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Abstract: The surface quality of optical lenses is highly required in imaging functions. Normally,
ultra-precision turning is employed to fabricate the optical lenses. However, ultra-precision
turning cannot meet the surface quality demands due to the tool marks. In this study, a new
damping-clothed (DC) tool and chemical enhanced non-Newtonian ultrafine (CNNU) slurry
for non-contact polishing are proposed to achieve sub-nanometer roughness on aspherical
optical molds. A material removal model based on the hydrodynamic pressure and velocity
simulation was established to calculate the dwell time in curved surface machining. The formation
mechanism of sub-nanometer roughness is clarified. The proposed method and slurry were
verified by the experiments in processing NiP alloy aspheric optical mold. After the process,
surface roughness Sa achieved 0.54 nm and the form accuracy is less than PV 600 nm.
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1. Introduction

Surface roughness is regarded as a critical evaluation parameter for the optics performance.
Especially with the rapid development of consumer electronic products, the requirements for the
precision and accuracy of optical components with imaging functions such as optical lenses are
getting extremely high [1,2]. The surface roughness requirements of optical components such as
aspheric surfaces and free-form surfaces have increased to the nanometer/sub-nanometer level or
even the atomic level [3,4].

Over the past few decades, great progress has been made in the development of advanced
polishing methods to meet the ultra-precision machining requirements of optical components [5]
Such as bonnet polishing [6], magnetic field-assisted polishing [7], electrochemical polishing [8],
and electron beam polishing [9] technology, etc. Among them, contact polishing methods such
as bonnet polishing are easy to produce polishing marks due to the direct contact between the
tool and the workpiece [10,11]. For optical components with imaging functions, the intermediate
frequency error caused by the polishing marks will cause the light to scatter at a small angle
during the transmission process, thereby reducing the resolution of the optical system. Other
polishing techniques such as electron beam polishing and ion beam polishing have the problems
of expensive equipment and low efficiency. In the field of optical finishing, polishing with fluids
seems to work well [12]. For example, magnetorheological polishing technology is used for
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polishing optical components due to its high flexibility and good surface quality, but it also has
the problem of expensive equipment [13].

Non-Newtonian fluids make liquid bulletproof and water walking possible due to their shear
thickening (ST) effect. In recent years, the ST effect has received great attention from researchers
in the field of ultra-precision machining [14,15]. Selim et al. [16] mixed polyethylene glycol
and nano-silica to obtain a non-Newtonian fluid base fluid. The steel bars were polished by
adding SiC to the base fluid, and the surface roughness decreased from 0.46 um to 0.24 ym. By
optimizing parameters such as process angle and abrasive concentration, Nam [17] realized the
polishing of complex features molds by non-Newtonian fluid, and the maximum surface pressure
during the process could reach 7.95 kPa. Liet al. [14] used the slurry rotation method to finish the
Cr12Mo1V1 material, and the roughness was reduced from Ra 105.95 nm to Ra 5.1 nm. Although
the full aperture polishing method adopted by the above researchers can achieve good roughness,
the control of form accuracy is uncertain. For optical components with imaging functions, form
accuracy must be considered because it is related to the occurrence of systematic aberrations,
astigmatism, etc. [18]. Zhuetal. [19,20] proposed a polishing method using sub-apertures, which
greatly increases the certainty of the non-contact polishing process. However, high performance
is often required for imaging components, which requires sub-nanometer or even atomic level
roughness [21,22]. At present, non-contact polishing methods based on non-Newtonian fluids
have not yet achieved sub-nanometer roughness on curved surfaces, which cannot meet the
high-performance requirements of curved surface with imaging functions.

In this study, to meet the performance and precision requirements of optical components with
imaging functions. A new non-contact polishing DC tool and CNNU slurry are proposed to
obtain sub-nanometer roughness. The effect of working gap and tool speed on material removal
rate (MRR) was studied by the proposed simulation and material removal model. Finally, the
sub-nanometer roughness was realized on the NiP alloy curved surface by the proposed DC tool
and CNNU slurry, and its formation and evolution law were clarified.

