Research on scan polishing flat surfaces with a small diameter tool
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Abstract. High profile accuracy and high surface quality, which are achieved by stable
polishing velocity, are needed in the machining of NiP neutron reflection mirror along with
suitable machining tools. To respond to the growing demands for high quality reflection
mirrors, in this study, a small diameter polishing tool was used on a three-axis CNC ultraprecise polishing machine. Mathematical models of polished profiles based on the Preston
equation were built and discussed along with the simulation results of the polished profiles.
These models of polished profiles were proved to be effective by numerous experiments under
diverse conditions. The polishing characteristics of electro-less plated NiP surface were
reviewed and super smooth surfaces could be achieved by scan-type polishing.
Introduction
The optical control of the neutron beam is an innovative research area as it is used in organic
structure determination and medical treatment more widely than X-ray. On the other hand, the
excellent machinability by polishing of electro-less plated NiP makes it one of the best
materials for making neutron reflection mirrors.
Unlike X-ray, which is used widely for the superficial analysis of materials, neutron beam
shows greater ability to recognize the probe structure of material atoms and molecules.
However, owing to the difficulty of direction control, operation complexity, and low costeffectiveness, the areas of application of neutron are limited [1]-[3]. The electron-less plated
NiP has been demonstrated to be an ideal candidate for the neutron reflection mirror as it does
not have any of the drawbacks of neutron beam [4]-[7].
High profile accuracy and high surface quality, which are achieved by stable polishing
velocity, are needed in the machining of NiP neutron reflection mirror along with suitable
machining tools [8]-[10]. To respond to the growing demands for high quality reflection
mirrors, in this study, a small-diameter polishing tool was used on a three-axis CNC ultraprecise polishing machine. This method is capable of stable polishing velocity, thereby
realizing stable polished work surface. When the tool moves along the complex polishing paths,
the polishing directions are changed frequently, and the polishing stabilities are reduced. The
conventional polishing material removal models can only predict the removal depth at the fixed
grinding points.
In this work, we applied an empirical formula of the removal profile based on the Preston
equation, and proved by experiments that we can control polishing shapes. The fundamental
polishing characteristics of scan-type polishing are also discussed in this paper. Free-form
surfaces could be processed by using different parameters in computer numerical control (CNC)
[11,12].

Experimental Procedure
Figure 1 shows the three-axis CNC ultra-precise polishing machine which consists of the
body and controller. Figure 2 shows a schematic of the three-axis CNC ultra-precise polishing
control system. The movements of the XYZ axes are controlled by the PC while the rotation
speeds are controlled by the motor controller.

Fig. 1 Photograph of experimental system

Fig.2 Schematic of three-axis polishing control
system

All experiments were carried out by a 3-axis simultaneous control desk-top polishing device
with a resolution of 0.001 mm. Figure 3 shows a photograph of the experimental setup. During
the polishing process, abrasive was dripped on the polishing zone through an abrasive nozzle.
The workpiece was made of electro-less plated NiP. The polishing tool (ϕ5 mm) was used in
scan-type polishing in Figure 4.

Fig. 3 Photograph of experimental setup

Fig.4 Photograph of scan polishing tool (left: 𝜙10
mm, right: 𝜙 5 mm)

Figure 5 shows XY and YX scan paths used in the polishing experiments. In actual XY-YX
polishing process, the XY scan path is applied first, followed by the YX scan. Scan pitch was
discussed by numerous experiments under diverse conditions. Subsequently, we polished the
whole square plane of the workpiece surface by the XY and XY-YX type method. The
polishing characteristics of electro-less plated NiP surface were reviewed and super smooth
surfaces could be achieved by scan-type polishing. The single path polishing method was
carried out in the last part to prove that the proposed mathematical model was effective.

