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A B S T R A C T   

Electroless plated nickel phosphorus (NiP) alloy is an essential engineered material used in optical applications, 
particularly in the field of extreme ultraviolet (EUV) technology, where high reflectivity of short-wavelength 
light is required. However, it is still challenging to achieve highly efficient sub-nanometer polishing of NiP 
plating, especially for micro-structured NiP surface. This study introduces isotropic etching polishing (IEP) as a 
novel ultra-precision processing technique for NiP plating, which is a damage-free and quick metal polishing 
technology through the amalgamation of contiguous etching pits. IEP was performed for 4 mins, leading to the 
attainment of a sub-nanometer surface exhibiting a Sa roughness of 0.065 nm, which verified efficiency and 
feasibility of the method. The IEP of NiP plating under various applied voltages is categorized into three stages: 
the etching stage, the limited current plateau stage, and the gas evolution stage. Experimental results bear 
witness to the direct correlation between the material removal rate (MRR) and surface roughness of NiP plating, 
specifically in relation to the sulfuric acid content within various electrolyte ratios. The most efficacious elec
trolyte composition was found to be 5:100 (H2SO4:CH3OH). Furthermore, the technology achieved ultra-smooth 
and shape-preserving polishing with a surface roughness below 0.1 nm, as confirmed by the comparisons of both 
the grating microstructure and Fresnel lens before and after IEP. The findings presented in this study are highly 
valuable for comprehending the process development and viability of IEP for NiP plating.   

1. Introduction 

Metallic mirrors with outstanding optical, mechanical, and thermal 
properties find applications in various modern optical fields, including 
lithographic processors [28], astronomical observation projects [22], 
high power laser systems [4] and ultra-precision metrology systems 
[37]. In optical applications, aluminum, copper, and beryllium are 
extensively employed as materials for metal mirrors. [31]. Copper is 
frequently utilized in laser science applications owing to its superior 
thermal conductivity [33]. Simultaneously, aluminum exhibits desirable 
characteristics such as lightweight nature, facile formability, and 
exceptional reflectivity, particularly for shorter wavelengths [5]. How
ever, beryllium is infrequently employed due to its toxic nature [31]. 
Aluminum mirrors can be readily finished by using Single Point Dia
mond Turning (SPDT), with a surface roughness below 3 nm [31]. 
Conversely, in ultra-short wavelength applications, such as extreme ul
traviolet light, the metal mirror's surface roughness must be within the 
sub-nanometer range. This aspect becomes particularly crucial in the 
context of extreme ultraviolet lithography (EUV), which facilitates the 

production of electronic circuits at a significant scale with feature sizes 
of 22 nm and even smaller. In this regard, it is imperative to ensure a 
significant emission of power at the specific wavelength of 13.5 nm 
[20,27,29]. In a laser-produced plasma extreme ultraviolet lithography 
system, the collector mirror assumes the critical role of serving as the 
primary optical component. The collector mirror's role is to reflect and 
gather extreme ultraviolet light. In order to augment the reflectivity of 
13.5 nm extreme ultraviolet (EUV) light, it is necessary for the surface of 
the collector mirror to exhibit a high-spatial frequency roughness 
(HSFR) below the threshold of 0.2 nm [8]. 

To fabricate an EUV collector mirror, an integration of ultra- 
precision manufacturing techniques and subsequent polishing steps 
has been employed. The process of Single-Point Diamond Turning 
(SPDT) is widely recognized for its ability to achieve high-precision 
surface quality and economical manufacturing of metallic mirrors. 
However, surfaces machined by SPDT exhibit periodic structures, 
leading to a surface roughness of approximately 5 nm [14]. For optimal 
performance in the EUV spectral range, it is essential to eliminate the 
typical diamond turning structure through polishing to completely 
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decrease scatter losses. However, aluminum alone cannot be processed 
to attain the requisite level of surface roughness below 0.3 nm [34]. 
Moreover, the combination of an aluminum substrate with an amor
phous nickel-phosphorous layer presents a viable solution for the 

manufacturing of super polished substrates [25]. Electroless nickel 
plating (NiP plating) offers a viable solution for two crucial aspects 
[24,26]. First, NiP plating is hard enough to be machined by SPDT. 
Second, NiP plating is an amorphous material, hence it has the higher 

Fig. 1. Schematic depiction of the setup of experiment (a) and elucidation of the mechanism of IEP (b-e).  

Fig. 2. The SEM image (a), EDS mapping (b), element content distribution (c) of As-received NiP plating. XRD profiles of NiP plating (d), as received and after IEP at 
7 V voltage for 4 mins in 10 mL H2SO4 electrolyte. 
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binding force with the base material. Consequently, the implementation 
of NiP plating on collector mirrors facilitates the enhancement of surface 
quality [33]. Research has demonstrated that a thick plating of a NiP 
alloy serves as a suitable polishing layer, enabling the achievement of a 
surface roughness below 1 nm [31]. 