2. Methodology

2.1.  Principle

The DC tool is proposed in this study based on the ST effect of CNNU fluids. The substrate of
the DC tool is made of aluminum alloy with a diameter of 12 mm. A semi-rigid damping layer is
adhered to the surface of the aluminum alloy substrate. The DC tool is small in dimension and
can be well adapted to the form of small aperture optical components. Due to the existence of
the damping layer, the DC tool can stably drive the CNNU slurry to rapidly reach the peak of the
thickening curve and fluctuate in the highest viscosity region. As shown in Fig. 1, during the
non-contact polishing process, the working gap between the DC tool and the workpiece and the
tool speed is kept constant. The process angle is set to 60°. The curved workpiece surface is
subjected to the combination of hydrodynamic pressure and ST, material is removed without
contact. In the non-contact polishing process, the influence and removal zone are formed on the
flat/curved surface by the combination of ST and hydrodynamic effects.

CNNU slurries were prepared to meet non-contact polishing process requirements. The
CNNU slurry was prepared by mixing colloidal silica, polyhydroxy polymer, hydrogen peroxide
concentration and deionized water. Figure 2 shows the interaction between the workpiece and
the DC tool in the gap during the non-contact process using CNNU slurry. The CNNU slurry
was ejected by the nozzle and flowed into the removal interface and was induced by the DC
tool to form a hydrodynamic pressure affected zone in the wedge gap. Surface material in the
pressure-affected zone is removed by particle clusters formed by ST. The oxidized material is
continuously removed under the chemical action of hydrogen peroxide in the CNNU slurry.
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Fig. 1. Schematic diagram of the non-contact polishing process using DC tool.
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Fig. 2. Schematic diagram of the mechanism of CNNU slurry in the non-contact polishing
process with DC tool.
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2.2. Finite Element Model (FEM)

The pressure and velocity distributions in the wedge gap were analyzed by the finite element
method. The flow of CNNU fluid in the polishing process, the schematic diagram of velocity
gradient u and the shear force 7 of the workpiece at the wedge gap are shown in Fig. 3(a). The
boundary conditions of the model are shown in Fig. 3(b). The inlet boundary condition is set as
‘Velocity inlet’, the direction is perpendicular to the boundary, and the value corresponds to the
linear velocity v of tool speed. The outlet boundary condition is set as ‘Zero pressure’. The tool
and workpiece boundaries are set as no-slip boundaries I and II, respectively. The constitutive
relation is defined as inelastic non-Newtonian, and the inelastic model is set as power law. The
tool radius is set to 6.25 mm. The consistency constant K is set to 0.62. the flow behavior index n
was set to 1.5, The fluid density p was set to 1.43 g/ml according to the experimental test. Based
on the rheological test results, the reference shear rate was set to 120 s~!. The tool speed and
working gap were set to 5000 rpm and 0.1 mm, respectively.
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Fig. 3. (a) Model setup and simulation (b) boundary conditions during the DC tool
non-contact polishing.

2.3.  MRR in non-contact polishing using DC tool

To clarify the material removal process during DC tool non-contact polishing process, it is
important to establish the MRR mathematical model. The material removal mechanism during
non-contact polishing by DC tool is explored in this section. Material removal is mainly attributed
to the mechanical removal of the NiP alloy surface material by the SiO, abrasive particles in the
CNNU slurry. The material removal model according to Ref. [23] can be written as:

MRR, = ko / Vidr M

t

where V; is the total removal volume, and kg is the modified coefficient.

Based on the Hertzian contact theory, the penetration depth of a single SiO; abrasive in the
wedge gap depends on the positive pressure Fy of the abrasive. According to related research,
F can be expressed as [24]:

_ V3pg-D?

2f;
where f; is the contact networking coefficient of SiO;,. D, is the diameter of SiO;, p, is the
hydrodynamic pressure obtained from the FEM.

Fy @
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During the DC tool non-contact polishing process, the CNNU slurry forms a semi-solid steady
fluid in the wedge gap, and the SiO, abrasive micro-cutting of the semi-solid particle cluster on
the workpiece results in material removal. The mathematical model of the relationship between
abrasive grains and materials is shown in Fig. 4.
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Fig. 4. Schematic sketch of material removal during non-contact polishing using DC tool.

