult to achieve. Electropolishing is an attractive surface finishing 

technique for this reason, as it allows processing of parts with complex geometries and is independent 

of the material’s hardness [20]. 

To date, research work into the electropolishing of WC coatings is largely scarce with a limited body 

of literature focusing on the electropolishing of cemented carbide coatings [21–24]. It is important to 

note that the composition and thus properties of cemented carbide coatings are significantly different 

to those of the CVD WC coatings studied herein due to the presence of heterogeneous structure 

composed of hard WC micro-grains, with typical size of several microns across, within the much softer 

cobalt (Co) or Nickel (Ni) metal binders [25,26]. In contrast, our CVD WC coatings are binder-free and 

pore-free, as they have a homogeneous composite structure composed of WC nanoparticles dispersed 

in a hard tungsten (W) metal matrix [5,27] (Supporting information Figure SI 1). The homogeneity of 

the CVD tungsten/tungsten carbide (W/WC) coatings allows the application of electrochemical 

approaches, which have been thus far limited to metallurgical W, on the W/WC coatings considered 

in this work [28–30]. 

In this work, we report a rapid electropolishing of W/WC coatings where a mirror-like surface finish 

with an average Ra of less than 50 nm was achieved within 5 mins using a sodium hydroxide (NaOH) 

electrolyte. NaOH is widely used in the extraction and recovery of W where the chemical mechanisms 

involved in the dissolution of tungsten are well established [28,31–33]. W dissolution occurs under 

anodic potentials, in alkaline solutions such as NaOH where W transforms into tungstate ions (WO4
2). 

This behaviour is outlined in the Pourbaix diagram where material dissolution occurs at a pH range of 

5 to 14 (Supporting information Figure SI 2) [34]. We systematically investigate the electropolishing 

parameter space using various electrolyte concentrations, electrolyte temperatures, variable 

potential regimes, and inter-electrode gap widths. Our findings demonstrate the effectiveness of 

electropolishing as a noncontact machining technique to provide geometrical size corrections and 

optimal surface finishing conditions for CVD W/WC coatings. Our approach and analysis offer insights 

into surface finishing of other hard coatings and difficult to process materials for the benefit of many 

engineering applications.  

Experimental Procedure  

In this study, samples were in a form of flat rectangular coupons of 35 x 50 mm cut from a commercial-

grade 304 stainless steel sheet of 3 mm thickness. The samples were mechanically roughened with a 
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P80 grit abrasive paper and then cleaned in an ultrasonic bath and degreased in perchloroethylene. 

Tungsten/tungsten carbide (W/WC) coating was deposited by Hardide Coatings Ltd. (Bicester, Oxford-

UK) on these stainless-steel coupons using chemical vapour deposition (CVD) at a temperature of 500 
oC. The metal matrix composite coating is crystallized from gas media atom-by-atom and is composed 

of nanostructured tungsten carbide particles dispersed in a tungsten metal matrix [5,11]. It is free 

from inter-granular inclusions, impurities, porosity, and other defects. W/WC coatings with thickness 

of 50 ± 15 μm and hardness of 1300 HV were used herein. 
 

The electropolishing was carried out in a flat bottom crystallising dish with a 19 cm diameter. The 

W/WC coated coupon was electrically connected to the anode whilst a copper plate was used as the 

cathode (Supporting information Figure SI 3). The sample was partially immersed in the electrolyte 

solution, leaving the top end of the samples (15 mm) in the as-deposited condition to be used as a 

baseline reference to change in coating characteristics following the process. A surface area of about 

21 cm2 was exposed to the electrolyte solution during testing. The input voltage was supplied through 

an adjustable DC power supply (0-30VDC/0-20A). The current behaviour was then measured indirectly 

through a Hall effect current transducer (LTSR 25-NP, LEM UK) while the output voltage was recorded 

through an oscilloscope (PicoScope 2000 series). An Ag/AgCl electrode was used as the reference 

electrode. Sodium hydroxide (NaOH, Fischer Scientific UK) was used as the electrolyte for all 

electrochemical studies. The solution was prepared from 16 wt% NaOH and diluted using deionised 

water to 5 wt% and 3 wt% concentrations, with pH of 12.8 and 12.5 respectively. A 1000 ml of 

electrolyte solution was used for each test.  

Potentiodynamic voltage sweeps were carried out at 21 °C using 3 wt % and 5 wt % NaOH electrolytes 

to study the effect of the electrolyte concentration on the electropolishing behaviour. Based on the 

current density vs potential behaviour of these tests, potentiostatic tests were then carried out to 

study the effect of time on the electropolishing behaviour. The effect of electrolyte temperature was 

studied by conducting tests using 5 wt% electrolyte concertation at temperatures of 21 oC and 40 oC. 

