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Magnetorheological jet polishing (MJP) plays an important role in polishing complex cavities and special opti-
cal elements with high precision. However, the roughness distribution function that describes the variation with
polishing time of the roughness value of every area in the polishing area has not been studied deeply. In this paper,
the influence of the roughness distribution on the removal function of MJP in optics (with a roughness of less than
10 nm) and its evolution model in the spatial and time domains are studied. With the increase of polishing time,
the surface roughness of the central area linearly increases, forming surface defects, such as pits. The roughness
of the polishing area exhibits a limited growth trend. Verification experiments are carried out on BK7 glass. The
results of the roughness distribution on the removal function prove the correctness of the model. The model laid
a foundation; therefore, it has important guidance and reference value for the application to the whole aperture

polishing. © 2020 Optical Society of America
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1. INTRODUCTION

Advanced optical designs often require shapes and materials
that are challenging to polish [1,2]. Particularly, conformal,
freeform, and steep concave optics are more difficult or impos-
sible to finish using conventional techniques due to mechanical
interferences and steep local slopes [3]. Magnetorheological
jet polishing (MJP) plays an important role in polishing these
optics with high precision [3—6].

The manufacturing process of precision optical components
not only requires the polishing tool to correct the surface shape
of the workpiece [1-7], but also needs to ensure that the surface
shape achieves alow microroughness [8—11].

As for the MJP technology, many research teams have studied
the removal model and optical surfacing technology. Kordonski
et al. [1-4] studied MJP’s basic principles and found that its
removal has an M-shaped profile. Kim ¢z a/. developed the theo-
retical models for the prediction of material removal by using
the conventional wear model and granular flow theory [7]. Tan
Wang ez al. studied the basic polishing principles, introduced
and analyzed four main polishing models using an integrated
polishing tool, and designed a special machining track to con-
trol midspatial frequency errors [12,13]. Zhang et al. [14] and
Tan Wang [15] corrected the surface error using the rotational
footprint so that the W-shaped removal function became a
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Gaussian-like removal function. Yang designed a bevel-cut-like
tool influence function to polish thin rolled edges [16].

While the existing research on removal function and optical
surfacing in MJP has been extensive, those on surface rough-
ness are relatively few. There are two main aspects of surface
roughness research in existing literature.

On the one hand, some literature has tested the final surface
roughness of the workpiece after the MJP process, illustrat-
ing that the MJP technology has the ability to reduce the final
roughness [1-3,7,12-15]. However, the amount of work
involved in measuring the roughness value of each point on the
workpiece is huge and does not conform to the actual figuring
process. In some applications, optical elements require a con-
sistent value of the roughness at all points. For example, when
there are some points on the surface of a high laser reflective
element, the roughness of these points is large, and the result will
be that the reflectivity of these points is reduced, the scattering
energy is large, and the temperature of these points of the area
will increase, which will eventually cause damage to the entire
reflective element. In such a conclusion, the roughness is taken
as an index to measure the MJP technology to judge the merits
and demerits of this technology. Moreover, their study on the
roughness is the final value of the roughness of the workpiece
surface after polishing, while the roughness distribution model
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we studied is a dynamic model due to the introduction of time
variables.

On the other hand, literature about abrasive jet polish-
ing conducted the impact energy, impact angle, and other
influences o n t he s urface r oughness, q uantified th e damage
from single impacting articles, and used the results to improve
the analytical model of roughness and erosion rate [17-20]. In
this kind of research, the conditions that affect the roughness
(such as particle size, collision velocity and energy) in the polish-
ing process are studied, and the influence of each index on the
roughness is quantitatively given. However, this is also a static
model, with no time variables. When the set of process param-
eters is fixed but the polishing time is different, the roughness
obtained after polishing is different, which cannot be concluded
in other models. Due to the introduction of time variables, our
roughness model can predict the same results as the experiment,
so the time term should not be ignored. Hence, the surface
distribution model is deemed to be more persuasive than the
traditional roughness model.

Different from abrasive jet polishing, the MJP removal
mechanism includes not only the impacting effect, but also the
shearing effect, but it is dominated by shearing in the removal
of material [2,7,12]. These two modes of action have different
effects on the roughness. In polished areas, the ratio of impacting
and shearing is different for each point of removal and cannot be
described by a single polishing mechanism which can be proved
in Kim’s research [7]. It illustrated that the roughness value was
different at the center, the area of deepest erosion, and the edge
of the axisymmetric spot in the removal area after polishing. In
the fixed-point removal function region, the distribution of the
roughness is uneven. It is conceivable that when using such a
removal function to polish the whole aperture surface, the final
roughness distribution will be uneven, which will further affect
the imaging quality of the optical instrument. Therefore, it is
worthwhile to research and consider the roughness distribution
rule in the removal function region.