Total removal volume V; can be expressed as:
Vi =NyVia 3

where N, is the total number of active abrasives, Vj, is the removal volume of a single abrasive.
The indentation depth of a single SiO; abrasive can be calculated as [25]:

_ Fn/g

= 4
P~ xD,Hy “)

where g is constant and is usually taken as 9.8 m/s, Hy is the Vickers hardness of the NiP alloy
substrate.

During the non-contact polishing by DC tool, the removal volume of a single abrasive Vy, can
be written as [26]:

Via = koD, Ardt )
According to Egs. (2) and (4) A, can be expressed as:

_ \/gpdDu (6)
P 2 gﬂH w
Similarly, removal volume of a single abrasive Vj, can be written as:
3p2Ddt
Vi = kit e )

4¢2f2H3,
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The total number of active abrasives N, in the removed area within the wedge gap can be
written as [27]:

N, = SVtth (®

where cross-sectional area S of the CNNU slurry flowing through the workpiece surface can be
obtained from the experimental results (16 mm?), pp is the volume density of SiO, abrasives
contained in the CNNU slurry. The effective relative velocity vy, is related to the process angle of
the DC tool, v, can be expressed as:

Vi = WSinyg 9

where v, is the maximum linear velocity of the DC tool, v, =2nRn, R is the tool radius, n is the
tool speed, g is the process angle.

According to related research [27], the volume density p, of the abrasive grains number
contained in the polishing liquid can be written as:

_ 3dspsmy

= 10
477Da3pa (10

Pp

where d; is the dilution rate of the slurry, p; is the density of CNNU slurry, m, is the mass
fraction of SiO; abrasives in the CNNU system, p, is the density of SiO,.
Substituting Egs. (8), (9) into Eq. (7), the total number of active abrasives N, can be expressed

as:
3Sndgsin m,
N, = s );Gppps a R
4D pq

Therefore, the total removal volume V, can be expressed as:

9kSp2D, d,sin my
V, = Supy - knD A2di = P — 279’3 : (12)
1687 Hyspa
Consequently, the theoretical removal rate MRR, can be written as:
OkS [ P3Dadssinyepsma
MRR, = / Pa Yo (13)
16g fHGpa

t

The influencing factors of material removal can be conveniently obtained from Eq. (13) for the
purpose of polishing process control. In the non-contact polishing process by DC tool, the MRR
is mainly related to hydrodynamic pressure p4, the diameter of SiO, D,, process angle yg, the
density of CNNU slurry p,, and mass fraction of SiO, abrasives p,. The hydrodynamic pressure
pa is greatly affected by the tool speed n and working gap dgp.

3. Experimental

In this work, a high-precision CNC machine with 2 spindles and 2 moving axes was used to carry
out the experiment. As shown in Fig. 5, the flat and curved NiP alloy workpieces are mounted
on the spindle I through a fixture, and the spindle II is connected to the Z axis through an XYZ
micro-displacement platform. The CNNU slurry is transported to the removal interface through
the supply pipeline. The tool and workpiece were adjusted to the specified distance by moving
the Z axis. The rotational speed of spindle II with DC tool installed can be adjusted between 100
and 12000 rpm. The rotational speed of the spindle I can be adjusted between 0-3000 rpm. The
positioning accuracy of the XZ axis is +2 um. As shown in Table 1, the working gap interval
used during the experiments was 0.01-0.3 mm, the tool speed was 2000, 5000 and 8000 rpm, and
the workpiece rotational speed was 100 rpm.
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Fig. 5. Experimental setup (a) Schematic diagram and (b) device for curved surface by
using DC tool.

The properties of CNNU slurries have a crucial impact on the experimental performance.
The high-performance slurries composition and ratio were obtained through previous empirical
experimental studies. The proportion of polyhydroxy polymer is 58 wt% in the base fluid, and
the concentration of SiO; abrasive particles in the system was 10 wt%. The hydrogen peroxide
concentration is 1 wt%. The specific parameters of the CNNU slurry are shown in Table 2.

