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Metal mirrors are rarely used in visible or ultraviolet systems due to the ultra-precision fabrication difficulties. In
this work, a plane aluminum alloy substrate (Φ100 mm) surface deposited with a nickel-phosphorus (NiP) layer
by the electroless deposition technique is prepared. The NiP layer is processed by single point diamond turning
(SPDT) technology to the accuracy of 60 nm in RMS, and the surface roughness reaches 4.157 nm in Ra. A kind of
water-based magnetorheological polishing fluid for the ultra-precision of the NiP layer is developed, and mag-
netorheological finishing (MRF) is applied to the final finishing of the mirror. The developed fluid that contains
small size (1.5 μm) carbonyl iron powder (CIP) and 50 nm nano-cerium possesses material removal of 1.8 μm/min,
and surface roughness of 1 nm is determined as the optimal fluid formula. The surface residual error is improved
from 60 to 10 nm, and the surface roughness decreases from 4.157 to 0.851 nm after MRF in 1.5 h with one
polishing cycle with the developed MR polishing fluid. Finally, the surface quality after MRF is tested by SEM
and XRD, and the results manifest that the periodical tool mark is swiped out and the surface is not contaminated
by MR polishing fluid. The experiment results and theoretical analysis of this work prove that MRF can satisfy the
ultra-precision fabrication of NiP film on the metal mirror, and the surface quality can be applied in a visible or even
ultraviolet optical system by using suitable MR polishing fluids. © 2018 Optical Society of America
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1. INTRODUCTION

Ultra-precise metal mirrors are key components of sophisti-
cated scientific instrumentation in astronomy and space appli-
cations, covering a wide spectral range [1,2]. Especially for
applications in the visible or ultraviolet spectral ranges, low
roughness of the optics is required. Metal mirrors are often
made of nickel-phosphorus (NiP) plated aluminum alloy
Al6061 to reduce light scattering [3,4]. Typically, these layers
are approximately 30–60 μm thick. The nano-precision metal
mirrors can be obtained by single crystal diamond turning
(SPDT). However, the surface of the soft NiP layer will have
residual periodical cutting marks after SPD, which will increase
the light scattering and decrease the image quality of the sys-
tem. Therefore, the applications of metal mirrors are naturally
limited to the infrared spectral region due to scatter losses for
shorter wavelengths, and achieving diffraction limited perfor-
mance in the visible or ultraviolet spectral ranges demands
the application of additional polishing steps [5–8].

NiP layers enable several polishing techniques, e.g., chemical
mechanical polishing (CMP) and ion beam figuring for reduc-
ing the roughness of the optical surface. However, the process
efficiency is not satisfactory. At the same time, magnetorheo-

logical finishing (MRF) has been used to reduce the shape
deviation or tool marks remaining on the metal mirrors
[9–11]. The application of MRF as a figuring tool for precise
metal mirrors is a nontrivial task since the technology was pri-
marily developed for figuring and finishing a variety of other
optical materials, such as glasses, the silicon modification layer,
and silicon carbide [12–14]. As a consequence of ongoing re-
search and investigation, a variety of other materials, including
glass ceramics such as Zerodur, plastics, and even hard polycrys-
tals, were examined to be figured and finished very well with
MRF [15,16]. However, the ultra-precision mirror used in vis-
ible or ultraviolet spectral ranges by using MRF has rarely been
reported. Investigations about the effect of MR polishing fluids’
composition on the NiP layer polishing performance, such as
the material removal rate, surface roughness, and cleanliness,
have not been reported yet, to our knowledge.

In this paper, we determined a kind of MR polishing fluid
for NiP layer polishing by carrying a removal function experi-
ment on the NiP deposited layer on Al 6061. By means of
investigating the material removal rate and surface roughness,
a suitable fluid that possesses relative high removal and
good roughness is determined, and the theoretical analysis is
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also made according to the material removal mechanism
of MRF. The final finishing of the preprocessed NiP layer
deposited on a plant Al 6061 mirror by SPDT is fulfilled
by MRF with the developed MR polishing fluid. The surface
error RMS is improved from 60 to 10 nm, and the surface
roughness Ra is improved from 4.157 to 0.851 nm by one pol-
ishing cycle in 1.5 h. Surface quality is detected by SEM and
XRD, and the results proved that the surface after MRF is
smooth and uncontaminated. The results of this work prove
that MRF can satisfy the ultra-precision fabrication of the
NiP layer on a metal mirror, and the surface quality can be
applied in visible or even ultraviolet optical systems by using
suitable MR polishing fluid.