Different from the previous studies, the roughness dis-
tribution model proposed in this paper is a function of
three-dimensional coordinates and time. It is not only related
to the polishing time, but also to the specific position within the
removal function during polishing, and to the initial roughness
of the surface. In this paper, we use the roughness distribution
function to describe the variation of the roughness value of
different regions with the polishing time, which can more clearly
describe the variation rule of the roughness of each point and
improve the analytical model of roughness to better match the
experimental results.

2. COMPUTATIONAL FLUID DYNAMICS THEORY
AND SIMULATION

A. Classical Removal Theory

For the classical removal principle of MJD, a large amount of
literature has been studied, and the removal function model
has been given. The removal model can be simulated using
the Preston’s classical expression by the following equation
(2,7,12,16]:
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ar =kpv = /eiv =4k
dt uS
where 4R/ dt is the material removal rate, 4 is a nondimensional
constant that is influenced by material properties, temperature,
and other experimental parameters, p is the normal pressure
acting on the surface, and v is the shear velocity of the MR fluid
on the workpiece surface. § is the surface area on which wear
occurs, F is the frictional force between the glass and the pitch,
1 is the coefficient of friction, and 7 is the surface shear stress.

While surface roughness is considered to be a measure of
finely spaced surface irregularities, it is also a result of uneven
microscopic removal. By analogy with the removal function,
the influence of pressure and velocity factors on the roughness
change can be analyzed, and then the influence of impact proc-
ess and shear process, respectively, on the roughness value of
each point in the removal function area is studied. Therefore,
the roughness distribution will be analyzed from the pressure
and velocity of the fluid on the workpiece surface.

According to the Preston equation, the macroscopic factors
that have an impact on the material removal effect are veloc-
ity and pressure, which will affect the distribution of removal
efficiency at each point, which can be concluded from previous
literature. Both of these are directly proportional to the material
removal rate, and they are position-related functions that do not
change with time [12]. While surface roughness is considered
to be a measure of finely spaced surface irregularities, it is also
a result of uneven microscopic removal. By analogy with the
removal function, the influence of pressure and velocity factors
on the roughness change can be analyzed, and then the influence
of the impact process and shear process, respectively, on the
roughness value of each point in the removal function area is
studied. Therefore, the roughness distribution will be analyzed
from the pressure and velocity of the fluid on the workpiece
surface.

TV
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B. Distribution Model of Velocity and Pressure

To more cleatly and accurately describe the process of material
removal in MJB, the pressure and velocity parameters require
further analysis. The conventional and accurate method is to use
fluid dynamics theory for finite element analysis [7,12,16].

A large amount of literature has described the characteristics
of magnetorheological (MR) jet beams [1-7,12,16,21], which
is characterized by smooth and orderly execution. When the
MR fluid passes through a magnetic field, the MR effect occurs
in the MR fluid. By increasing the viscosity, the destruction of
the efflux structure caused by the disturbance can be restrained,
a stable and smooth cylindrical liquid can be transmitted in
the air, and its initial state can be maintained at a long distance
[1-7,22]. MR fluid is a fluid in which the energy dissipation
rate is low, and the distance is insensitive compared to that of
liquid fluid [21]. In the transmission process of MR fluid, the
shear-stress transport # — @ model can be used to describe the
characteristics of the abrasives and the laminar flow transition
process from the nozzle to the wall surface processing in the
turbulent form [23,24]. The basic model of £ — w is as follows:

Kinematic Eddy Viscosity:

— @
w
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Fig.1. Simulation of the MR jet flow process by CFD.
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Specific Dissipation Rate:
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where v, k, and w, are the turbulent viscosity, kinetic, and
turbulent kinetic energy dissipation rate, respectively, Uj
is the particle velocity, o =0.52, B, =0.072, B =0.09,
o = 0* = 0.5 are the initial values of each parameter, and other
coefficients are constant.

To display the calculation results more intuitively and to
conduct a detailed study on the flow structure, the commercial
CFD software was used to simulate the MJP process, so that
pressure and velocity distributions could be analyzed more
intuitively and accurately [25,20]. The turbulence model and its
parameters were input into the CFD simulation.