The effect of inter-electrode gaps was studied at room temperatures at both 3 wt% and 5 wt% 

concentrations using 3, 5 and 15 cm gaps between the workpiece and the copper cathode.  

The surface morphology was characterised by scanning electron microscope (SEM, Tescan Vega). 

Preferential grain etching was determined through electron backscattered diffraction (EBSD, Oxford 

Instruments). A 3D non-contact surface profiler system with a 20x objective and a sampling scale of 

900 x 900 µm was used to characterise the surface roughness of the samples (Taylor Hobson). The 

data sets were levelled with a Gaussian filter with an L filter nesting index of 0.8 mm. The Ra was used 

as the main parameter which provides an indication of the change in surface roughness as a 

consequence of electropolishing. Atomic force microscopy (AFM, Digital Instruments) with a silicon 

scanning probe with scan surface area of 60 x 60 µm2 was used to characterise the 3D surface 

topography of the samples in the as-deposited and electropolished conditions. Electrochemical 

impedance spectroscopy (EIS) was carried out on the as-deposited and electropolished samples with 

5 wt% NaOH using a potentiostat (VERSAstat 4) at a potential of −0.71 V and −0.61 V vs Ag/AgCl, 

respectively, and a potential modulation of 10 mV. EIS data was collected at a frequency range of 100 

k – 100 mHz with 20 frequency points per decade. Data fitting to equivalent circuit model was 

performed with simplex regression algorithm, which was selected for minimising the sensitivity to 

initial estimation of the parameters [35], for 100k iterations.  
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Results  

 

 

Figure 1: (a-d) Photograph of W/WC coated samples showing the evolution in surface reflection from (a) the matte surface 
texture of as-deposited W/WC coating to increasingly glossy texture after electropolishing for 5 mins in 5 wt% NaOH at 21 
oC at (b) 4 V, (c) 5.6 V, and (d) 7 V vs Ag/AgCl. (e) Cross-sectional SEM image showing the change in thickness and surface 
morphology of W/WC coating after being electropolished for 5 mins in 5 wt% NaOH at 7 V vs Ag/AgCl. 

The effect of electropolishing to surface finish of W/WC coatings can be visually observed from the 

evolution in surface reflection. The as-deposited W/WC coating exhibits a matte surface texture 

(Figure 1a) and a glossier surface texture with improved specular reflectivity can be obtained by 

electropolishing at a higher applied potential (Figure 1b-d). At a potential of 3.1 V vs Ag/AgCl the 

development of some surface smoothening around the sample edges becomes visible, although the 

surface became discoloured. A similar behaviour was observed at a potential of 4 V vs Ag/AgCl , as the 

sample still exhibit a relatively matte surface texture with some discolouration (Figure 1b). A 

significant change in surface roughness starts to occur at a potential of 5.5 V vs Ag/AgCl where a much 

glossier surface texture can be observed (Figure 1c). A mirror-like specular reflection can be observed 

when the electropolishing is carried out at 7 and 7.9 V vs Ag/AgCl (Figure 1d). Surface smoothening 

can be observed immediately after the potential is applied with surface smoothening becomes more 

intense with time for up to a duration of 5 mins. Such a specular reflection can be directly attributed 

to a smooth surface topography, as observed in the cross-sectional SEM image of the electropolished 

samples (Figure 1e). The electropolished section of the W/WC coating exhibit a much smoother 

surface topography compared to the as-deposited section. Note that the electropolishing process also 

results in a reduction in coating thickness, where about 18 µm of W/WC materials are removed from 

50 µm 

Electropolished 

W/WC coating 

As-deposited 

W/WC coating 

Substrate 

(a) (d) (c) (b) 

(e) 



5 
 

the coating in just 5 mins of electropolishing in 5 wt% NaOH at 7 V vs Ag/AgCl. The materials removal 

rate is found to be increasing with the increase of applied potential in the etching and passivation 

regimes. In contrast, it is relatively constant in the electropolishing regime (Supporting information 

Figure SI 4).  

Figure 2: Top view SEM images showing surface morphologies of W/WC coatings (a) as-deposited and after being subjected 
to electropolishing for 5 mins in 1000 ml of 5 wt% NaOH electrolyte solution at 21 oC at (b) 3 V, (c) 5.5 V, and (d) 7 V vs 
Ag/AgCl. 

