Rare Metal Materials and Engineering
Volume 54, Issue 10, October 2025
Available online at www.rmme.ac.cn

(1111 .
9‘3 Science Press

Cite this article as: Wang Youliang, Jiang Zhe, Zhang Wenjuan, et al. Ultra-precision Polishing of Outer
Surface of Tube Using Magnetic Compound Fluid Wheel[J]. Rare Metal Materials and Engineering, 2025,
54(10): 2429-2439. DOI: https://doi.org/10.12442/j.issn.1002-185X.20240558.

Ultra-precision Polishing of Outer Surface of Tube Using
Magnetic Compound Fluid Wheel

Wang Youliang'?, Jiang Zhe', Zhang Wenjuan®, Yin Xincheng'?, Liang Bo'
"School of Mechanical and Electrical Engineering, Lanzhou University of Technology, Lanzhou 730050, China; ?Key Laboratory of Digital
Manufacturing Technology and Application, Ministry of Education, Lanzhou University of Technology, Lanzhou 730050, China; ° State Key

Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology, Lanzhou 730050, China

Abstract: A novel method employing magnetic compound fluid (MCF) wheel was proposed for polishing the outer surface of
stainless steel tube. Firstly, a polishing apparatus was constructed. In addition, the distribution of the magnetic field of MCF wheel on
the workpiece surface was explored by Maxwell software and Tesla meter, and the relationship between magnetic field distribution
and material removal (MR) on the workpiece surface was investigated. Then, MR model was established and proved by the

experiment results under specific experiment conditions. Finally, the influence laws of carbonyl iron powder particle size d_,,, abrasive

CIp

particle size d,,, magnet speed n_, workpiece speed 7, and MCF supply amount /" on surface roughness R, and reduction rate were

investigated through experiments, and the mechanisms of different parameters on surface quality were explored. Results show that the
magnetic induction intensity during polishing is positively correlated with the polished profile of the workpiece. The trend of MR
simulation is consistent with that of the experiment value, which proves the accuracy of MR model. When the revolution speeds of
magnet and workpiece are 200 and 5000 r/min, respectively, and 2 mL MCF slurry containing 50wt% carbonyl iron powder (15 pm),
12wt% abrasive particle (7 pm), 3wt% a-cellulose, and 35wt% magnetic fluid was used, the final surface roughness decreases from
0.411 pm to 0.007 pm. After polishing for 100 min, the reduction rate is 98.297%, demonstrating that this method is appropriate for

polishing the outer surface of tube.
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1 Introduction that they have good shape accuracy and surface finish. Due to
) . . ) the complex structure and small size of the scaffolds,
Stainless steel is widely used in aerospace, petroleum . . S
. . . ] . traditional mechanical polishing cannot meet the surface
engineering, nuclear industry, biomedical, and other fields, . . . ol . L.
. . . . quality requirements of stainless steel”. Traditional grinding
because of its excellent corrosion resistance, high strength,

and excellent plasticity and toughness" . In the medical field,
stainless steel capillary stents have become an effective

can cause minor scratches and pits on the surface of stainless
steel. In order to solve the abovementioned problems, a multi-

method to treat coronary artery disease™”. Studies have
shown that the rougher the outer surface of the stainless steel
capillary tube, the greater the area of the stent exposed to the
blood, and the greater the possibility of thrombus occurrence.
Therefore, the stainless steel serving as a support material
should have high surface quality. In order to ensure the
surface quality of stainless steel capillary tubes, it is necessary
to polish the outer surface of stainless steel tubes to ensure
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energy field-assisted ultra-precision polishing process was pro-

posed, which mainly includes chemical mechanical polishing”,

[8] [9]

abrasive flow polishing™, jet polishing™, electrophoretic

polishing"”, and magnetic field-assisted polishing".
Multi-energy field-assisted polishing and other polishing

processes are mainly characterized by energy fields, such as

chemical field, ultrasonic field, fluid field, and magnetic

field"”, to assist material removal (MR), thereby obtaining
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ultra-smooth surfaces. Magnetic field-assisted polishing has
the advantages of low cost and high polishing precision, and it
has been widely used in industrial manufacture. Magnetic
field-assisted polishing technique can be divided into
magnetic fluid (MF) polishing, magnetorheological fluid
(MRF) polishing, and magnetic compound fluid (MCF)
polishing. MF polishing involves the addition of abrasive
particles into MF. In the processing process, the polishing
liquid has good particle dispersion, but its viscosity is low,
resulting in low polishing efficiency'?. MRF polishing is
based on MF with the addition of micro-sized iron powder
particles, which solves the problem of low viscosity of the
polishing fluid, but the dispersion of the particles is
inferior” "), MCF has the advantages of both MF and MRF,
namely, good particle dispersion and fine viscosity™ ",