Figure 1 shows the flow process of the MR fluid from the
nozzle to the workpiece surface. The other initial parameters
and boundary conditions were the nozzle diameter of 5 mm, the
processing distance of 50 mm, and inlet type is velocity-inlet
with the fluid initial velocity of 40 m/s, and the initial gauge
pressure is 1 MPa. The workpiece type is the wall with no slip.
In the process of MJD, the particle size of the abrasive used was
less than or equal to one micron. Due to the large liquid vis-
cosity, the abrasive was considered to be consistent with the
movement state of the iron powder carrying it for subsequent
simulation. According to the analysis in the literature [12-16],
the velocity and pressure distribution are characterized by rota-
tional symmetry, hence the CFD simulation was carried out
in the plane with the workpiece diameter as the y axis and the
processing distance as the x axis to transform the problem into a
two-dimensional problem.

The pressure volume rendering shows that in Fig. 2, the
normal pressure on the workpiece decreases rapidly outward
from the impact center, and the effective range of pressure in the
workpiece is about 20 mm. In the area near the wall, as shown
in Fig. 2, the abrasive shear velocity increased from the impact
center.

In the effective range of the pressure, the materials can be
removed as a matter of a fact. In the removal area, the shear
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Fig.2. Simulation results of velocity and pressure distribution.
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Fig.3. Axial approximate normalized velocity and pressure simula-
tion curve.

velocity of the fluid remained basically unchanged after increas-
ing to the maximum value. The simulation result of axial
approximate normalized velocity and pressure curve is shown
in Fig. 3. As seen from Fig. 3, when the fluid impinges on the
surface of the workpiece, the central pressure is the maximum,
while the velocity is the minimum at this time. The material
removal mainly depends on the pressure, which is removed by
impact, the removal mechanism is similar to ion beam finish-
ing (IBF) [27,28]. When the tangential velocity of the fluid
increases and the normal pressure on the surface decreases, the
removal of the material depends on the combined action of
normal pressure and tangential velocity. This shear action can
remove a large number of materials; the removal mechanism is
similar to magnetorheological finishing (MRF) [29,30].

Through the theory of fracture mechanics, the critical normal
and critical shear forces indicate the critical force required to
remove the material on the surface[12]. And the critical normal
force is larger than the critical shear force, hence the removal of
material by shear action is essential.

From the velocity vector of the CFD simulation, the impact
and shear actions exist throughout the removed area. Due to
the different distribution values of pressure and velocity, the
two forms of action occupy different proportions in different
locations. For the convenience of analysis, the acting area domi-
nated by shear action is called polishing area, and the acting area
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Division of the action area between the fluid and workpiece.

dominated by impact action is called the central area, as shown
in Fig. 4. The central area is the fluid impacting area, and in the
polishing area the fluid flows along the surface. The influence of
these two actions on the roughness distribution pattern will be
analyzed below.

3. MODELING OF THE SURFACE ROUGHNESS
DISTRIBUTION

A. Influence of Impact Action on the Change of
Roughness

Although the shear velocity of the fluid and the pressure of the
fluid on the workpiece surface influence the removal rate of the
material, their removal effects on the microscopic morphology
of the material are completely different. In combination with
their distribution rules, the effects of velocity and pressure on
roughness are discussed below.

In the impact process of the MR fluid to the workpiece,
through the theory of fracture mechanics, to make the material
removal the normal pressure should be greater than the critical
force (Per) of the surface [12]. The formula for calculating the
critical load of a material fracture is given by Eq. (5) [31]:

Pcr=2x 105([(]C4/HN3)’ (5)

where Pcr is the critical load of the material fracture, K¢ is the
fracture toughness of materials, and H)y is the material hardness.

For the BK7 glass, K;c=10.86 MPa-m!/? and Hy=
5.2 GPa, hence Pcr results in a force of 0.78 N. When MR
jet polishing process, the maximum velocity is 40 m/s, and the
interaction time between abrasive particles and the surface is
At, which can be obtained from the theory of particle forces
described by Van Haarlem [32]. The movement of abrasive
particles satisfies the momentum equation, and the pressure
calculated by the equation is lower than the Pcr. That means
the impact action does not remove the material that is different
from the actual performance when polishing a longer time. It is
notsuitable for studying the variation of roughness.

The microscopic removal process of materials cannot be
calculated simply. In the process of MJP, as shown in Figs. 5(a)
and 5(b), the initial momentum and energy of the fluid jet
impact are not enough to break the material, but these impacts
have a positive effect on the material removal for the subsequent
impact of multiple particles. After the accumulation of overlap-
ping impacting processes, the affected area becomes fatigued
and loosened, and the fracture limit (K;c) of the material sub-
sequently decreases, as shown in Fig. 5(c). The pressure provided
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Fig.5. Material removal process in fluid impacting.

by the particles can reach the new fracture limit of the mate-
rial, allowing the surface material to be removed, as shown in
Fig. 5(d).