The successive improvement in the microscopic surface morphology of the coating as a function of 

applied electropolishing potential can be observed from the evolution in SEM surface images (Figure 

2a-d) and AFM surface scans (Figure 3a-d). The as-deposited W/WC coating exhibit a surface 

morphology with distinctive microstructures and grain boundaries (Supporting information Figure SI 

5). These surface features are typical on CVD W/WC coatings due to the microcrystalline growth of 

metallic W matrix at elevated temperatures [36–38]. AFM surface scans indicate that the as-deposited 

W/WC coatings have a relatively high surface roughness with Ra of 0.30–0.45 μm (Figure 3a). 

Electropolishing of W/WC coating at a potential of 3 V vs Ag/AgCl results in the formation of valleys 

resembling etch pits (Figure 2b). The increase in electropolishing duration from 5 to 10 mins does not 

result in an improvement in the surface topography of the coating, but only contributes to an increase 

in the pitting formed on the surface due to a prolonged etching duration. An improvement in the 

surface topography can be observed at a potential of 5.5 V vs Ag/AgCl, where after 5 mins the surface 

becomes relatively smooth without any obvious sign of etch pits (Figure 2c). At this potential the 
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preferential etching of certain grains diminished with a uniform anodic dissolution across the whole 

surface.  

Optimal electropolishing effects are observed at a potential of 7–7.9 V vs Ag/AgCl, where a mirror-like 

surface finish can be obtained with Ra of 22 nm (Figure 1d). Electropolishing at 7 V vs Ag/AgCl for 5 

mins results in a completely clear surface revealing the grain microstructure of the W/WC coating 

(Figure 2d). This sample is virtually flat with the absence of any peaks and valleys with Ra of 22–47 nm 

(Figure 3d). A similar behaviour can be observed at a potential of 7.9 V vs Ag/AgCl for 2 mins where 

the grain microstructure was similarly revealed and became clearer when the treatment duration was 

increased to 5 mins. In agreement with previous studies reported in literature [39,40], the surface 

roughness decreases progressively with the increase in electropolishing potential irrespective of the 

initial surface roughness of the coatings (Figure 3e). A coating removal rate of 3.56–3.66 µm/minute 

was recorded for samples electropolished with 7 V and 7.9 V vs Ag/AgCl potential, respectively 

(Supporting Information Fig SI 5). 

 

 

 

 

 

 

 

 

Figure 3: AFM Surface profiles of W/WC coated samples in the (a) as-deposited and electropolished conditions at (b) 3 V vs 

Ag/AgCl, (c) 5.5 V vs Ag/AgCl and (d) 7.9 V vs Ag/AgCl. (e) Changes in the mean Ra of electropolished W/WC-coated samples 
vs applied potential vs Ag/AgCl. Zero change in Ra represents the as-deposited condition. The electropolishing conditions for 
(b)-(e) are 1000 ml of 5 wt% NaOH electrolyte solution at 21 oC for 5 mins. Error bars represent the uncertainties of the 
measured data. 
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Surface EBSD maps reveal the preferential removal on specific microcrystalline grain orientation of 

W/WC coatings by electropolishing in 5 wt% NaOH. Prior to EBSD analysis, the as-deposited W/WC 

coating is mechanically polished using colloidal silica to achieve a mirror-like finish without altering 

their microcrystalline grain orientation. Most microcrystalline grains of mechanically polished W/WC 

coating are found to exhibit {001} (red) and {111} (blue) planes with a composition of 62% and 34% 

respectively, while only about 4% of the microcrystalline grains exhibit {101} (green) plane (Figure 4a). 

In contrast, the microcrystalline grain orientation of electropolished W/WC coating is found to be 

homogeneous, with 92% of the grains exhibits {001} plane and the remaining 8% exhibits {101} plane 

(Figure 4b). The disappearance of microcrystalline grains with orientation near {111} plane suggests 

that they are preferentially etched first during the electropolishing process. In agreement with 

previous studies, grains with {111} plane are electrochemically more active than those with different 

orientations and therefore more susceptible to etching in alkaline environment  [41–43] It is important 

to note that the selective removal of grains with {111} orientation does not significantly affect the 

functionality of the W/WC coatings. The electropolished W/WC coatings are observed to exhibit a 

hardness of 1264±6.6 HV, which is ~95% of the hardness of as-deposited W/WC at 1331±5.5 HV.  

 

Figure 4: Surface EBSD orientation maps of W/WC coating surface after being (a) mechanically polished using colloidal silica 
and (b) electropolished in 5 wt% NaOH at 7 V vs Ag/AgCl for 30 s. The mechanically polished W/WC coating exhibits grain 
distribution of 62% {001}, 34% {111}, and 4% {101}, while the electropolished one exhibits grain distribution of 92% {001} 
and 8% {101}.  