MCF polishing technique has shown excellent polishing
properties”™. Guo et al® polished polymethyl methacrylate
(PMMA) by MCEF, and it was reported that without abrasive
particles, the zirconia-coated carbonyl iron powder (CIP)
MCEF slurry exhibited larger polishing power and resulted in a
smoother surface, compared with the conventional MCF
slurry. Guo et al®™ also used MCF to spot-polish the optical
glass, revealing that shear had a more significant effect on the
material removal ratio (MRR) than pressure, and a related
MRR model was proposed. Wang et al™ employed MCF for
high-precision polishing of miniature V-grooves, and the
results indicated that MCF could significantly improve surface
quality while maintaining the high shape accuracy of the
miniature V-grooves. Wang et al® also used MCF to polish
electroless Ni-P-plated STAVAX steel, and the surface
roughness was reduced to 4 nm by investigating the
relationship of the particle sizes of CIPs and abrasive particles
with the working gap™. In addition, Wang et al®” further used
MCF to polish GaAs wafers, and the surface roughness was
reduced to 0.82 nm after polishing by water-based MCF
containing abrasive particles with diameter of 0.3 pm at MR
rate of 13.5 pm/h. Fan et al®® proposed an optimization
method for MCF polishing and achieved a balance between
high-quality surface polishing and high dimensional accuracy
through experiment modeling combined with a multi-
objective particle swarm optimization algorithm. Jiao et al®”
applied MCF to polish optical glass and investigated the effect
of magnetic field distribution on MR efficiency of MCF wheel
polishing, showing that higher MRRs could be achieved using
MCF wheels with NS-SN magnetic pole distribution. A
doughnut-shaped MCF tool was used to polish spherical
surfaces, and the effect of MCF composition on the polishing
results was explored®™. It was found that the concentration of
CIP and the size of abrasive particles had a significant effect
on MRR and surface quality™.

Currently, MCF has been widely applied to ultra-precision
polishing of various materials, such as glass, oxygen-free
copper, PMMA, nickel-plated STAVAX steel, and GaAs. In
this study, a polishing device for the outer surface of stainless
steel tube was designed based on MCF polishing wheel. The
MR model was established, and the feasibility of this model

was verified. The influence of different machining parameters
on the surface roughness of the workpiece using MCF was
investigated, and the optimal experimental parameters of the
MCF polishing wheel were determined to realize ultra-
precision machining of the outer surface of stainless steel tube.

2 Polishing Principle

Fig. 1 shows the polishing principle of the outer surface of
the tube using MCF polishing wheel. MCF polishing wheel is
composed of a ring magnet with uniformly distributed MCF,
which is fixed on the main shaft driven by a servo motor and
rotates at a fixed speed n,_. The stainless steel tube is placed
with a direct processing gap o below the ring magnet. The
stainless steel tube is driven by the electric spindle at a fixed
speed n,. MCF polishing slurry is composed of micron-sized
CIP, a-cellulose, micron-sized non-magnetic abrasive particles,
and water-based MF containing nanometer-sized Fe,O,. Under
the action of external magnetic field, MCF slurry becomes a
Bingham medium with a certain viscosity, forming flexible
polishing tool in the polishing area. CIPs within MCF slurry
form a chain structure along the magnetic field line, and the
length of the chain structure is related to the strength of the
applied magnetic field. The a-cellulose was inserted between
multiple chain structures to improve the viscosity of MCF.
The abrasive particles tend to move to the workpiece surface
under the action of magnetic force. When the polishing wheel
rotates, it drives MCF to rotate together. The wedge effect at
the entrance of the polishing area causes MCF to compress,
creating significant magnetizing pressure and shear force. This
phenomenon results in mutual motion between the ALO,
particles on the surfaces of MCF and tube, thereby achieving
micro-removal of materials from the tube.

3 Experiment

The appearance of the device of MCF polishing wheel is

Magnet

o CIp
MF

®  Abrasive

(7 o-cellulose

— -+ Magnetic induction line

Fig.1 Schematic diagram of MCF polishing wheel
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shown in Fig.2. It can be seen that a ring magnet is mounted
on the spindle to form the polishing wheel, which is driven by
a servo motor through a synchronous belt. The tube, driven by
the motor spindle, is positioned directly below the polishing
wheel, which is secured on the clamping device. The working
gap J between the tube and polishing wheel can be manually
adjusted using the turntable.

MCF used in this research was composed of CIPs,
o -cellulose, abrasive particles (ALO,), and water-based MF
containing nanometer-sized Fe,O,, as listed in Table 1. The
experiment conditions are shown in Table 2. Nd-Fe-B
permanent magnet was used as the magnetic field generating
device, and the stainless steel tube was chosen as the
workpiece. The outer surface of the stainless steel tube was
polished under different experiment parameters. In order to

Turntable

Fig.2 Appearance of MCF polishing device

Table 1 Components of MCF in this research

Concentration/ .
Component Mean diameter
wt%
CIP 50 7,10, 15, and 20 pm
oa-cellulose 3 -
Abrasive particle (Al,0O,) 12 3,5,7,and 10 pm
Water-based MF 35 10 nm

ensure the performance of MCF slurry, MCF polishing liquid
on the polishing wheel was placed for 25 min for polishing.
After polishing, the workpiece was cleaned by an ultrasonic
cleaner. Then, the polishing area of the workpiece was
measured by a stylus surface roughness meter (SJ-410,
Mitutoyo) and a white light interferometer (ZeGagePro, Zygo).