In other literature of the impact action to roughness,
Slikkerveer e al. [33] studied the roughness model in the
abrasive jet micromachining (AJM), and the results implied that
the surface roughness was only a function of the particle kinetic
energy due to the velocity component perpendicular to the
surface, and was independent of particle size. And the result is
consistent with the observations of Buijs and Pasmans [34]. The
roughness (Ra) was estimated using the kinetic energy predicted
by the modified model as

0.63(3)1/3<[5>1/2<U>1/3

Ra~ —| — — - . ()
4 \2m H H

where H(Pa), E(Pa), and K;c(Pam'/?) are the target hard-
ness, elastic modulus, and fracture toughness, respectively. U
is the particle kinetic energy. According to the conservation of
momentum and energy, the normal pressure also has a direct
correlation with the kinetic energy. Therefore, the relationship
between roughness and normal pressure can be established.

Based on the study and analysis of the microscopic physical
process of abrasive impact the smooth surface in the previous
literature, it is shown that the continuous impact of abrasive
particles will lead to the removal of the material on the smooth
surface and produce pits and defects. During the polishing
process, the abrasive size is much larger than the size of the
material surface topography. If the surface roughness is very low
(smooth surface), this random removal process will increase
the roughness with the increase of processing time. When the
low-energy jet processes the surface for too long, pits and pores
will be generated, the roughness will increase, and the surface
quality will be reduced [27,28].

The exact relationship between roughness and kinetic
energy has also been given in some relevant literature [33,34].
According to the momentum theorem, the kinetic energy of
abrasive particle impact is directly proportional to the square of
pressure, hence it can be explained that the change of roughness
has a positive correlation with pressure. To simplify the physical
problem and obtain the ideal model, this paper assumes the
linear differential equation of the first order of pressure param-
eter to describe the surface roughness variation model over
time, and the relationship between them is shown in Eq. (7).
This model has a relatively concise form and accords with the
previous analysis conclusions. The assumption will be verified
by experiments.

ARa™ = Cp(x, y)At, (7



8744 Vol. 59, No. 28 / 1 October 2020 / Applied Optics

Fluid Flow Direction
s M > M > Mo e

Fig.6. Material removal model of the polishing area.

where A Ra® is surface roughness variation under the influence
of pressure, p(x, y) is the normalization of normal pressure on
the surface, At is the polishing time of change, and C; is the
constant.

The impact process can actually be described as the effect of
the fluid on the normal pressure on the surface, the distribution
of which is a predictable position function that does not change
with time, as shown in Fig. 3. On the surface of the workpiece
in the impact area, materials form fragments and peel off, and
the material removal is random. In the macroscopic expression,
a small amount of material can be removed, which is why the
removal rate of the impacting area is not zero in the actual pol-
ishing results. This random removal process on the workpiece
surface has a low removal efficiency, but a great influence on the
roughness.

B. Influence of the Shear Action on the Change in
Roughness

In the polishing area, the material removal is mainly due to shear
action. The tensile strength of the material is much lower than
the compressive strength of the material. Therefore, when the
fluid flows on the wall, the material removal rate is higher, and
the removal depth increases linearly with the increase of polish-
ing time. From the microremoval process, when the fluid flows
through the surface of the workpiece, as shown in Figs. 6(a) and
6(b), the peak of the rough surface is cut by the abrasive at first,
as shown in Fig. 6(c). The probability of abrasive contact with
the valley part of the rough surface is very low, which is also the
main reason why roughness can be reduced after polishing.

In the polishing process of surface microtopography, the
peak value of the material is always preferentially removed. To
accurately describe the influencing process of the wall jet on a
rough surface, CFD simulation of the velocity distribution on a
rough surface is performed, the initial parameters and bound-
ary conditions are the same as the simulation in Section 2.B.
The macroscopic rough surface diagram (with large value of
roughness) is used to simulate the microscopic characteristics

in Fig, 7.
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Figure 7(a) shows that in the process of viscous fluid flow,
because the surface is uneven, there is the Coanda effect [35],
which causes a difference in velocity between the deep layer and
the surface layer, and the surface peak velocity is greater than the
valley velocity. From the perspective of material removal, the
peak removal rate is high. Figure 7(b) is the pressure distribution
of the fluid, and Fig. 7(c) is the shear force distribution of the
abrasive to the rough surface. From the simulation results of the
two, we draw the following conclusions: (1) in the flow direc-
tion, the force in front of the surface peak will be higher than
that on the back, and there is a pressure difference on both sides,
so there is a certain directionality in the removal of the material;
and (2) the pressure and shear force are generally higher than
the low-lying force, and the peak removal rate of the material
removal isalso high.