Table 1. Experimental parameters

Parameter category Numerical value
Tool speed n 2000, 5000, 8000 rpm
Working gap dgap 0.01, 0.1, 0.2, 0.3 mm
Diameter of SiO, D, 20 nm
Vickers hardness of the NiP alloy | H,, 0.53x10% kg/mm?
Process angle Yo 60°
Density of CNNU slurry Ps 1.43 g/ml
Mass fraction of SiO; abrasives Mg 10%
The density of SiO, Da 2.2 g/em’?
Cross-sectional area S 167 mm?
Time per circle t 30 min

Before and after polishing experiments, the workpieces were ultrasonically cleaned in deionized
water and alcohol. The rheometer (MCR302, Anton Paar, Austria) was used to analysis the
rheological properties of the configured CNNU fluids. The surface morphology of NiP alloy was
observed using a super depth of field microscope (VHX-600E03041132, KEYENCE, Japan) and a



Research Article Vol. 30, No. 15/18 Jul 2022/ Optics Express 28197 |

Optics EXPRESS i N

Table 2. CNNU Slurry Composition

Composition Proportion
Base fluid 89 wt% (Polyhydroxy polymer accounts
for 58 wt% of the base fluid)
SiO; concentration 10 wt%
Hydrogen peroxide 1 wt%

concentration

scanning electron microscopy (Q45, FEI, USA) before and after polishing. The three-dimensional
topography and roughness of the workpiece surface were measured by a white light interferometer
(NewView9000, Zygo, USA). The objective lens used for measurement is 10X (Zygo), the
measurement and analysis range both are 200200 pm. The roughness was evaluated using the
arithmetic mean deviation (Sa), using a Gaussian high-pass filter with a cut-off length of 80 um.
The crystal structure of the NiP alloy was characterized via X-ray diffractometry (EMPYREAN,
PANalytical, Netherlands) before and after the experiment. The surface profile of the workpiece
was measured using a Taylor contact profilometer (Form TalySurf PGI 840, Taylor Hobson, UK).

4. Results and discussion
4.1. Rheological properties

The rheological properties of CNNU slurry are related to the roughness obtained and the material
removal ability [28,29]. The rheometer was used to test the rheological properties of the prepared
CNNU slurries. The lamina with a diameter of 34.14 mm was selected to conduct the test, the
included angle of the lamina surface was 5°, the test gap was set to 0.101 mm, and the shear rate
variation range was set to 0.1-1500 s~!. The results are shown in Fig. 6 The prepared SNNU
slurry conforms to the rheological characteristics of non-Newtonian fluids and has an obvious ST
effect. CNNU dispersion system showed three obvious viscosity variation ranges: Zone I, Zone
II, and Zone III. Zones I and III are shear thinning zones, where the polyhydroxy polymer and
abrasive particles in the CNNU slurry are in a free or excessive shearing state. The viscosity
of the CNNU slurry in zone II increased continuously with the increase of the shear rate and
showed the maximum viscosity when the shear rate was 130 s~!, and the particles in the CNNU
continued to aggregate. The critical shear rate of the CNNU dispersion system is 130 s~!, and the
maximum viscosity reaches about 25 Pa-s. The rheological properties of CNNU are comparable
to those of Li et al [30]. Therefore, the prepared CNNU system has a strong thickening effect and
can achieve continuous and stable material removal.

4.2. CNNU slurry performance analysis

Non-Newtonian ultrafine (NNU) and CNNU slurries were prepared to explore the effect of
hydrogen peroxide in the polishing process. The composition of NNU is basically the same
as CNNU, but do not contain hydrogen peroxide. Figure 7 shows the surface roughness and
morphology of the initial, polished with NNU or CNNU slurry, respectively. Figure 7(a) shows
the initial surface obtained by the contact polishing method. The initial roughness is Sa 2.95 nm
with crossed scratches. The surface roughness was significantly reduced after being treated with
NNU slurry, but the incompletely removed cross scratches could still be observed. As shown
in Fig. 7(c), the surface roughness rapidly decreased to 0.90 nm and no defects were observed
after being polished with CNNU slurry. The roughness obtained by the prepared CNNU slurry
is better than that of the alumina and ceria systems [19,31]. Figure 7 shows that the CNNU
slurry has strong surface smoothing ability to obtain defect-free surfaces, which is attributed
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Fig. 6. Rheological curve of CNNU slurry system.

to the synergistic effect of mechanical shear and chemistry during non-contact polishing. NiP
alloy surface material is removed by the DC tool induced shearing action of abrasive grains. In
addition, new reactive layer are continuously generated on the surface material and are removed
by the oxidation of hydrogen peroxide [32].
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Fig. 7. Surface roughness and morphology of (a) initial, treated with (b) NNU and (c)
CNNU slurry by DC tool.