Fig. 5 Polishing scan path

Fig.6 Measurement point of scan polishing

A general sense of surface smoothness can be seen and then research surface roughness using
a measuring device 3D Optical Surface Proﬁlers (NewView600, ZygoCo., Ltd.). As shown in
Figure 6, the surface roughness of the workpiece (50mm×50mm) was measured at 9 white area
and taken the average. To review the polishing characteristics and prove the proposed
mathematical model of electro-less plated NiP surface, we performed free abrasive polishing
on the Electro-less plated NiP under these conditions as shown in Table 1.
Table 1 Main experimental conditions
Experimental conditions
Values
Workpiece material
Electro-less plated NiP surface
Tool diameter
5mm
Tool rotational speed
300 rpm
Tool moving speed
240mm/min
Abrasive material
Colloidal silica abrasive 10 wt %(23nm)
Polishing pressure
25kPa
Abrasive supply
0.05 g
Scan method
XY scan, XY-YX scan, Single path
Scan pitch
0.5mm
Experimental results and discussion
Figure 7 shows the relationship between sojourn time and surface roughness of each scan
pitch in XY scan. After polishing about 13 minutes to generate smooth surface (Ra 5 nm)
through comparing pitch 0.5 mm and pitch 0.05 mm. Figure 8 shows the photograph of surface
condition after polishing about 5 minutes with scan pitch 0.5 mm and 2.5 mm in XY scan.

Fig. 7 Relationship between sojourn time
and surface roughness with different scan pitch

Fig. 8 Photograph of surface condition
with scan pitch 0.5 mm and 2.5 mm

The surface was uniformly polished at a pitch of 0.5 mm, whereas at a pitch of 2.5 mm,
traces of the polishing tool passed through the surface could be seen. When the pitch is large,
the fluctuation of surface and the period become larger. When the pitch is relatively small, the
fluctuation of surface and the period become smaller. And polishing unevenness occurred at a
relatively large pitch 2.5 mm. In the three scan pitches used in this experiment, the material
removal is relatively small, and the smoother surface is generated with pitch 0.5mm. This pitch
0.5 mm is used in the following experiments.
Figure 9 shows the comparison between cross-section shape of XY and XY-YX scan
polishing. From the measured data, the profile of cross-section was calculated, and material
removal of the polished area and polishing depth were obtained. Compared with XY scan
polishing, smoother and material removal can be achieved by using XY-YX scan polishing
method.

(a) XY scans polishing

(b) XY-YX scans polishing

(c) Removal depth of XY scan
and XY-YX scan polishing
Fig.9 Comparison between cross-section shape of scan polishing

Figure 10 (a) shows the relationship between the polishing time and surface roughness in the
XY scan and XY-YX scan polishing. The same trend can be seen where the roughness
decreases during the XY scan polishing and XY-YX scan polishing after 12 minutes of
polishing. It was found that surface roughness of both path was improved to Ra 1.7 nm after
30 minutes. There is little to differentiate between the surface roughness of the two polishing
paths. Figure 10 (b) shows enlarged view of cross-section shape. The scan pitch of the surface
is non-smooth in the XY scan polishing. Smoother surface was formed by XY-YX scan
polishing path with flat surface and without distortion.

(a)surface roughness

(b) enlarged view of cross-section shape

Fig. 10 Relationship between polishing time and surface roughness with XY scan and XYYX scan polishing

Figure 11 shows photographs of the workpiece with different surface roughness before and
after 15 minutes of XY-YX scan polishing. After polishing to generate mirror surface (Ra 0.12
nm), the reflection of the text could be seen.

(a)before polishing

(b)processed surface

Fig. 11 Photograph of electro-less plated NiP
Model formulation and validation
The function of material removal is expressed by Eq.(1) based on the Preston equation,
where k is the Preston wear coefficient (measured by experiments), t is the polishing time, P
and V are pressure and relative velocity distribution function in the polishing area, respectively
[13]-[16].
𝛿 =𝑘∙𝑃∙𝑉∙𝑡

(1)

A new mathematical model was designed for calculating the sizes and shapes of removal
areas. A Cartesian coordinate system was introduced for clarity, and the z-axis direction was
defined as the opposite of the material removal depth (Figure 12). When the tool moves at a
certain feed velocity 𝑣𝑓 , the coordinate system o-xy is established at the central point O, which
sits on the polishing path[17]-[20]. In the tangent plane of point P, x and y are defined as the
vertical and tangential directions of the path, respectively.