In the CFD simulation and relevant analysis as shown in this
section, the conclusion is drawn that when the roughness is
greater, the shear effect causes the roughness to decrease faster;
however, when the roughness evaluation value is small, the influ-
ence of shear on the roughness evaluation has less impact. The
shear effect on material removal is based on the Preston equa-
tion, which can be obtained by multiplying by shear velocity and
pressure parameters. The current roughness value will also affect
the change rate of roughness, that is, the change of roughness
is positively correlated with the current roughness value. To
simplify the physical problem and obtain the ideal model, this
paper assumes the linear differential equation of the first order
of three parameters to describe the surface roughness variation
model over time, which is shown in Eq. (8). This model has a
relatively concise form and accords with the previous analysis
conclusions. Finally, the model will be verified by experimental
results.

ARa® =—=Cyp(x, y)v(x, y)Ra()At, ®)

where AR2") is the surface roughness variation under the
influence of shear, v(x, y) and p(x, y) are the normalization
of fluid shear velocity and the stress at point (x, y) respectively,
Ra(z) is the roughness of the moment #, Az is the polishing time
of change, and C;, is the constant.

C. Roughness Distribution Modeling

In the whole removal function at a point polishing, roughness
has both the influence of pressure and the influence of shear.
From Egs. (7) and (8), it is concluded that pressure and shear
have opposite effects on roughness variation. The combined
action of the two causes the final roughness to have a certain dis-
tribution rule. In this section, the distribution of the roughness
function will be deduced and solved.

Fluid Flow Direction IR0 Back Peak ,\ Valley
\I @Y J VY VWV
. 0 - 1 (mm)~
4,, Workpiece ey m— N I ©

Fig.7. Simulation of a rough surface between a fluid and the rough surface of (a) abrasive velocity, (b) pressure, and (c) abrasive wall shear.
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Fig.8. Roughnessdistribution model over time.

The variation of the roughness can be described by Eq. (9),
after adding Egs. (7) and (8). By integrating Eq. (9) into
Eq. (10), the relation of the roughness distribution of the
final fixed-point removal function with time can be solved using

Eq.(11).
ARa=ARa" + ARa") = CipAt — CypvRa(r) Az, (9)

/ dRa _ / ” o)

Cip— CapvRa(r) ’
Cy—e—C20 . )(x.y)(4C3)

Ra(x,y,t)= 1 Cru(x,y) s Otht?rs 1)
Ra(x,y, tp) + Cy¢, atpoint, (0, 0)

where A Ra is the roughness variation of polishing for Az at
moment ¢, Ra(x, y, t) is the roughness at point (x, y) when
polishing for # at moment %, Ra(x, y, f) is initial roughness
at #y, and C and C, are constants. To meet the initial conditions
such thatwhenr =0, Ra(x, y, r) = Ra(x, y, %), Cs is solved

as follows:
_1n(Cl - CZRd(xa Y t()) : U(xv }’))
Cou(x, y) '

Because the roughness distribution function model is a func-
tion of center rotation symmetry, the function can be described
by reducing the dimension to two-dimensional space. The
variation of the roughness distribution with position x and

ey ]“m

G = (12)

[m s’.‘-l]

0 30 (mm)

Fig.9.

Roughness (nm)
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time is shown in Fig. 8. Only at the x = 0 position of the central
region, roughness increases linearly with time. In other area,
the roughness of the polishing area is a limited growth trend,
of which the change in speed decreases gradually. Outside the
removal function, although, there is fluid flowing at the surface;
itdoes not change the initial roughness.

D. Modification of the Roughness Distribution Model

The roughness function model is based on the assumption of
the shear velocity in the central area without value, and the
calculation formula is Eq. (11). In the actual polishing process,
as shown in Fig. 9(a), the jet beam has a certain width, and its
influence on the surface roughness of the workpiece is regularly
superposed. By convoluting the model with a rectangle func-
tion with width « in Eq. (13), we can obtain the smooth curve
which is in agreement with the actual situation, as shown in the
blue curve in Fig. 9(b). “Without width’ is ideal, a very thin jet
beam. After polishing for a certain period of time, the rough-
ness distribution of the removal function area shows a smooth
Gaussian-like curve. The central region exhibits the maximum
value of roughness, and the closer to the edge, the smaller the
roughness.