Determining the material composition of the polished surfaces helps to further explore the
material removal mechanism. X-ray diffractometer (XRD) was used to analyze the composition of
the processed surface. Figure 8 shows the XRD collection results of the NiP alloy surface polished
by NNU and CNNU slurries. The 2Theta range was set to 20-80° during the collection process.
The test voltage and current were set to 40kV and 40 mA, respectively. No obvious diffraction
peak was observed on the surface polished with NNU, only the characteristic diffraction peak
of NiP alloy at 45° was observed. Several strong diffraction peaks were found on the surface
treated with CNNU. The film newly formed on the CNNU treated surface is monoclinic (MCL)
NiyP401, and may be amorphous NiP;O1;, which are found by comparing with standard PDF
cards. The results showed that a new nickel phosphate film was generated on CNNU treated
surface, and nickel phosphate was easily soluble in inorganic acid, which accelerated the material
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removal efficiency. Due to the synergistic effect of chemical effects, ultra-smooth scratch-free

surfaces can be obtained.
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Fig. 8. XRD analysis of NiP alloy surface after polishing with NNU and CNNU slurries
(oNipP4012NiP4O11).

4.3. Hydrodynamic pressure py, at different working gaps and tool speeds in the FEM

Figure 9 shows the pressure and velocity distribution of the fluid in the wedge gap with a fixed
working gap of 0.01 mm and a tool speed of 5000 rpm. The pressure can reach maximum of
about 1640 kPa, and the pressure value at dg,, is about 700 kPa, which are shown in Fig. 9(a).
The hydrodynamic pressure between the inlet and the dg,, is high, and the pressure gradually
decreases as the fluid flows. The fluid pressure py, is low and gradually decreasing from the dgq)
to the outlet. The velocity distribution of the fluid is shown in Fig. 9(b). The simulation results
show that the fluid velocity decreases gradually with the increasing gap.
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Fig. 9. (a) Pressure and (b) velocity distribution field nephogram.

Figure 10 shows the hydrodynamic pressure p, obtained at dg,, based on the FEM. Figure 10(b)
shows that p, increases continuously with the increase of tool speed, and the change of p; caused
by tool speed is weaker than that of working gap. Interestingly, the p, at dg,, decreases when
tool speed exceeds 5000 rpm, which may be due to shear thinning that occurs when the shear rate
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exceeds the critical shear rate. According to the relevant research [33], the yield stress of NiP
alloy material is about 200 kPa. Effective material removal may not be obtained when working

gap exceeds 0.2 mm.
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Fig. 10. Simulated p, at different working gaps and tool speeds.

4.4. Prediction of MRR

Figure 11 shows the MRR, under different working gaps and tool speeds predicted by the model.
The coefficient k in Eq. (13) is corrected to 2.3e™° using experimental data. Figure 11(a) shows
that the MRR, decreases with the increase of the working gap. The maximum MRR, occurs
at 0.01 mm. The predicted MRR; at different tool speeds are shown in Fig. 11(b), and MRR,
increases with the increasing tool speed. The increase rate of MRR, slowed down when the tool
speed continued to increase and exceeded 5000 rpm. The maximum MRR; occurs at 5000 rpm.
The trend of the results is consistent with related research [19], and the predicted results provide
a firm reference for the experimental parameters selection.
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Fig. 11. Predicted MRR; under different (a) working gaps and (b) tool speeds.