The pursuit of ultra-precision polishing technology aspires to attain a 
surface roughness of nanometer or sub-nanometer magnitude through 
micro-abrasive or physical and chemical means. [3,21,41]. Its primary 
objective is to minimize residual surface irregularities and subsurface 
layers, eliminate defects from previous processes, and enhance surface 
roughness to obtain a smooth and low-stress surface. Various methods 
are employed for ultra-precision polishing, including magneto
rheological finishing (MRF) [19], small-tools Polishing (STP) [6], 
stressed-lap polishing (SLP) [17], airbag polishing [32], abrasive jet 
surface polishing (AJP) [35]. However, these methods involve direct 
contact with the workpiece during processing, leading to inevitable 

surface damage. Furthermore, due to limitations of the precision in the 
polishing tools themselves, achieving an ultra-smooth workpiece surface 
is unattainable. 

In contrast, electrochemical polishing (ECP), commonly referred to 
as electropolishing, is a finishing technique employed to remove mate
rial of an alloy or metal through dissolution of anode [10,16]. The ECP is 
a contactless and non-destructive technology characterized by 
immersing the workpiece in a temperature-controlled electrolyte bath. 
The workpiece fulfills the role of the anode and establishes a connection 
with the positive electrode of a DC/AC power supply, while the negative 
electrode establishes the connection with the cathode. Through this 
arrangement, electric current flow from the anode, resulting in the se
lective dissolution of surface metal. Simultaneously, a reaction emerges 
at the cathode, typically resulting in the production of hydrogen. Over 
past few decades, ECP achieved wide-ranging applications in the final 
processing of multiple multi-metallic materials, including tungsten [36], 

Fig. 3. (a) Polarized curve of NiP plating in an electrolyte with a volume ratio of H2SO4 to CH3OH of 10:100; (b) current-time plots obtained at different voltages.  

Fig. 4. Morphology and roughness of surface measured by SEM and AFM through varying states. (a) 1 s and (b, e) 120 s at the voltage of 2 V; (c) 1 s and (d, f) 120 s at 
the voltage of 7 V. 
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stainless steel [1], titanium [13], copper [15], aluminum [30]. Despite 
its extensive use, the precise mechanism underlying the ECP process 
remains incompletely understood [10]. Several theoretical models have 
been proposed to explain the polishing mechanism, with the passivation 
film model by Jacquet being the most widely accepted [38]. This film 
exhibits high viscosity and resistance. Importantly, its thickness is non- 
uniform, with the concave regions exhibiting greater thickness than the 
convex regions. Importantly, its thickness is non-uniform, with the 
concave regions exhibiting greater thickness than the convex regions. 
Consequently, the bulge dissolves at a relatively rapid rate, leading to a 
macroscopic polishing of the rough surface. However, the traditional 
electrochemical polishing technology has an electrolyte harmful to the 
environment, low material removal efficiency, and cannot achieve sub- 
nanometer roughness polishing effect. Therefore, it is necessary to 
improve the current electrochemical polishing technology and theoret
ical basis for the NiP plating. 

In recent years, Yi et al. [39] introduced the comprehensive isotropic 
electrochemical polishing (IEP)method for alloys and metals, demon
strating its theoretical and experimental viability. This technique 

functions by disrupting the passivation layer through anode potential, 
causing the emergence of isotropic holes on the workpiece. Over time, 
these holes progressively enlarge and combine, ultimately yielding the 
polished substrate surface characterized by smoothness and luster. 
Inconel 718 [2], tungsten [40], aluminum alloy 6063 and pure nickel 
[39] were successfully polished by IEP with smooth surface and efficient 
processing speed. In addition to the electrochemical properties shared 
by both IEP and ECP processes, the IEP technique necessitates lower 
energy consumption because of the destruction of the passivation layer. 
Notably, the surface roughness through IEP exhibits a unique behavior 
of initial increase followed by decrease, which contrasts with the ECP 
process [2]. 

Building upon preliminary research, this study centers on experi
mentally investigating the evolution of the NiP plating surface during 
IEP, with the ultimate aim of attaining sub-nanometer surface roughness 
(Sa < 0.2 nm) for its commercial applications. The study also delves into 
the anodic polarization curve of NiP plating, the impact of voltage in the 
polishing process, and the formation of a passivation layer on NiP 
plating when subjected to various electrolytes. Furthermore, the inves
tigation explores the relationship between surface morphology evolu
tionary process, material removal rate (MRR), and average surface 
roughness (Sa roughness) with different etching current. 

2. Experimental setup 

2.1. Isotropic etching polishing (IEP) of the NiP plating 

For the present investigation, the commercially available electroless 
nickel plating (NiP plating) with a 10 mm diameter and a thickness 
ranging from 100 to 150 μm was applied to 304 stainless steel substrates. 
Electropolishing was conducted on the electroless nickel-plated surface 
facing the anode, while precautionary measures were taken to safeguard 
the side and back faces with silicone rubber insulation. To eliminate the 
rough marks made by machining process, the substrates were treated 
with SiC sandpapers (#800). Subsequently, the substrates were sub
jected to ultrasonic cleaning in ethyl alcohol and deionized water for a 
duration of 5 mins each, aiming to effectively eliminate any potential 
contaminants present. Fig. 1 illustrates the setup configured in this 
experiment of research. 