Ra'(x, 1) = Ra(x, t;) * rect(x /a), (13)
where Ra'(x, #;) is the modified model at time #;, Ra(x, #;) is
the roughness distribution model in two-dimensional space at
time 71, % is the symbol of convolution, # is the nozzle width,
and rect(x /a) is the rectangle function.

4. EXPERIMENTAL VERIFICATION
A. Experiment Setup and the Parameters

The MJP system, a portion of which is shown in Fig. 10(a), has
been constructed using a six-degree-of-freedom robot. There isa
mixing system, a delivery system, and a monitoring device inside
the MJP platform. The MJP experiments were constructed
using a six-degree-of-freedom robot, as shown in Fig. 10(b).
The pressurization device was a single-screw pump that could
be adjusted in the pressure range 0-2.2 MPa, at flow rates of
0—6 L/min. The specific parameters of the polishing processing
are shown in Table 1. Through the numerical value of these

~.
-..:::.%
04 [—— Jet without width
—— Jet with a width
-10 -5 0 s 10

Location x (mm)

(a) Fluid flow simulation with awidth of 5 mm at a certain time, and (b) the effect of fluid jet width on the roughness distribution model.
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Table 1. Parameters of the Polishing Process

Parameter Value
Volume fraction of CeO; particles in fluid (%) 1
Diameter of CeO, particle (m) 1
Volume fraction of Fe particle in fluid (%) 35
Diameter of Fe particle (itm) 1
Diameter of nozzle (mm) 5
Pressure (Mpa) 1
Magnetic strength (Gs) 120
Stand-off distance (mm) 50
Workpiece material BK7

processing parameters, MJP can obtain a stable and accurate
removal function.

The roughness function model discussed in Section 3.C is
both a spatial distribution function and a time distribution
function. To verify the correctness of the model, the following
six experiments were performed at six different positions on
the surface of the workpiece with the same initial roughness.
Different experiments were conducted according to the exper-
imental conditions in Table 2. The actual test results of the
roughness are compared and verified with the model in the

Table 2. Polishing Time with the MJP Tool at Different
Fixed Points

Experiment No 1 2 3 4 5 6
Polishing time (min) 1 2 5 10 30 60
Initial roughness (nm) 0.47 £0.03

Research Article

time domain and spatial domain. For polishing results with
different polishing times, the roughness of each position was
detected by a Zygo Newview 7200 white light interferometer,
with RMS repeatability of less than 0.01 nm. The detection
region of the white light interferometer is a rectangular region
of 0.702 x 0.506 mm, and the initial roughness of the whole
mirror is consistent, approximately 0.47 nm.

The removal function result tested by a Zygo interferometer
of MJP on the fixed point polishing 60 s of a material surface is
shown in Fig. 11, which is a removal model with a low center
removal rate and a high surrounding removal rate. The com-
parison with other literature results proves the accuracy and
universal applicability of the experimental equipment. In the
next section, the roughness of each area of every removal func-
tion with different polishing times is tested. And the roughness
value of the tested area is marked with black circles in Fig. 11
will make up distribution results and then be compared with the
distribution model in Eq. (10).

B. Results of the Roughness Distribution in Time
Domain

According to the theoretical model in Section 3.C, the rough-
ness of different areas varies with time. To facilitate the analysis
of the characteristics of the linear distribution in the central
region, the mean values of several values in the central area are
taken as the roughness values of the position x =0 because it
is difficult to accurately determine the roughness of the center
pointx = 0. The roughness of the polishing area and the central
area of six removal functions, as shown in Fig. 4, was tested.
The actual data in the central area selected are the average of
several roughness results, and the standard deviation of the data
calculated is expressed with error bars. The data selected in the
polishing area are the average of the experimental data of several
points approximately 3 mm away from the central area, and the
standard deviation is expressed with error bars. The roughness
results with error bars (standard error) are shown in Fig. 12.

The tested results in the central area are fitted linearly, and
the linear equation is Eq. (11). The result of the coefficient of
determination (R?) is 0.9996, which shows that the straight line
form of prediction of the roughness distribution in the central
area is in good agreement, which can prove the correctness of the
model in the central area. The roughness of the central area is
only obtained by the integral of Eq. (7), without the participa-
tion of Eq. (8) (C; = 0). Therefore, the result of modified line

m Surface/Wavefront Map _m

Oblique Plot =\
+0.06973
| +0.06973
= wave
-0.21248
wave 368
pix
é 0.21248 ——r 317
356 pix 407
PV 178.583 nm
rms 43.793 nm [Removed: PST TLT | [Trimmed: 0]

Fig.11.  Testresult of the removal function on BK7 glass.