Discussion 

As described above, our SEM and AFM analysis indicates that the electropolishing conditions of 7 V vs 

Ag/AgCl for 5 mins or 7.9 V vs Ag/AgCl for 2 mins in 5 wt% NaOH are optimal to minimise the surface 

roughness of W/WC coatings. This motivates us to further confirm the decrease in surface roughness 

by electrochemical impedance spectroscopy (EIS) analysis. The EIS Nyquist (Figure 5a-b) plot of the 

as-deposited sample shows the presence of two distinctive impedance behaviours from the high 

frequency interaction at the electrode-electrolyte interface and the low frequency response within 

the electrodes. These behaviours, however, are much less distinctive in the electropolished sample. 

In the high frequency regime of 100 kHz – 100 Hz, the angle between the imaginary positive part of 

the impedance (-Zim>0) and the real axis is observed to be between 𝜋 4⁄  and 𝜋 2⁄ , suggesting a 

constant phase element (CPE) impedance behaviour. Interestingly, the Bode plots (Figure 5c) shown 

that the impedance magnitude and phase angle (Figure 5d) of both as-deposited and electropolished 

samples are relatively similar in this high frequency regime. In contrast, the differences in impedance 
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magnitude and phase angle between these two samples are more pronounced in the low frequency 

regime of 100 Hz – 100 mHz. In this frequency regime, the impedance magnitude for electropolished 

sample is consistently lower than that for as-deposited sample. This suggests that the Helmholtz and 

diffuse viscous layers formed on the surface of electropolished sample are thinner than those on as-

deposited sample, which can be attributed to the reduced surface disorder [44–49]. In agreement to 

the previously reported behaviour on nitride- and oxide-based coatings [50,51], the effect of 

electropolishing on W/WC coating can be further described by an equivalent circuit with two time 

constants.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: (a) Overall and (b) zoomed-in EIS Nyquist plot, (c) Bode plot and (d) Phase angle vs. log frequency of as-deposited 

and electropolished W/WC samples obtained at a potential of −0.71 V and −0.61 V vs Ag/AgCl, respectively. Here the samples 

were electropolished in 5 wt% NaOH with a potential of 7 V vs Ag/AgCl for 2 mins 

Here, we fit the EIS data to a fitting model of 𝐿𝑠 + 𝑅𝑠 + 𝐶𝑃𝐸𝑑𝑙/(𝑅𝑐𝑡 + 𝐶𝑃𝐸𝑎𝑑 𝑅𝑎𝑑⁄ ) (Supporting 

information Figure SI 6), which is commonly used for electroactive chemical reactions in presence of 

adsorbed species [35,52–54]. 𝐿𝑠 represents the series inductive loss from the electrical connections, 

wires, and instrument. 𝑅𝑠 is the total series resistance of the measurement system with contributions 

from the ohmic resistances of the electrolyte and the electrodes. 𝐶𝑃𝐸𝑑𝑙 is the double layer CPE with 

characteristics parameters of 𝑄𝑑𝑙 and 𝛼𝑑𝑙. 𝐶𝑃𝐸𝑎𝑑 is the adsorption CPE with characteristics 

parameters of 𝑄𝑎𝑑 and 𝛼𝑎𝑑. 𝑅𝑐𝑡 and 𝑅𝑎𝑑 are the charge transfer and adsorption resistances, 

respectively. Both 𝐶𝑃𝐸𝑑𝑙 and 𝑅𝑐𝑡 represent the high frequency response at the electrolyte-electrode 

interface, while 𝐶𝑃𝐸𝑎𝑑 and 𝑅𝑎𝑑 represent the low frequency response from the mass transport within 

the electrode. EIS data fit analysis (Table 1) shows that 𝛼𝑑𝑙 of as-deposited sample is ~0.93, while that 
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of electropolished sample is 1. As CPE in the high frequency regime is highly influenced by surface 

disorder, the 𝛼𝑑𝑙 < 1 of the as-deposited sample suggests a rough and porous surface with 

heterogeneous reaction sites. In contrast, the 𝛼𝑑𝑙 = 1 of the electropolished sample suggests a 

smooth and planar surface with homogeneous reaction sites [45–49,54,55]. Interestingly, 𝑅𝑐𝑡 of as-

deposited sample is ~1834 Ω cm2, which is more than 20 times larger than that of electropolished 

sample at ~80.35 Ω cm2. Here, the decrease in 𝑅𝑐𝑡 is not originated from an increase in surface porosity 

and roughness [56,57], but rather from a removal of charge barrier layer on the surface of W/WC 

coating. Note that tungsten oxide (WOx) layer naturally forms on the surface of W matrix, especially 

in the presence of an alkaline solution [32,33,58]. This WOx layer acts as a charge transfer barrier in 

the as-deposited condition, which is then removed through dissolution into tungstate (WO4
2−) ions 

during the electropolishing process.  