For the electrochemical etching process, a glass beaker was utilized, 
and the electrolyte employed in this study consisted of a mixture 
comprising concentrated sulfuric acid and methanol. The counter elec
trode was chosen to be a platinum sheet with dimensions of 20 mm × 20 
mm, while the working electrode consisted of the electroless NiP plating 

Fig. 5. Morphology of NiP plating by LSCM under different voltage: (a) As received; (b) 1.5 V; (c) 3 V; (d) 5 V; (e) 12 V; (f) 14 V; (g) 16 V and (h) 18 V for 240 s.  

Fig. 6. The current density-voltage curve of electropolishing.  
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on the 304 stainless steel substrates. The copper wire was connected to 
the tail of the substrate, with the exception of the polished NiP plating 
surface, which was covered with insulating silicone rubber. The elec
trochemical etching was performed by using the KEITHLEY 2280S to 
provide electric current. The distance of 20 mm between the center of 
the substrate and the counter electrode was consistently upheld. After 
the completion of the anodic etching process, the samples underwent a 
thorough rinse with water and were subsequently dried using N2 gas. All 
experiments were conducted under standard ambient room temperature 
conditions, unless otherwise specified. 

The polishing electrolyte employed in this study comprises concen
trated sulfuric acid (H2SO4–97 %) and methanol (CH3OH-99.5 %). Each 
component of the electrolyte fulfills distinct roles: (i) H2SO4 functioned 
for anodic surface passivation and etching [39], and (ii) CH3OH acted to 
destabilize the passivation layer [23]. The collective reactions occurring 
within the reaction cell can be succinctly summarized as follows: 

Cathode : 2nH2SO4 +2ne− →nSO2 +nSO4
2− +2nH2O (1)  

2nH+ +2ne− →nH2 (2)  

Anode : nNi (s)→nNi2+ +2ne− (3)  

2nH2O→4nH+ +nO2 +4ne− (4)  

2.2. Characterization 

The properties of electrochemical processes were assessed through 
an electrochemical workstation (CHI660e, Shanghai Chenhua Instru
ment Co., LTD). The workpiece served as the anode and established a 
connection with the positive terminal of a direct current power source. 
Throughout the experiments, a fixed distance of 20 mm was preserved 
between the cathode and anode. During each trial, both the voltage and 
current values were meticulously recorded and subsequently transferred 
to a computer for further analysis and interpretation. Surface 
morphology analysis was conducted before and after the polishing 
process by using scanning electron microscopy (SEM, ZEISS Merlin) and 
laser scanning confocal microscopy (LSCM, Keyence VK-X1000). To gain 
insights into the surface roughness, atomic force microscopy (AFM, 
Bruker Edge) and scanning white light interferometry (Taylor Hobson 

Fig. 7. (a) The current-time curves of various electrolyte ratios, (b) Material removal rates of different electrolyte ratios.  

Fig. 8. Roughness variations were observed with respect to polishing time (2, 4, 8 12 min) using WLI under different electrolyte conditions (the ratios of H2SO4 to 
CH3OH were 0:100, 1:100, 5:100, 10:100, 20:100 and 30:100). 
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M112-4449-02 CCI HD) were employed. In addition, the material 
removal rate (MRR) was determined by precisely measuring the varia
tion in substrate mass before and after isotropic etching polishing (IEP) 
using a high-precision balance (Mettler Toledo, ME203). 

3. Results and discussions 

3.1. Chemical composition of the NiP plating 

Electroless nickel plating can be classified into the low phosphorus 
electroless nickel plating (P ≤ 5 wt%), the medium phosphorus elec
troless nickel plating (5 wt% < P < 8 wt%) and the high phosphorus 
electroless nickel plating (P ≥ 9 wt%) [12]. The composition of the 
electroless nickel plating layer significantly influences its structural and 
property characteristics, with the phosphorus content playing a pre
dominant role in determining these attributes. With the rising of phos
phorus content in the plating, the micro-structure transfers from 
crystalline to microcrystalline and finally forms amorphous state. The 
high phosphorus electroless nickel plating possesses the excellent 
corrosion resistance and machinability, which is suitable for the prep
aration of the super-smooth optical instruments coating [4]. The surface 
of the original workpiece exhibited residual knife marks following 
cultivation, as illustrated in Fig. 1b. The chemical composition (wt%) of 
the NiP plating utilized in this investigation was measured analytically 
using an energy dispersive spectrometer (EDS) coupled with a scanning 
electron microscope (SEM, ZEISS Merlin). The red wire frame in Fig. 2a 

was analyzed by EDS surface scan, as shown in Fig. 2b. The results of the 
analysis shows that Ni element and P element are evenly distributed on 
the surface. The energy spectrum of element content distribution is 
shown in Fig. 2c, the NiP plating has a phosphorus atomic ratio of 8.53 
%, closing to the high phosphorus electroless nickel plating. Fig. 2d 
presents the X-Ray Diffraction (XRD) patterns of the electroless nickel 
plating sample, obtained by scanning with Cu-Kα radiations at a step size 
of 0.02◦. The XRD analysis was performed under operating conditions of 
45 kV and 200 mA. The diffraction peak is the steamed bun peak, 
indicating the surface NiP plating is amorphous [12,18]. 