Research Article

12 T T T

====-Central area simulation result
O Polishing area experiment result
—— Polishing area simulation result 0l

O Central area experiment result %
R4
7’

Roughness/nm

-10 0 10 20 30 40 50 60 70
Polishing Time t/min

Fig.12. Results of the experiment and simulation at different areas.

fitting also proves the correctness of the hypothesis of Eq. (7).
Ra(0, 0, r) = 0.349 + 0.1697, (14)

where Ra (0, 0, ¢) is the roughness in the central area for polish-
ing # minutes.

The result of the polishing area, where x = 3, is evenly distrib-
uted on both sides of the curve drawn by Eq. (14), with parame-
ters C; = 0.169,and C, = 0.01.

Raisequal t0 0.349 nm when # is 0, which is a bit smaller than
the initial roughness in the actual polishing. Both the error of the
measurement point selection and the error of timing within 1 s
will affect the roughness measurement value. These are consid-
ered as fitting residuals, so the initial value error here of 0.1 nm
can be accepted and ignored.

The experiment conducted at fixed points investigating the
gradual change of the roughness distribution with time proves
that the theoretical model is correct in the time domain.

With the increase of polishing time, the change in speed of
the entire polishing area roughness is different. The central area
roughness increases at a certain speed. The roughness of the pol-
ishing area exhibits a limited growth trend, of which the change
in speed decreases gradually. Outside the removal function,
although there is fluid flow, it does not affect the roughness.

In the time-domain evolution experiment, the experimental
results have a good fit with the roughness distribution model,
which proves the validity of the roughness distribution model
of Eq. (11). Because the model of Eq. (11) is obtained by adding
and integrating Egs. (7) and (8), and the assumption of Eq. (7)
has been proved correct by Eq. (14); it is concluded that the
assumption of Eq. (8) isalso correct.

C. Results of the Roughness Distribution in Spatial
Domain

The roughness of 24 points with a blue marker was tested at
equal intervals in the removal function region after polishing
for 30 min, and the results of areas A, B, and C were used as
examples in Figs. 13(a)-13(c). The roughness of 29 points
with a red marker was tested at equal intervals in the removal
function region after polishing for 60 min, and the results of
areas D, E, and F were used as examples in Figs. 13(d)-13(f).
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The roughness distribution results for 30 and 60 min are shown
in Fig. 13(g).

According to the test results of the 30 and 60 min fixed-point
polishing, the roughness of the middle area is higher than that
of the other areas, and the two sides are gradually reduced.
Figs. 13(c)—13(e) show obvious pits and spots in the tested area,
which are caused by the large normal pressure of the fluid in
the central region of the surface. These pits and spots cause the
surface roughness to increase and the surface quality to decrease.

Combined with the roughness models of Egs. (10) and (12)
in Sections 3.C and 3.D, when Ra(x, y, ) =0.349 nm,
C; =0.169, and C, = 0.01, the roughness distribution curves
of the 30 and 60 min polishing times are fitted, respectively. The
roughness distribution curve drawn is in good agreement with
the experimental results, which proves the correctness of the
roughness distribution model. Similarly, this result also proves
that the assumption in Sections 3.A and 3.B is correct.

The experiment conducted at fixed points investigating the
gradual change of the roughness distribution with time proves
that the theoretical model is correct in the spatial domain.

With the change of spatial position, the roughness dis-
tribution in the removal function is a kind of Gaussian-like
distribution, with greater roughness in the central area and less
roughness in the polishing region.

In the theoretical model, the initial roughness of the polished
edge should be satisfied, but the edge position roughness of the
area polished for 60 min is significantly higher than the initial
roughness. The reason is that in the general research method, the
pressure and velocity values selected in the model are truncated
at the edge of the removal function. In the actual polishing
process, the flow of fluid on the wall is continuous, and there
is no cut-off. With the increase of polishing time, the radius of
the removal area will increase. Therefore, the polishing radius
in the 60-min treatment is different from that of the 30-min
treatment. By modifying the edge of the pressure and velocity
value, the fitting curve is more consistent with the experimental
results.