Table 1: EIS data obtained by equivalent circuit simulation of as-deposited and electropolished samples in 5wt% NaOH 
solution at room temperature. 

Constants As-Deposited  
Electropolished 

(18V, 2mins) 
Units 

Ls Series inductance 23.51 39.37 𝜇H 𝑐𝑚2 

Rs Series resistance 19.82 17.24 Ω 𝑐𝑚2 

Qdl 
Double layer constants 

25.55 16.28 𝑚F 𝑠𝛼𝑑𝑙−1 𝑐𝑚−2 

αdl 0.93 1  

Rct Charge transfer resistance 1834.01 80.35 Ω 𝑐𝑚2 

Qad 
Adsorption constants 

56.46 50.07 𝑚𝐹 𝑠𝛼𝑎𝑑−1 𝑐𝑚−2 

αad 0.84 0.66  

Rad Adsorption resistance 9815.60 2209.04 Ω 𝑐𝑚2 

χ2 Goodness of fit 0.93 0.58  

 

The removal of oxide barrier layer along with a decrease in thickness of W/WC coating by 

electropolishing process also result in a reduction in resistance to adsorption and diffusion of 

electroactive species. Note that the electropolishing process at 7 V vs Ag/AgCl for 2 mins reduces the 

overall thickness of W/WC coating by ~7.2 μm, which is about 12% of the original thickness. In addition 

to a decrease in coating thickness, the decrease in 𝑅𝑎𝑑 by a factor of four from ~9815.6 Ω cm2 for as-

deposited sample to ~2209 Ω cm2 for electropolished sample suggests a continuous increase in the 

number of adsorption and diffusion sites for OH− ions within the coating during the electropolishing 

process [55,59]. The decrease in the total polarisation resistance 𝑅𝑐𝑡 + 𝑅𝑎𝑑 after electropolishing also 

suggest that a passivation layer, which may reduce the material removal rate, does not naturally form 

during the electropolishing process and thus the material can be readily removed. Note that the total 

polarisation resistance is often used as a measure of corrosion resistance, where a higher polarisation 

resistance value represents a more robust passivation with a lower corrosion rate [50,51,53].  
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Figure 6: Anodic polarisation curves of W/WC in (a) 5 wt% NaOH electrolyte at temperature of 21 °C and 40 °C and (b) at 21 
°C using electrolyte concentration of 5 wt% and 3 wt% NaOH. (c) SEM and (d) corresponding EDS maps of the cross-section 
showing the formation of WO3 on W/WC coating under regime II conditions in 5 wt% NaOH solution at room temperature. 

To further elucidate the parameter space of W/WC electropolishing in NaOH, the anodic polarisation 

is analysed under different electrolyte temperatures and concentrations. Note that anodic 

polarisation curves are typically segmented into four key regimes of etching (I), passivation (II), 

electropolishing (III), and gas evolution (IV). Here, the anodic polarisation curves are obtained by 

sweeping the applied potential at a sweep rate of 50 mV/s using an inter-electrode gap width of 15 

cm. For 5 wt% NaOH at 21 °C (Figure 6a), the increase in applied potential from 0 to 0.7 V vs Ag/AgCl 

does not significantly change the current density. It remains relatively stable at ~0.4 A/cm2 due to the 

relatively low mass ion transport and the aforementioned high charge transfer resistance of the WOx 

layer on the surface of W matrix [32,33,58]. The increase in potential from 0.7 to 3 V vs Ag/AgCl results 

in a linear increase in current density that indicates the etching (I) regime. In regime I, material 

dissolution starts to increase due to a higher mass transport of OH− ions moving towards the anode 

and subsequent tungstate ions (WO4
2−) being driven away from the surface of the workpiece (Figure 

7) (Supporting information Figure SI 2). However, the rate of dissolution in regime I is still limited by 

the equilibrium between surface oxidation and chemical dissolution of WOx on the surface of the 

workpiece [60]. This leads to the formation of valleys resembling etch pits on the W/WC coating 

(Figure 2b and Figure 3b). The passivation (II) regime is reached upon exceeding a potential of ~2.75 