3.2. Anodic dissolution behavior 

During the initial stage of the study, the electrochemical polarimetric 
curve of the NiP plating was determined. This curve serves as a valuable 
tool for elucidating the fundamental principles of metal etching, 
uncovering the underlying mechanisms governing the etching process, 
and providing a preliminary assessment of the optimal voltage range for 
polishing [9]. Fig. 3a exhibits the polarized curve of the NiP plating in 
the electrolyte containing a volume ratio of 10:100 (H2SO4 to CH3OH). 
During the anode polarized area, the polarized curve can be classified 
into two distinct states. Within the voltage range of 0 to 3.5 V, 
commonly referred to as the etching region, the current density 
demonstrated a pronounced exponential increase concomitant with the 
applied voltage. This behavior signified that the workpiece underwent 
direct dissolution, with the overpotential functioning as the activating 

Fig. 9. Characterization of WLI topographical profiles and Ra roughness variation in NiP plating (a), As received (b) and after polishing at 7 V voltage in electrolytes 
ratio were 0:100 for 4 min (c), 1:100 for 4 min (d), 5:100 for 4 min (e), 10:100 for 8 min (f), 20:100 for 8 min (g), 30:100 for 8 min (h). 
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energy for the etching process [7]. In other words, anodic product 
diffusion rate in the bulk electrolyte was rapid without accumulation on 
the workpiece surface. Within the voltage range of 3.5 V to 9 V, called 
limited current plateau region, the current density exhibited a notable 
constancy as the voltage increased. This observation signifies that the 
dissolution of the NiP plating was effectively regulated by the mass 
transfer process occurring within the electrolyte. In this region, the 
accumulation of the anodic products causing the appearance of a stable 
and passivation film on the workpiece. Consequently, the dissolution of 
the NiP plating falls under the category of mass transfer polarization 
[40]. The polarization effect on the NiP plating under various applied 
voltages was investigated. Fig. 3b illustrates the time-current curves 
acquired at voltage range of 2 V and 7 V. Under a voltage of 2 V, the 
anodic product diffused rapidly, and the dissolution rate of the material 
was solely influenced by the activation polarization, resulting in almost 
no change in the current. The concentration of anodic products showed 
no significant difference between the surface and bulk fluid, indicating 
the absence of mass transfer polarization and keeping the current con
stant over time. At a voltage of 7 V, the current exhibited a significant 
drop within the initial 20 s. The higher voltage led to an accelerated 
workpiece material removal rate, causing a substantial accumulation of 
the anodic products on the anodic surface as they were unable to diffuse 
in time [36]. As the polishing time increased, a balance between the 
product diffusion and material removal rate was achieved. Moreover, 
the emergence of a passive oxide layer on the anode efficiently promoted 

the electrochemical polishing process on the surface of workpiece. 
For purpose of observing the evolution of the etching pits, the as- 

received NiP plating was sanded with # 800 sandpaper. The surface 
morphologies observed following a 1-s etching duration at a voltage of 2 
V were depicted in Fig. 4a. The surface exhibited only scratches resulting 
from sandpaper grinding, and no round etching pits were detected. This 
indicated that the surface morphology of NiP plating remained un
changed for the short etching time under a lower voltage. Following an 
etching duration of 120 s at the voltage of 2 V (as depicted in Fig. 4b), 
the scratches on the workpiece surface exhibited a reduction in depth, 
becoming shallower than before. Additionally, a few circular corrosion 
pits were observed, randomly distributing across the surface. When an 
applied potential of 2 V was employed, the surface of the processed NiP 
plating underwent etching without achieving a polished state. Differ
ently, irregularly distributed etching pits were observed on the surface 
of workpiece after processing for a duration of 1 s at the voltage of 7 V, as 
depicted in Fig. 4c. Due to the increase of voltage, the material disso
lution rate increased, which enhanced the formation of passivation film. 
Because the NiP plating was amorphous, the dissolution ratio of the 
material in all directions was consistent, resulting in the formation of 
isotropic corrosion pits. The scratch edge was higher with a thinner 
passivation film, the corrosion pits concentrated at the scratch edges, as 
shown in Fig. 4c partial enlarged drawing. After etching for 120 s at the 
voltage of 7 V (Fig. 4d), the surface turned smooth and the surface 
roughness of the plating decreased to 0.225 nm in the area of 20 μm 

Fig. 10. SEM surface morphologies of NiP plating polished at 7 V voltage for 240 s in electrolyte ratios were (a) 0:100, (b) 1:100, (c) 5:100, (d) 10:100, (e) 20:100, 
(f) 30:100. 
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(Fig. 4e). The reduction of roughness indicated that the electrochemical 
polishing voltage needed to be in the limited current plateau region, in 
which mass transfer polarization occurs. During this condition, the 
surface of the workpiece rapidly formed a passivation layer, and the 
isotropic corrosion pits preferentially appeared on the surface bulges. 