4.5. Experimental analysis of MRR

The predicted results in Fig. 12 show that working gap greatly influences both MRR, and surface
quality, as it affects the thickening effect of the polishing slurry and then affects the processing
efficiency [24]. During the test, the tool speed was fixed at 8000 rpm, and the dwell time ¢ was 30
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min. The thickening degree of particle clusters has an impact on surface quality. Figure 12(a)
shows that the MRR, decreases continuously with the increasing working gap, which is basically
consistent with the results of the predicted result MRR,. The minimum MRR, is 0.021 um/min at
2000 rpm. At 5000 and 8000 rpm, the MRR, is about 0.060 pm/min. Figure 12(b) shows that
smooth profiles were obtained at working gap 0.1, 0.2 and 0.3 mm. Scratches appeared at the
bottom of the removal profile at working gap 0.01 mm due to excessive particles aggregation [34].
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Fig. 12. Experimental (a) (c) MRR, and (b) (d) cross-sectional profile at different working
gaps and tool speeds.

The tool speed also plays a critical role in the obtained MRR,, since the tool speed determines
the shear rate of the polishing fluid and thus affects the MRR of the slurry [19]. Figure 12(c)(d)
shows the material removal results obtained at different tool speeds with a fixed working gap
0.1 mm. The rotational speed used for the experiment were 2000, 5000 and 8000 rpm. Figure 12(c)
shows that MRR, increases with the increasing tool speed. The maximum MRR, is 0.06 pm/min
at 5000 rpm, and the minimum MRR, is 0.021 um/min at 2000 rpm, which is basically consistent
with the results of the predicted trend. When the tool speed was increased from 5000 to 8000 rpm,
the MRR, remained basically unchanged or decreased slightly, which may be caused by the shear
thinning of the CNNU slurry [34]. Figure 12(d) shows that continuous smooth removal profile
can be obtained at 2000-8000 rpm.

4.6. Method performance comparison

The surface defect is an important part of optical performance evaluation. For optical components
with imaging functions, the existence of pits, polishing texture and scratches will seriously
affect the imaging quality [35]. To evaluate the smoothing ability of different processes on NiP
alloy surface, the surface morphology and roughness produced by contact polishing, cutting,
fabric-clothed (FC) and DC tool non-contact polishing were measured and analyzed. Uniform
polishing is adopted in the process, the tool feed rate is 100 mm/min for both contact and
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non-contact processes, and the contact polishing pressure is 1 N. Figure 13 shows the surface
image and three-dimensional (3D) morphology produced by contact polishing, cutting, FC and
DC non-contact polishing processes. As shown in Fig. 13(a), the contact polishing method
produces crossed scratches. The surface obtained by cutting process in Fig. 13(b) produced
continuous tool marks. The surface treated with the FC tool in Fig. 13(c) produced continuous
scratches, and this surface deterioration may be due to the disordered aggregation of particles
[19]. No scratches are observed on the surface using the DC tool in Fig. 13(d). Figure 13 also
shows the surface roughness produced by contact polishing, cutting, FC and DC non-contact
polishing. As shown in Fig. 13(a), the surface roughness after contact polishing is 3.03 nm with
irregular tool marks. The surface roughness obtained by cutting in Fig. 13(b) is 3.15 nm, and
obvious tool marks are observed on the surface. Figure 13(c) and (d) are the 3D topography
of the surfaces obtained by the FC and DC tool non-contact polishing, and the roughness is
1.95 and 0.76 nm, respectively. The 3D topography measurements show that the best surface
roughness is obtained by the DC tool non-contact polishing method. Figure 13(e)(f) shows the
scanning electron microscopy (SEM) surface morphologies obtained by contact polishing and
DC tool non-contact polishing. Figure 13(e) shows that the surface obtained by contact polishing
has obvious scratches and pits, while no surface defects are observed by DC tools non-contact
polishing. The above results show that the surface obtained by the DC tool is superior to that of
the contact polishing, cutting and FC tools, and a smooth and defect-free surface can be obtained.
Power spectral density function (PSD) is another way to characterize optical surfaces, which can
provide more comprehensive information about the surface profile obtained. Figure 13(g) shows
the PSD curves of the surfaces treated by different finishing processes. The results show that
the value of mid and high-spatial frequency can be effectively suppressed by using non-contact
polishing with DC tool, which helps to improve the performance of optical components.