V vs Ag/AgCl. In regime II, the generated WOx layer is at its thickest, providing a higher resistance to 

the applied potential and a subsequent stabilised current in the range of 2.75 – 4 V vs Ag/AgCl. The 

current is sufficiently high to generate excess of OH− ions at the cathode that upon being transported 

toward the anode result in further oxidation of the WOx layer into WO3 (Equation 1) [32,33,58]. The 

formation of WO3 layer with a thickness of up to 20 μm can be observed from the cross-sectional SEM 

image of the passivated samples (Figure 6c-d). This suggest that in regime II the surface passivation 
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(Equation 1) is more favourable than the oxide dissolution (Equation 2). At a higher applied potential 

of up to 8.7 V vs Ag/AgCl, material dissolution continues to occur where the electropolishing (III) 

regime is reached. Regime III is where the OH− ions further oxidise the formed WO3 at the anode 

surface into WO4
2− ions (Equation 2). As the optimal surface finishing is achieved only in regime III, the 

dissolution of WO3 into WO4
2− ions can therefore be considered as the main mechanism for surface 

smoothening (Figure 2d and Figure 3d). Note that the formation of OH− ions at the cathode is also 

accompanied by the formation of H2 gas that evolves into bubbles (Equation 3). The level of noise in 

time dependent current density can be attributed to such formation and release of H2 bubbles. The 

gas evolution regime (IV) is reached when a potential higher than 9 V vs Ag/AgCl is applied. In regime 

(IV), some of the excess OH− ions are oxidised allowing the evolution of O2 to take place. The presence 

of the evolution of O2 bubbles on the surface of the workpiece leads to the formation of high-density 

pits. 

Equation 1: 𝑊(𝑠) + 6𝑂𝐻(𝑎𝑞)− → 𝑊𝑂3 (𝑠) + 3𝐻2𝑂(𝑎𝑞) + 6𝑒− 

Equation 2: 𝑊𝑂3 (𝑠) + 2𝑂𝐻(𝑎𝑞)− → 𝑊𝑂4(𝑎𝑞)2− + 𝐻2𝑂(𝑎𝑞) 

Equation 3: 6𝐻2𝑂(𝑎𝑞) + 6𝑒− → 3𝐻2 (𝑔) + 6𝑂𝐻− 

 

Figure 7: Schematic representation outlining the different electropolishing stages. 

The effect of electrolyte temperature on the current density and electropolishing behaviour of W/WC 

in 5 wt% NaOH is analysed using an electrolyte temperature of 40 oC. Compared to the anodic 

polarisation curve obtained at 21 °C, that at 40 °C exhibit an overall higher current density with 

narrower etching, passivation, and limiting current regimes (Figure 6b) where the electropolishing 

potential range at 40 oC is up to 2 V vs Ag/AgCl lower than that at 21 °C. The width of the limiting 

current plateau at 40 oC is similarly diminshed when compared to that at at 21 °C. This change in 

behaviour is attributed to the viscous film formed on the surface of the workpiece, where at high 

temperature a thin film is formed due to lower diffusion rates of electroyte ions. At a low temperature 

the diffusion of W ions away from the surface of the workpiece and OH– ions toward the surface of 

the workpiece is slower. Consequently, the thickness of the viscous film is higher than that formed at 
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a 40 oC, resulting in a higher resistance and conseqnetly lower current density. At 40 oC, the ion 

solubility is higher, which allows reactions to occur at a faster rate but being also limited to a shorter 

potential range, thus requiring a better process control. This behaviour is in agreement with reported 

studies on the electropolishing of other metals [39,43,61–63]. 

The test using different electrolyte concentration shows that the 3 wt% NaOH results in a lower 

current density than the 5 wt% one (Figure 8b). At 3 wt%, the passivation regime is more stable and 

spread over a wider voltage range. This behaviour is attributed to the formed WOx being more stable 

at a lower NaOH concentration that results in a delay in its dissolution. Potentiostatic test at 7 V vs 

Ag/AgCl and 7.9 V vs Ag/AgCl using a 3 wt% NaOH electrolyte produces similar surface morphology to 

that using a 5 wt% NaOH electrolyte, where a mirror-like finish can still be achieved at a 7 V vs Ag/AgCl 

potential (Figure 8a). In fact, the impact of electrolyte concentration on surface roughness is 

insignificant if the electropolishing is performed at 7–7.9 V vs Ag/AgCl for a short duration of 2 min. 