3.3. The effect of voltage on ECP 

The impact of voltage on the polishing result was investigated by 
examining the surface morphology of the NiP plating across various 
voltage levels (ranging from 1.5 V to 18 V) using LSCM, as illustrated in 
Fig. 5. The surface of the NiP plating displayed knife lines and defects 
resulting from gas evolution during the production process, as depicted 
in Fig. 5a. When a voltage of 1.5 V was applied, electrochemical 

dissolution of the NiP plating took place, with preferential dissolution 
occurring at the defects present on the original surface. When the 
voltage was increased to 3 V, the electrochemical dissolution rate 
accelerated significantly, leading to the dissolution of the original knife 
lines and defects. However, due to the absence of a dense passivation 
layer and the occurrence of pure electrochemical corrosion, numerous 
small-sized corrosion pits appeared on the surface, as depicted in Fig. 5c. 
When the voltage ranged from 5 V to 12 V (Fig. 5d and e), the knife lines 
and defects on the material surface disappeared, indicating a smooth NiP 
plating surface. Similarly, dense pits that compromised the surface 
integrity appeared when the applied potential was sufficiently high, 
such as 14 V. Moreover, a massive number of bubbles appeared on the 
surface of the NiP plating during the experiment, and their release 
caused the formation of larger spherical holes on the workpiece. As the 

Fig. 11. Surface morphologies of NiP plating after IEP in electrolyte with a volume ratio of 5:100 at 7 V for different etching durations.  
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potential increased, the amount of gas evolution also increased. Fig. 5(f- 
h) illustrates the observation of not only numerous corrosion pits but 
also the presence of holes resulting from bubble formation. The 
continuous formation and precipitation of bubbles disrupt the stability 
of the passivation layer. These bubbles create localized disturbances in 
the electrolyte, accelerating the rate of electrochemical dissolution. 
Consequently, this process leads to the formation of concave cavities on 
the surface. The number of larger spherical holes increased with the 
potential. To achieve a NiP plating surface that is both smooth and 
devoid of pits, the applied potential must fall within an intermediate 
range of 4–12 V. 

Drawing upon the synthesis of the aforementioned studies, it be
comes apparent that voltage assumes a pivotal role in the process of 
electrochemical polishing. The voltage directly impacts the polarization 
state of the NiP plating, specifically affecting surface polishing in the 
mass transfer polarization region. Fig. 6 depicts the current density- 
voltage curve of the Isotropic Etching Polishing (IEP) process for the 
NiP plating. According to the polishing effect and experimental phe
nomenon, the current density-voltage curve was preliminarily divided 
into three stages, which are the etching stage, the limited current 
plateau stage and the gas evolution stage, similar to Jacquet's theoretical 
model [11]. In the etching region, the workpiece underwent the direct 
dissolution. Due to the presence of a mechanically worked surface, the 
NiP plating surface in this specific region exhibited the formation of 
circular pits, accompanied by discernible scratches that persisted on the 
material's surface. Moving to the limited current plateau region, the 
current density remained nearly constant even as the voltage increased. 
At this stage, a balance existed between the anodic formation and 
diffusion rate, causing the appearance of a stable passivation film on the 
workpiece. Upon entering the gas evolution region, the stability of the 
passivation film was perturbed with the progressive rise in voltage, 
resulting in anodic dissolution accompanied by the generation of oxy
gen. The accumulation and growth of oxygen bubbles on the workpiece 
surface ensued, ultimately accumulating and subsequently releasing, 
hastening the rate of electrochemical dissolution, thereby causing pro
nounced holes to form on the workpiece surface. 