Fig.12 Definition of polishing area coordinate systems

Fig. 13 Polishing area velocity distribution

In the coordinate system (Figure 12), point P is located in the x-direction in the contact area,
𝑝𝑐 refers to the pressure of point P, and 𝑣𝑠 is the relative speed between the tool and workpiece.
Based on Preston principle, it is possible to determine the removal depth during time dT using
Eq.(2).
𝑑ℎ = 𝑘𝑝 𝑝𝑐 𝑣𝑠 𝑑𝑇
The path length of the tool during that time is,

(2)

𝑑𝑙 = 𝑑𝑇𝑣𝑓

(3)

By substituting Eq.(2) with Eq.(3), the material removal depth of per unit path length (E)
can be obtained by Eq.(4)
𝐸=

𝑑ℎ
𝑑𝑙

= 𝑘𝑝

𝑝𝑐 𝑣𝑠

(4)

𝑣𝑓

The removal depth of point P is the summation composed of each infinitesimal element on
the line L1L2. The material removal depth per unit path length, which acts as an infinitesimal
element, is related to the pressure and relative velocity of various points in polishing areas. The
removal depth of the polished area can be obtained by Eq.(5)
𝐿

ℎ = ∫𝐿 1 𝐸 𝑑𝑙

(5)

2

The distribution of pressure is homogeneous in the contact area. Eq.(6) shows the pressure
distribution function of the polishing area, where 𝐹𝑛 is the normal force of the polishing tool.
𝐹

𝑝𝑐 = 𝜋𝑅𝑛2

(6)

𝑝

The relative velocity of various points of the polishing area is not uniform, and their
distribution functions are related to the angles of rotation and processing pose as well [21,22].
Figure 13 shows the velocity distribution in the contact area, where w is the rotation angular
velocity of the tool, 𝑣𝜔 is the linear velocity of any point H in the polishing area, while θ is the
angle between the direction of the linear velocity of point H and the polishing path. According
to the motional regularity and geometric relation, the linear velocity of point H can be expressed
by Eq.(7).
𝑣𝜔 = 𝜔√𝑥 2 + 𝑦 2
(7)
cos 𝜃 =

𝑥

(8)

√𝑥 2 +𝑦 2

Therefore, based on the velocity composition law of particle movement, the relative speed
𝑣𝑠 between the tool and workpiece surfaces can be obtained by Eq.(9).
𝑣𝑠 = √𝑣𝑓2 + 𝑣𝜔2 + 2𝑣𝑓 𝑣𝜔 cos 𝜃

(9)

The removal depth and shape of the polished area can be simulated by Eq.(10) , where the
Preston wear coefficient 𝑘𝑃 can be obtained through experiments. The depth of point P is the
summation of each infinitesimal element in the polishing area.
2𝑘𝑃 𝐹𝑛

ℎ(𝑥) = 𝑣

2
𝑓 𝜋𝑅𝑃

2 −𝑥 2
√𝑅𝑃

∫0

𝑣𝑠 𝑑𝑦

(10)

To calculate the Preston coefficient 𝑘𝑃 , the following parameters were needed: the mass
difference of workpiece after polishing, relative speed 𝑣𝑠 , polishing force 𝐹𝑛 , and density of the
workpiece 𝜌𝑑 . After several experiments and linear fitting calculation of the experimental data,
we successfully obtained a more accurate 𝑘𝑃 value. Polishing experiments were carried out for
the specified single path using a small diameter tool, and the polishing profiles of the removal
functions (polished amount, surface roughness, etc.) are compared and discussed below.
The red curves indicate the simulation results of the theoretical removal profiles of a single
path using the Matlab software, and the blue curves, measured using a non-contact surface
profile measuring device (Mitaka Kohki Co., Ltd. PF-60), indicates the experimental section
profile of a single path (Figure 14). From the measured data, the cross-section of the

hemispheric polished area center profile was calculated, and the diameters of the polished area
and polishing depth were obtained. The experimental and theoretical polished profiles of the
single path show agreement in Figure 14, which validates the model proposed in this study.
Given the thin disc-shaped polishing pad, the shape of the end remains essentially unchanged
as the polishing tool kept with stable polishing velocity along the process. The polishing tool
wear can be ignored.

Fig. 14 Difference between theoretical and experimental profiles of single path
Conclusion and outlook
A new removal model based on the Preston principle which combines material
characteristics and integral calculus was proposed and discussed. The characteristics of the
surface roughness were also illustrated.
The algebraic expression of the removal profile was derived from the infinitesimal polishing
depth at each dwell point of the polishing process.
Using our model, the removal profile could be calculated by the processing conditions,
material mechanics and physical properties, and geometry relations of workpieces and tools.
The results showed that the proposed mathematical model can be applied for planning the
deterministic polishing process by the precise simulation of the material removal depth of the
work surface.
Moreover, this XY-YX scan path can polish workpieces with high surface quality in the
limited dimension of the machine tool. Ra 0.12 nm surface roughness can be achieved 15
minutes after the start of polishing.
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