For both electolyte concentrations, the electropolished samples are observed to exhibit low surface 

roughness with Ra below 0.01 µm. Nevertheless, the W/WC coatings electropolished with 5 wt% 

NaOH have shown a relatively better surface finish than those with 3 wt% NaOH (Table 2). The 

morphology of the sample electropolised with 3 wt% NaOH shows that the surface is not completely 

flat with indication of some grains being selectively shallower than others due to preferential etching 

(Figure 8b). NaOH electrolyte with a concentration of 5 wt% is therefore preferred in this study.  

Table 2: Average change in surface roughness and standard deviation as a function of electrolyte concentration 2 mins tests. 

Potential (V) 

Electrolyte Concentration 

(3 wt%) 

Electrolyte Concentration 

(5 wt%) 

As-coated 

Ra (µm) 

Electropolished 

Ra (µm) 

As-coated 

Ra (µm) 

Electropolished 

Ra (µm) 

18 0.328 ± 0.036 0.084 ± 0.030 0.366 ± 0.073 0.064 ± 0.012 

20 0.334 ± 0.029 0.063 ± 0.021 0.396 ± 0.065 0.051 ± 0.008 

 

Furthermore, we observe that the time-dependent current density throughout the electropolishing 

process is more stable in 5 wt% than that in 3 wt% NaOH electrolyte. This allows a wide range of inter-

electrode gaps to be used for electropolishing without excessively affecting the current density 

throughout the process. As expected, the average current density for W/WC in 5 wt% NaOH is higher 

than that in 3 wt% due to a lower ionic resistance from a higher number of available ions in the 

electrolytes. At a 15 cm inter-electrode gap, the current density in 5 wt% NaOH at an applied potential 

of 7 V vs Ag/AgCl is observed to follow a steady path of ~0.55 A/cm2 with a very low level of noise 

(Figure 8c). In contrast, the current density in 3 wt% NaOH for the same inter-electrode gap is 

observed at ~0.45 A/cm2, but with a higher level of noise (Figure 8d). The lower level of noise can be 

attributed to a more even distribution of H2 bubbles released from the cathode. During the 120 

seconds test, the spread of the current densities for various inter-electrode gaps (3-15 cm) at 5 wt% 

NaOH concentration was within 0.45-0.65 A/cm2 range. At the 3 wt% NaOH concentration this varied 

between 0.5-0.6 A/cm2 range. The lower spread of the current densities at 3 wt% NaOH concentration 

should help achieve more uniform electropolishing effect on non-flat workpiece, i.e., cylindrical 
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workpiece would have central area closer to the cathode but would still have similar current density 

as the peripheral areas further from the cathode.  

 

 

 

 

 

 

 

 

 

 

 

 

 

For both concentrations, the magnitude of current density is observed to increase with the decrease 

in inter-electrode gap due to a decrease in ohmic resistance between both electrodes. For an inter-

electrode gap of less than 15 cm, the current density is observed to increase with the increase in 

electropolishing time. For 5 wt% NaOH, the overall current density for samples electropolished with 3 

and 5 cm inter-electrode gaps have shown similar transient behaviour, with the average current 

density increases from ~0.52 A/cm2 to ~0.62 A/cm2 within 2 mins of electropolishing. Nevertheless, 

the main difference is that at a 3 cm gap a higher occurrence of sharp increases and decreases in 

current density is observed from the 20 second mark onwards. Such sharp increases and drops in 

current density for small inter-electrode gaps can be attributed to the merging of many small H2 

bubbles into larger H2 bubbles [29]. As these large bubbles escape the electrode gaps, they are 

immediately replaced by a fresh electrolyte solution that causes a surge in current density. The effect 

of H2 bubbles evolution is amplified in a smaller electrode gap as they are not able to escape as freely 

into the bulk electrolyte as in a larger electrode gap. For 3 wt% NaOH, the current density transients 

for 3 and 5 cm inter-electrode gaps show similar characteristics, where the current density increases 

gradually for the first 20 s followed by a steady-state behaviour for the subsequent 15 seconds. 

Following this, a relatively high level of fluctuations is observed for the remaining duration of the 

(b) 3 wt% - 7 V vs Ag/AgCl, 2 mins (a) 5 wt% - 7 V vs Ag/AgCl, 2 mins 
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Figure 8: SEM images showing the surface topography of electropolished W/WC coating at a potential of 7 V vs Ag/AgCl for a duration 
of 2 mins in (a) 5 wt% and (b) 3 wt% NaOH. Variation in time-dependent current density obtained using inter-electrode gap of 3 cm, 
5 cm, and 15 cm in (c) 5 wt% and (d) 3 wt% NaOH concentrations at 21 °C with a potential of 7 V vs Ag/AgCl. 
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electropolishing due to the higher presence of H2 bubbles. The average current density for 3 cm gap 

in 3 wt% NaOH increases from ~0.55 A/cm2 to ~0.67 A/cm2 within 2 mins of electropolishing, which is 

higher than that obtained in 5 wt% NaOH. Change in Ra as a function of interelectrode gap width and 

electrolyte concentration is shown in Table 3. 