3.4. The effect of electrolyte concentration 

The electrolyte serves as the medium for the material transfer and 
heat exchange in the electrochemical polishing process, and its 
composition ratio significantly impacts the polishing outcome. The 
concentration of sulfuric acid determines the viscosity, electrical con
ductivity, and oxidation characteristics of the electrolyte. Fig. 7a shows 
the current-time curves with different ratios of H2SO4 to CH3OH (0:100, 
1:100, 5:100, 10:100, 20:100, 30:100) at 7 V constant voltage. When the 
electrolyte ratio was 0:100, the current was close to 0 A. Because of the 
low conductivity of pure methanol solution, the workpiece hardly pro
duced electrochemical dissolution. As the ratio of H2SO4 to CH3OH was 
1:100, the current decreased slightly within a short time and then 
remained at 0.17 A. The low concentration of sulfuric acid resulted in an 
uneven passivation film on the surface of the NiP plating, causing 
inconsistent electrochemical dissolution of the workpiece. Furthermore, 
as the sulfuric acid content increased, a significant reduction in current 
was observed, indicating the occurrence of the mass transfer polariza
tion during the polishing process. As the ratio of H2SO4 to CH3OH was 
5:100, the polishing current stabilized at 0.27 A. With the further 
increased of sulfuric acid content, the polishing current decreased 
gradually. As the ratio of H2SO4 to CH3OH were 10:100, 20:100 and 
30:100, the corresponding polishing current were 0.25 A, 0.13 A and 
0.06 A. It indicated that the passivation film thickened and the con
ductivity of the electrolyte decreased. The material removal rates of 
various electrolyte ratios were shown in Fig. 7b. As the ratio of H2SO4 to 
CH3OH were 0:100, 1:100, 5:100 10:100, 20:100 and 30:100, the cor
responding Material removal rates were 0.15, 2.36, 3.53, 2.88, 1.39 and 
0.77 mg/min. Therefore, when the electrolyte composition ratio was 
5:100, the NiP plating had the highest polishing efficiency. 

The formation of a stable passivation layer on the surface of the 
anode is crucial for the process of electrochemical polishing. This 
passivation layer has a complex composition, primarily consisting of 
sulfuric acid molecules, metal ions, and organic matter. Additionally, it 
possesses high viscosity and high resistance properties, contributing to 
its stability and durability. When the solution lacks sulfuric acid, the 

Fig. 12. Morphological analysis of isotropic etching pits in NiP plating via AFM in 5:100 H2SO4 electrolytes at 7 V for a duration of 10 s: (a) overall morphology, (b) 
red wireframe enlarged area, (c. d. e) cross-sectional schematics of etching pits. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

J. Yang et al.                                                                                                                                                                                                                                    



Journal of Manufacturing Processes 121 (2024) 20–34

29

electrolyte exhibits significantly low conductivity, leading to minimal 
electrochemical reactions occurring within the NiP plating. However, 
when the sulfuric acid content ratio is adjusted to 1:100, as the polishing 
time is prolonged, the roughness of the workpiece actually increases. 
This indicates that the addition of sulfuric acid enhances the conduc
tivity of the electrolyte. However, due to the low sulfuric acid content, a 
stable passivation layer cannot be formed. As a result, no significant 
polishing occurs under these conditions. When the sulfuric acid ratio 
exceeds 1:100 (the ratios of H2SO4 to CH3OH were 5:100, 10:100, 
20:100 and 30:100), a notable reduction in roughness is observed, 
indicating that an increase in sulfuric acid content facilitates the 

formation of a more effective passivation layer. In the same electrolyte 
ratio, the roughness exhibits an initial decrease followed by an increase 
as the polishing time progresses. This can be attributed to the gradual 
consumption of active ingredients in the electrolyte and the subsequent 
instability of the passivation film. Consequently, the roughness tends to 
increase over time. 

Fig. 9 illustrates the minimum roughness of the NiP plating at various 
electrolyte concentrations. When the sulfuric acid content is very low, 
such as in ratios of 0:100 or 1:100, the surface scratches on the work
piece do not disappear, and the roughness does not exhibit significant 
changes. This indicates that the low sulfuric acid concentration is 

Fig. 13. Surface morphologies and Sa roughness measured by AFM, and graphs of NiP plating before (a, b) and after 240 s of IEP at 7 V in electrolyte comprising a 
volume ratio of H2SO4 to CH3OH of 5:100 (c, d). 
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insufficient to effectively remove or modify the surface defects, resulting 
in limited improvement in roughness. Higher sulfuric acid concentra
tions, exceeding 5:100, and polishing the nickel‑phosphorus alloy at 7 V 
voltage, result in a trend where the roughness initially decreases and 
then increases with prolonged polishing time. The different sulfuric acid 
content directly affects the electrolyte's polishing ability. At an elec
trolyte ratio of 5:100, the minimum roughness of 18.2 nm can be ach
ieved in just 4 mins. However, as the electrolyte ratio increases, it takes 
longer to reach the lowest roughness. The composition of the electrolyte 
directly impacts the formation and stability of the plating film, thereby 
influencing the efficiency of the polishing process and the attainment of 
the minimum roughness. 

The micromorphology of the workpiece polished in different elec
trolytes was shown in Fig. 10. Fig. 10a only showed scratches, which 
verified the absence of an electrochemical reaction in the pure methanol 
solution for the NiP plating. Fig. 10b demonstrated that at a sulfuric acid 
ratio of 1:100, there was intense electrochemical corrosion of the NiP 
plating at the edges of the scratches, resulting in the formation of the 
dense corrosion pits in the red area. The smooth and flat surface of the 
material in Fig. 10c and d indicated that the NiP plating underwent the 
electrochemical polishing. Compared to the results in Fig. 8, the elec
trolyte with a volume ratio of 5:100 exhibited a higher polishing effi
ciency. Fig. 10e and f showed the presence of shallow scratches and 
isotropic corrosion pits, indicating the existence of a passivated film on 
the surface and the occurrence of the isotropic electrochemical 

polishing. However, the high sulfuric acid content resulted in ascending 
viscosity and notable reduction in the diffusion rate of anodic products. 
Thus, the electrolyte composition ratio of IEP technology must fall 
within a certain range to guarantee the formation of a passivation film 
and sufficient diffusion rate of substances. 