4.7. Continuous removal capability of the DC tool

To investigate the removal ability of the DC tool, an experiment with a gradual working gap was
carried out. As shown in Fig. 14(a), the horizontal length of the working trajectory is 5 mm, the
working gap increases from 0.01 mm to 0.3 mm, and the feed rate is 0.01 mm/min. The obtained
3D profile of the removal shape is shown in Fig. 14(a), where it can be observed that the removal
depth decreases with the increasing working gap. Figure 14(b) shows the profile of the A-A and
B-B sections in Fig. 14(a), indicating that the DC tool non-contact polishing process used in this
study has good continuous removal capability.

4.8. Performance analysis of curved surface

The experimental results of flat parts show that good roughness of Sa 0.76 nm can be obtained by
DC tool non-contact polishing method. On this basis, an experimental study of optical aspheric
mold polishing was carried out. The parameters used in this experiment are obtained from
the above basic experiments, namely working gap 0.1 mm and tool speed 5000 rpm, and the
workpiece speed is 100 rpm. During the test, take points at equal intervals (0.5 mm) along the
radial direction of the workpiece and keep working gap 0.1 mm constant. Figure 15(a) shows
the surface roughness variation and form profile of the NiP alloy surface treated with DC tool.
Figure 15(a) shows that the roughness decreases continuously as the polishing process progresses
and finally saturates to 0.52 nm. The initial surface roughness was 3.24 nm, which was obtained
by the contact polishing method. As shown in Fig. 15(a)(b)(c), after being treated with the DC
tool non-contact polishing, the crossed scratches were obviously removed, and the roughness
was reduced to 1.30nm. The surface roughness was saturated to 0.54 nm after continuous
polishing for 4 h. The surface form accuracy is related to the imaging effect and performance of
curved optical components, so it is vitally important to study the form change of curved surfaces
during ultra-precision polishing [36]. The form data of the curved workpiece before and after
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polishing were measured by a Taylor 3D morphology instrument. MATLAB software was used
to iteratively calculate the form error of the profile before and after polishing. Figure 15(d) shows
that the form error due to DC tool non-contact polishing is less than 600 nm.
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Fig. 15. (a) Roughness variation, (b) surface roughness, (c) defects of curved optics and (d)
form error at different stages of aspheric optical surface processed using DC tool.

5. Conclusions

In this paper, a new DC tool and CNNU slurry for non-contact polishing were proposed for
aspheric optical mold fabrication, and a material removal model based on hydrodynamic pressure
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and velocity simulation was established. Besides, the influence of working gap and tool speed on
material removal of the DC tool was studied through theoretical analysis and experiments, and
the optimal parameters were obtained for curved surface polishing. The main conclusions are as
follows:

1. A new non-contact polishing DC tool and CNNU slurry for small aperture curved surfaces
were proposed, and the sub-nanometer roughness was achieved for the first time on NiP
alloy aspheric optical mold by non-contact polishing method.

2. A simulation and material removal model of the DC tool non-contact polishing was
established to clarify the relationship between MRR and working gap or tool speed during
the polishing process. The calculation and experimental results show that the MRR
decreases with the increment of the working gap and increases with the increasing tool
speed. The maximum MRR reaches 0.016 pm/min at working gap 0.01 mm.

3. The formation mechanism of sub-nanometer roughness is clarified. The formation of
sub-nanometer roughness is due to the semi-rigid damping cover of DC tool induced steady
fluid and the synergistic effect of mechanical shearing and chemistry. The mechanical
action is attributed to the micro-cutting of abrasive grains in the particle clusters and the
chemical action is attributed to the continuous generation of nickel phosphate induced by
hydrogen peroxide.

4. Surface roughness Sa 0.54 nm was achieved on the NiP alloy aspheric surface by using the
proposed DC tool under the optimized parameters. Less than PV 600 nm form accuracy
was achieved, which provides a new approach for current commercial applications. Higher
form accuracy can be achieved by optimizing the DC toolpath and dwell time.

The future work will focus on two aspects: 1) The performance of the DC tool and CNNU
slurry in polishing free-form optics will be investigated. 2) The subsurface damage suppression
capability of DC tool and CNNU slurry will be further explored.
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