Table 3: Average change is surface roughness (Ra) and standard deviation as a function of the inter-electrode gap widths at 

potential of 7 V vs Ag/AgCl and 2 mins test time. 

Inter-electrode 

gap width (cm) 

Electrolyte concentration 

(3 wt%) 

Electrolyte concentration 

(5 wt%) 

As-coated 

Ra (µm) 

Electropolished 

Ra (µm) 

As-coated 

Ra (µm) 

Electropolished 

Ra (µm) 

3 0.59 ± 0.02 0.26 ± 0.001 0.59 ± 0.02 0.02 ± 0.001 

5 0.59 ± 0.02 0.25 ± 0.001 0.59 ± 0.02 0.10 ± 0.03 

15 0.30 ± 0.02 0.07 ± 0.02 0.37 ± 0.02 0.10 ± 0.01 

 

Although a higher electrolyte concentration yields a more stable current density when a large inter-

electrode gap is used, it does not necessarily mean a lower electrolyte concentration should be 

avoided. The rationale for using a lower electrolye concentration is based on the premise that a 

weaker electrochemical reaction would be involved due to a lower presence of OH− ions and 

consequently a lower anodic dissolution of WOx. A slow chemical reaction is particualrly important in 

this study to reduce the risk of affecting the coating integrity and have better control over the material 

removal rate. Due to the nature of the CVD process which induces thermal mismatch between the 

coating and the substrate, the W/WC coatings have high compressive residual stresses, coherency 

stresses, and intrinsic residual stresses. The coherency stress in the deposition of hard coating is 

associated to the substrate/coating interaction whereby the lattice spacing of the coating, which is 

different than that of the substrate, grows in the same direction as that of the substrate in an epitaxial 

way [64].  Intrinsic residual stresses refer to the stresses formed along grain boundaries during coating 

deposition through island coalescence, whereby different nucleated clusters are combined together 

to form a bulk body [64,65]. It was thus of primary importance to limit the chemical attack on the 

coatings so as not to allow large stress relaxations, which may ultimately affect the overall structural 

integrity of the coating and result in the formation of cracks or other defects.  

Conclusions 

In this study, we systematically investigate the parameter space underpinning the progressive changes 

in surface topography using various electrolyte concentrations, electrolyte temperatures, variable 

potential regimes, and inter-electrode gap widths. Through the use of 5 wt% NaOH electrolyte 

concentration, an average Ra surface finish of < 50 nm can be achieved within 5 mins by applying a 

potential of 7 V vs Ag/AgCl V. An increase in electrolyte temperature to 40 oC is found to negatively 

affect the overall surface finish of the coating due to the formation of a thinner and unstable viscous 

film restricting the electropolishing region to a small potential gap. Our results show a removal of 
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coating thickness of up to 18 µm can be achieved at a rate of 3.56 to 3.66 µm/minute. This suggests 

the suitability of electropolishing process for removing excess coating material, which is of importance 

for size correction and adherence to geometrical tolerances. EIS analysis further confirms that 

electropolishing process leads to surface transformation into a smooth and planar surface with 

homogeneous reaction sites. Electropolishing also results in the removal of charge barrier layer on the 

surface of W/WC coating that leads to lower resistances for charge transfer and adsorption of 

electroactive species. Inter-electrode gap of 15 cm is found to provide optimal surface finishing results 

when compared to 3 and 5 cm widths, where the current density transients are observed to be more 

uniform for 15 cm gaps due to better dispersion of hydrogen gas formed at the counter electrodes. 

Our EBSD analysis shows that preferential grain etching occurs along the {111} orientation, strongly 

suggesting that this orientation is electrochemically more active in alkaline solutions. Using the 

optimal processing parameters, we have been able to demonstrate the effectiveness of 

electropolishing as a noncontact machining technique to alter the initially matte surface texture of 

W/WC coatings into a mirror-like surface finish. The findings presented herein should be considered 

as a basis for further studies into surface finishing of other advanced materials, including hard coatings 

and difficult to process materials, to conform with the low surface roughness and stringent 

geometrical tolerance specifications of many extreme engineering applications.  
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