3.5. Isotropic etching polishing mechanism of the NiP plating 

Taking advantage of the isotropic etching behavior characteristic of 
the NiP plating, the isotropic etching polishing (IEP) of the NiP plating 
was carried out under meticulously optimized conditions. This endeavor 
aimed to explore and analyze the progression of the morphology of 
surface, roughness of surface, and efficiency of polishing throughout the 
etching process. The NiP plating underwent etching at a consistent 
voltage of 7 V, with diverse durations ranging from 0, 1, 3, 5, 10, 20, 40, 
to 60 s, aiming to investigate the evolutionary changes in surface 
morphology. Fig. 11a depicted the numerous scratches on the original 
substrate surface, resulting from the sanding process. After etching for a 
duration of 1 s, tiny isotropic etching pits emerged on the scratches of 
surface (Fig. 11b). Due to the higher position of the scratch edge with a 
thinner passivation film, isotropic etching pits were more likely to occur. 
After etching for a duration of 3 s, the number of isotropic etching pits on 
the scratches continuously increased and partial isotropic etching pits 
started intersecting (Fig. 11c). After etching for a duration of 5 s 
(Fig. 11d), the surface of the workpiece was full of isotropic etching pits, 

Fig. 14. Surface morphologies and Sa roughness by AFM, and pictures of NiP plating after SPDT (a), magnetorheological finishing (MRF) with diamond (b), 
magnetorheological finishing (MRF) with CeO2 (c), Small-tools Polishing (STP) (d). 
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and the adjacent corrosion pits were mixed. After etching for a duration 
of 10 s (Fig. 11e), the depth of the scratches decreased, and larger round 
corrosion pits formed. The combination of etching pits resulted in the 
formation of the smooth basin structures. After etching for a duration of 
20 s (Fig. 11f), the isotropic etching pits continually grew and the 
scratches became smoother. After etching for a duration of 40 s, the 
residual areas were basically removed, but a small number of waviness 
still were observed, as shown in Fig. 11g. Eventually, after 60 s of 
etching, the surface became remarkably flat, exhibiting no signs of 
waviness (Fig. 11h). In summary of the results depicted in Fig. 11, the 
process of surface smoothing demonstrated strong concordance with the 
mechanism of isotropic etching polishing as proposed. 

The etching pits emerged on the NiP plating after processing for a 
duration of 10 s at a voltage of 7 V were measured using AFM, as 
depicted in Fig. 12. Fig. 12a illustrated the random distribution of 
etching pits across the substrate surface, wherein certain pits exhibited 

interconnections with neighboring pits. In Fig. 12b, one can observe the 
presence of neighboring pits, each possessing a diameter of approxi
mately 1 μm. Evidently, the elimination of the NiP plating was accom
plished through the interconnection of these adjacent corrosion pits. As 
the radius of the isotropic corrosion pits increased, the surface roughness 
of the workpiece increased. Fig. 12c and d presented the semicircular 
horizontal and vertical profiles of an etching hole in Fig. 12a, demon
strating the etching pits were symmetrical sphere. Fig. 12e showed the 
process of the adjacent etching pits, indicating that the material removal 
was realized by the growth and merging of etching pits. Since the crystal 
structure of the NiP plating was amorphous, the material removal rate 
was uniform in all directions, and no anisotropic corrosion pits were 
observed. 

Fig. 15. The image of grating microstructure (a), surface profile of the grating microstructure before and after IEP by WLI (b), the top of grating microstructure 
before (c) and after (d) IEP, the bottom of grating microstructure before (e) and after (f) IEP with 240 s at 7 V in 5:100 H2SO4 electrolytes. 
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3.6. Comparison of surface roughness of the NiP plating by using IEP and 
other polishing methods 

Fig. 13 showcases the atomic force microscopy (AFM) graphs por
traying the roughness and sectional profiles of two distinct surfaces: one 
machined via ultra-precision cutting, and the other processed through 
isotropic etching polishing (IEP). After machined by Single Point Dia
mond Turning (SPDT), obvious knife lines were observed on the NiP 
plating surface, the Sa roughness of different test ranges were 0.916 nm 
(20 × 20 μm) and 1.13 nm (1 × 1 μm). Fig. 12c and d showed that the Sa 
roughness drastically decreased to 0.125 nm (20 × 20 μm) and 0.065 nm 
(1 × 1 μm) after carrying out the IEP for 240 s. The achieved sub- 
nanometer surface roughness of the NiP plating demonstrates that IEP 
is a viable polishing technique for achieving ultra-precision in the 
manufacturing. 