D. Initial Condition of Roughness

In the model, if the initial roughness is larger than the limit
value, the roughness of some polishing area will decrease. This
experimental result is also consistent with the theoretical model.
To verify that the roughness distribution of each point in the
single-point removal function is inconsistent with the increase
of time, polishing experiments according to the parameters
in Table 3 are carried out to analyze the roughness variation
function rule of the central area and polishing area under the
parameters of Table 1.

When the initial roughness is larger than the limit of some
area, it will decrease to the limit value. In Fig. 14, X is the
distance away from the central area. The blue lines are the
simulation results from the roughness distribution model
inEq. (11).

The roughness of the polishing area and the central area of
the three removal functions were tested. The actual data in the
central area selected are the average of the experimental data
of several points in the central area approximately 2 mm, and
the standard deviation of the data calculated is expressed with
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Fig.13. Roughness distribution results in fixed point polishing for 30 min and 60 min, and different roughness from area A to area E.

Table 3. Polishing Time with MJP Tool in a Single
Point
Experiment No 1 2 3
Polishing time (s) 60 120 300
Initial roughness (nm) 1.2

error bars. The data selected in the polishing area are the aver-
age of the experimental data of several points approximately
6 mm away from the central area, and the standard deviation is
expressed with error bars. The roughness results with error bars
(standard error) are shown in Fig. 14.

When the initial roughness is large, we obtain the conclusion
from the surface roughness distribution model that different
areas have different performance: some increases, and some
decreases. In the central area, the value increased slowly at first
and then fast. It is because when polishing time is short, the
shearing effect is larger than the impacting effect. In the process
of MR fluid vertical impact on the surface, the glass compressive
strength (0.5-2 GPa) is large, and the initial pressure and energy
are not enough to remove the material. However, the tensile
strength of glass (30-85 MPa) is relatively small, and the fracture
limit can be reached with only a small shear force to remove the
material. When the fluid diffuses the surface, the sharp-angled
abrasive particles can first perform a weak shear removal effect

O Central area experiment result
#* Polishing area experiment result
—— Different area simulation Ra result

Roughness/nm

08t

0.6 . . . . . L
3

Polishing Time t/min

Fig. 14.

Polishing and Impacting area Ra value with time.

on the material. Therefore, although the normal force is greater
than the shear force, at this moment, the shearing effect on the
material is greater than the impacting effect on the material. As
the fluid constantly impacts on the surface, the impacting effect
is greater than the shearing effect.

In the polishing area, the roughness decreased fast first and
then slowly. We can get the limit roughness value which is
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Fig. 15.

Phase line of roughness in polishing area.

about 0.8 nm. So, if the initial roughness is larger than 0.8 nm,
the roughness variation will be monotonic increasing; that is the
reason of the result in Fig. 14 different from that in Fig. 13. And
roughness in the central area will be larger than that in the area
far away from the central area. The roughness variation of this
process is consistent with the development trend of the model in
Eq.(11).

The phase line of roughness changing with time is shown
in Fig. 15, when the current roughness is larger than the limit
value, and then the roughness decreases with time increas-
ing, and the final roughness reaches a limit point. Otherwise,
the final value will increase to the limit value like the result in
Section 4.C.

5. CONCLUSIONS

In this paper, the surface roughness distribution model was
established and verified. The paper starts with the basic theo-
retical model, in-depth study, and analysis of the reasons by
CFD simulation, and finally put forward the surface roughness
distribution model with time in the fixed removal function.
The velocity and pressure in the MJP flow field are analyzed
using a shear-stress transport # — w model. The influence of
velocity and pressure on the roughness change in the MJP
process is studied, and the roughness distribution model in the
removal function in the time domain and the spatial domain is
established.

The experiment conducted at a certain point to investigate
the gradual change of the roughness distribution with time
proves that the theoretical model is correct to a certain extent.
The roughness distribution of the removal function is com-
plicated, and it is predictable that it changes with polishing
time. The surface roughness at each area has a certain trend with
polishing time. It can more clearly describe the variation rule of
the roughness of each point, and improve the analytical model
of roughness to better match the experimental results.

In this way, the roughness of the points in the single removal
function area changes with the polishing time to form a rough-
ness distribution model. This model can be analogized to the
convolution of the removal function at whole-aperture polish-
ing. As a similar convolution kernel, the model is finally used
to analyze the roughness of each point after the whole-aperture
polishing, to control the dwelling time per point, to design the
step-size of polishing path on the workpiece, and finally main-
tain the roughness at a lower value. The surface distribution
model is deemed to be more persuasive than the traditional
roughness model, so the research has more important signifi-
cance. The model laid a foundation, therefore, it has important
guidance and reference value for the application to the whole
aperture polishing.
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