2. PROCESSING OF NIP LAYER BY SPDT

The metal mirror material of this work is Al 6061, which has
the advantages of easy processing, light weight, high thermal
conductivity, and low cost compared to other mirror materials
such as silicon carbide or beryllium [4]. The Al 6061 substrate
surface is processed by SPDT to surface error of nearly 30 nm
in RMS. Then the surface is deposited by the NiP layer that is
created by the electroless method. The thickness of the NiP
layer is about 10 μm to reduce the bimetallic effect, caused
by different coefficients of thermal expansion of Al 6061
and NiP [3,17]. The processing photograph is shown in Fig. 1.

To achieve good surface accuracy and roughness, we selected
a small diamond turning tool, high spindle rotation speed, and
small cut depth. The specific processing parameters are shown
in Table 1.

The surface residual error after one cutting cycle is measured
with a Zygo interferometer, and the surface roughness is mea-

sured with the Zygo New View 7200 white-light interferom-
eter. The results are shown in Figs. 2 and 3, respectively.

The results illustrate that the surface residual error is 60 nm
in RMS with big low-frequency surface error, and the surface
roughness is 4.157 nm with obvious periodical tool marks after
being processed with SPDT. The post-polishing process is nec-
essary to improve the surface accuracy and roughness. MRF is
the hopeful process technology if the appropriate MR polishing
fluid and polishing parameters are used.

3. MR POLISHING FLUID FOR NIP LAYER

At present, many kinds of materials can be polished with
aqueous MR polishing fluid such as glasses, silicon, and silicon
carbide [13,17–22]. Due to the mechanical properties of

Fig. 1. Process of NiP layer by SPDT.

Table 1. Processing Parameters of SPDT

Parameters
Spindle Rotation

Speed
Cutting Tool

Radius
Cutting
Depth

Value 2000 r/min 1.032 mm 2 μm

Fig. 2. Surface residual errors after SPDT.

Fig. 3. Surface roughness after SPDT.
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metal, such as soft, flexible, or magnetic conducting, there are
few research reports about fluid suitable for a metal or alloy
layer. Therefore, to achieve an ultra-precision surface of the
NiP layer and make the metal mirror widely used in a visible
or ultraviolet optical system, developing an MR polishing fluid
suitable for the finishing of the surface of the NiP layer is very
significant.

In consideration of the mechanical properties of NiP,
we select nano-Zirconia, nano-alumina, and polycrystalline
nano-diamond as the abrasives. The diameters of all the abra-
sives are 50 nm. For iron powder (carbonyl iron), we select
4 μm, which is commonly used in conventional fluid, and
1.5 μm, which is customized for use in this work. Removal
function experiments are carried out to investigate the polishing
performance of six different types of MR polishing fluids. The
powder ingredients of the fluids are listed in Table 2.

The experimental parts in this work are in the same prepa-
ration condition. The removal function experiment parameters
are listed in Table 3.

The equipment used in the experiment is developed by
our research group and the magnetic field structure using
a permanent magnet. The experiment photograph is shown
in Fig. 4.

The peak removal rate (PRR) of six fluids is shown in Fig. 5.
From the results, it can be seen that the fluids with 4 μm

CIP possess higher removal rate than fluid with 1.5 μm car-
bonyl iron, although the abrasives are the same. This provides
that the diameter of carbonyl iron has a great effect on the
material removal rate. The highest PRR comes from fluid
No. 3, and the lowest is from No. 4. The surface roughness
after polishing with six kinds fluids is also investigated. The
results are shown in Fig. 6.

As shown in Fig. 6, the roughness results are contrary to the
material removal rate. The fluids that use 4 μm CIP produce
higher roughness than fluids with 1.5 μm carbonyl iron,
although the abrasives are the same. These results can be ex-
plained with the previous work by Kordonsiki, who proposed

Fig. 4. Experimental diagram and MRF equipment.

Fig. 5. Peak removal rate of six fluids.

Table 2. Powder Ingredients of Six Fluids

No.

Iron
Diameter/

μm

Iron
Volume

Concentration
(%) Abrasives

Abrasives
Volume

Concentration
(%)

1 4 37 Nano-zirconia 0.2
2 4 37 Nano-alumina 0.2
3 4 37 Nano-diamond 0.2
4 1.5 37 Nano-Zirconia 0.2
5 1.5 37 Nano-alumina 0.2
6 1.5 37 Nano-diamond 0.2

Table 3. Experiment Parameters

Parameters
Wheel

Diameter
Rotation
Speed

Dwell
Time

Penetration
Depth

Value 160 mm 2 r/min 5 s 1.0 mm Fig. 6. Surface roughness of six fluids.
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that the material removal of MRF stems from the granular col-
lision between iron particles and abrasives [23]. The material
removal rate and surface quality strongly depend on the granu-
lar force and particle properties. The force that brings about
material removal is derived from sheared CIPs’ impact with
abrasives. The force of CIPs takes the form of

Gp � K •
π

4
• ρp • d 4

p • γ2
•
: (1)