For comparison, the NiP plating was machined by using four 
commonly used ultra-precision polishing methods. Fig. 14 showed the 
results of surface morphologies and Sa roughness of surface of NiP 
plating measured by AFM. Fig. 14a showed that the Sa roughness of NiP 
plating was 1.45 nm (1 × 1 μm) after carrying out SPDT while knife lines 
were obviously observed on the surface. After polished by the MRF with 
diamond granules, Fig. 14b showed that the Sa roughness of NiP plating 
was 1.89 nm (1 × 1 μm). Fig. 14c showed the result of the morphology of 
the surface of NiP plating after using MRF with CeO2 granules, and it 
displayed that the Sa roughness decreased to 1.34 nm (1 × 1 μm). Ul
timately, the Sa roughness of surface of NiP plating was 1.82 nm (1 × 1 

μm) after using STP polishing technique (abrasive particles: CeO2; 
average diameter of abrasive: 0.15 μm; polishing pressure: 0.04 Mpa; 
rotation speed: 80 rpm; polishing pad: damping cloth W60) as depicted 
in Fig. 14d. The results illustrated that compared to polishing methods 
such as MRF and STP, the IEP polishing method can achieve the lower 
surface roughness without introducing additional contact stress to the 
polished surface. 

3.7. The results of the grating microstructure by IEP 

The grating microstructure components were widely used in the 
optical field. The difficulty in polishing lied in the requirement to 
simultaneously maintain the microstructure shape and achieve the 
surface roughness below 0.1 nm. Contact polishing methods such as 
MRF and STP achieved the material polishing through shear stress, 
which inevitably damaged the shape of the microstructure. IEP, as a 
non-contact polishing method, was theoretically suitable for ultra- 
smooth polishing of grating microstructures due to the good accessi
bility of its solution. Fig. 15a showed the physical image of the grating 
microstructure. After IEP, it can be observed that the microstructure at 
the micron-scale is effectively preserved (Fig. 15b), indicating that IEP 
has good shape-preserving ability. After AFM measurement, the results 
revealed a notable decrease in the surface roughness of both the upper 
and lower surfaces of the grating microstructure, measured at 0.073 nm 
and 0.083 nm, respectively. (Fig. 15d, f), respectively. The experimental 
results indicated that through IEP, the grating microstructure can 

Fig. 16. The image of Fresnel lens (a), surface profile of the Fresnel lens before and after IEP by WLI (b), the surface morphologies and Sa roughness by AFM before 
(c) and after (d) IEP with 240 s at 7 V in 5:100 H2SO4 electrolytes. 
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achieve ultra-precision surface characterized by a surface roughness 
below the threshold of 0.1 nm. Additionally, this process demonstrated 
an exceptional capability for preserving the shape and integrity of the 
surface features. 

3.8. The results of the Fresnel lens by IEP 

The Fresnel lens components found extensive applications in the 
optical field. Fig. 16a depicted the physical image of the Fresnel lens. 
After IEP, it became evident that the microstructure at the micron-scale 
was effectively preserved (Fig. 16b), signifying IEP's commendable 
shape-preserving ability. Subsequent AFM measurements revealed a 
reduction in surface roughness of the Fresnel lens from 1.12 nm 
(Fig. 16c) to 0.077 nm (Fig. 16d). These experimental results demon
strated that IEP facilitated the attainment of the ultra-smooth surfaces 
on the Fresnel lens, exhibiting a surface roughness below 0.1 nm and 
exceptional shape preservation. 

4. Conclusions 

In this study, an analytical investigation of IEP of the NiP plating is 
proposed. The study confirms the validity and mechanism of the IEP. 
Specifically, it investigates the alterations in the surface morphology, 
surface roughness, and electric current at varying voltages. Moreover, 
the impact of electrolyte content on the polishing effect is thoroughly 
examined. The following conclusions could be summarized from this 
investigation:  

(1) As a non-contact and ion-diffusion electrochemical polishing 
technology, The efficacy of IEP for the purpose of surface 
smoothening in NiP plating has been substantiated. The knife 
lines made by ultra-precision cutting disappeared, and a sub- 
nanometer roughness of 0.065 nm was acquired by IEP in 4 mins.  

(2) Based on the influence of voltage on the polarization condition 
and surface morphology, IEP of the NiP plating with various 
applied voltages were classified into 3 distinct stages: the etching 
stage, the limited current plateau stage and the gas evolution 
stage. The voltage range within where the NiP plating exhibits a 
polishing effect is approximately 4 V to 12 V.  

(3) Material removal occurred through the merging and growth of 
adjacent etching pits, which were formed by the breakdown of 
the passivation layer. Super-smooth polishing of the NiP plating 
surface was achieved only when a stable and dense passivation 
film was formed.  

(4) Compared to other ultra-precision polishing method, the IEP has 
the better performance in optimizing the surface roughness of the 
NiP plating. IEP has a good shape-preserving ability and can 
maintain the shape of both the grating microstructure and Fresnel 
lens at the micron scale without damage. 
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