ρp is the density of CIP, dp is the diameter of CIP, and γ
•
is the

shear rate. The dimensionless coefficient K takes into account
other flow parameters such as the concentration, mechanical
properties of particles, carrier fluid damping properties, and
flow geometry. It can be seen from Eq. (1) that the large size
of CIPs (dp) will produce a more powerful processing force
than small size CIPs in the polishing process. Based on the
Hertzian theory [24], the tensile stress generated over the con-
tact area is given by

σp �
�1 − 2 • ϑM � • G

1
3
p

2 • π • r2c

�
3

4
ra • K E

�
−23
, (2)

K E �
�
1 − ϑ2M
EM

� 1 − ϑ2a
Ea

�
, (3)

where ra is the radius of the abrasive particle, ϑM and EM
are the Poisson’s ratio and Young’s modulus for the material,
and ϑa and Ea are Poisson’s ratio and Young’s modulus for
the abrasive particle. K E is the reciprocal of reduced elastic
modulus.

It can be seen from Eqs. (2) and (3) that the polished
material mechanical property, abrasive mechanical property,
and size also influence the material removal rate and surface
roughness. Based the removal function experiment results, fluid
No. 5, which used small size CIPs and nano-alumina, possesses
good roughness and a relatively high peak material removal
rate, because of the small processing force and moderate abra-
sive size and mechanical properties.

Then, we can infer that the ultra-precision mirrors that
satisfy the visible image system or even the ultraviolet

system demand can be finished by MRF with suitable fluid
ingredients. The removal function results with fluid No. 5
are shown in Figs. 7 and 8. The volume removal rate that is
calculated based the pixel resolution of the interferometer is
3.7 × 107 μm3∕min. Then, the removal function of fluid
No. 5 is applied to the calculation of the dwell time matrix
in the subsequent final finishing of the NiP layer.

4. FINAL FINISHING OF NIP LAYER

The final finishing of the NiP layer on the Al 6061 (Φ100 mm)
plane mirror is carried out with the same equipment and
parameters as the removal function experiment used, and
the raster trajectory is used with 0.5 mm step length. The re-
sults of the surface residual error and roughness after one pol-
ishing cycle with MRF in 1.5 h are shown in Figs. 9 and 10. As

Fig. 7. Removal function of fluid No. 5.

Fig. 8. Removal function profile of fluid No. 5.

Fig. 9. Surface residual error after MRF.
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the result shown in Fig. 9, the surface residual error is improved
from 60 to 10 nm after MRF in 1.5 h with one polishing cycle.
The convergence rate reaches 77%, which proves the high
processing efficiency of MRF and good performance of the
developed MR polishing fluid. The roughness results shown
in Fig. 9 prove that the periodical tool marks of SPDT are
all swiped out and the surface roughness Ra is improved from
4.157 to 0.851 nm in a 1.41 mm × 1.06 mm area scope.

5. SURFACE MORPHOLOGY AND CLEANLINESS
TEST

The surface morphology and cleanliness of the NiP layer after
MRF are also tested. The testing results are shown Figs. 11 and
12. As shown in Fig. 10, the SEM results manifest that the
periodical tool marks are all eliminated without any remaining
of scratches of MRF. The XRD result shown in Fig. 12 requires

that the element composition of the NiP surface after MRF
only includes nickel and phosphorus. The composition of
the MR fluid including carbonyl iron and chemical agents is
easily cleaned without contamination.

6. SUMMARY

In this paper, MR polishing fluid that is suitable for the polish-
ing of NiP is obtained by the experimental study of six different
fluid compositions. The fluid that possesses a relatively high
removal rate and good surface roughness is applied to the final
finishing of the NiP layer on Al 6061 after SPDT. The surface
residual error is improved from 60 to 10 nm, and the roughness
after a cycle of polishing with MRF takes 1.5 h. The roughness
decreases from 4.157 to 0.851 nm in a 1.41 mm × 1.06 mm
area scope. The periodical tool mark of the mirror surface after
SPDT is swiped out by MRF. The surface morphology and
XRD results manifest that the surface after MRF is clean
and smooth.

The experiment results and theoretical analysis of this work
prove that MRF can satisfy the ultra-precision fabrication of the
NiP layer on the metal mirror by adopting suitable MR polish-
ing fluid and parameters. The results also provide processing
technical support for the application of metal in the visible
and ultraviolet systems. To expand the application of metal
mirrors to an ultraviolet or extreme ultraviolet system, optimi-
zation work should be carried out in the future to obtain the
optimal parameters by combining more polishing parameters,
such as flow, magnetic field, and depth of penetration. The
powders’ (iron particles or abrasives) modification is also under
research to improve the processing efficiency and reduce the
surface roughness further.

Funding. National Natural Science Foundation of China
(NSFC) (51775531, 61605202).
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