4 Results and Discussions

The workpiece surface after polishing for 100 min is
shown in Fig.3. It can be seen that the workpiece surface is
matte before polishing, and it is mirror-like after polishing,
which indicates that the surface quality is significantly
improved. As shown in Fig. 4a, the surface roughness de-
creases from 0.411 pm to 0.007 pm after polishing, so the
workpiece surface roughness reduction rate is 98.297%. The
polished workpiece surface is smoother, and the polishing
effect is significant. As shown in Fig.4b, MR depth at both
ends of the polishing area is significantly larger than that in
the middle area. In the middle of the polishing wheel, MR
depth is about 3.5 um, but it is approximately 12 pm at the
end side of the polishing area.

In order to investigate the difference of MR in the polishing

Table 2 Experiment parameters

Parameter Value
Workpiece 304 stainless steel tube with external diameter of 5 mm, inner diameter of 4 mm, and length of 100 mm
M Nd-Fe-B with external diameter of 48 mm, inner diameter of 25 mm, and thickness of 8 mm;
agnet

Working gap, d/mm
Magnet revolution speed, n,_/r'min”"
Workpiece speed, 1 /r'min”'
MCEF slurry volume, //mL

Polishing time, #/min

magnetic induction intensity 8=0.4 T

0.5
100, 200, 300, 400
3000, 4000, 5000, 6000
1.5,2.0,2.5,3.0
100

process, the magnetic induction intensity at the workpiece
surface was simulated and measured, as shown in Fig.5. It can
be seen that the simulated value and the measured values
exhibit the same variation trend. The vertical magnetic
induction intensity is zero in the middle of the polishing
wheel. It gradually increases along the thickness direction and
finally reaches the maximum value at the end area. The
horizontal magnetic induction intensity is maximum in the
middle area of the polishing wheel, and it gradually decreases
along the thickness direction. The total magnetic induction
intensity rises slowly from the outside of the ring magnet, but
it rises sharply near the edge of the magnet and reaches a

R=0411pm = R0007pm

Fig.3 Schematic diagram and appearance of workpiece
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Fig.4 Surface roughness R, (a) and cross-sectional profile (b) of workpiece before and after polishing
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Fig.5 Simulated and measured magnetic induction intensity on

workpiece surface

maximum value at both ends of the magnet (B=0.4 T). During
the polishing process, MCF will move to both end sides under
the action of extrusion pressure, and an MCF accumulation
area will be formed on both end sides of the polishing wheel.
It can be found that the magnetic induction intensity is the
largest at the end faces of the polishing wheel due to the edge
effect of the magnet. Afterwards, MCF accumulates at the
edge of the magnet to remove more material, which leads to
the nonuniform MR in the polishing area.

4.1 MR model

MR is related to the friction coefficient, polishing pressure,
and relative velocity between abrasive particles and workpiece
surface in MCF under the action of an external magnetic field.
The friction coefficient between abrasive particles and the
workpiece surface is constant. MCF polishing pressure on the
polishing area changes with the change of magnetic field
intensity, resulting in different polishing pressures for
particles. The relative speed depends on the magnet speed. To
establish a MR model, the force of the magnetic field acting
on CIPs and abrasive particles was analyzed, as shown in
Fig. 6. When MCF slurry containing abrasive particles is
subjected to external magnetic field, magnetic force F,, is
applied to abrasive particles. In addition, the magnetic field
force F, is applied to CIPs located at the top of the abrasive
particles. Since CIPs are in equilibrium, an opposite force is

applied to the single abrasive particle. Thus, the indentation

CIPs

Single abrasive particle

Fig.6 Schematic diagram of force applied by external magnetic field

on CIPs and abrasive particle

on the workpiece surface is caused by the magnetic field force
generated by the abrasive particles and the opposite magnetic
field force in the z direction, denoted as F,, and F_,_,
respectively. The embedment depth of the abrasive particles
on the workpiece surface reflects MR degree during MCF
polishing. Therefore, MR can be obtained by Eq. (1), as

follows:

H, = 2F.

TEDAP(DAP R, D%, ~ Dlz)
where H, is the Brinell hardness of the stainless steel
workpiece (H,=180 N/mm?®), F. is the resultant force of the
magnetic field acting on the abrasive particle in z direction,
D,, is the abrasive particle diameter, and D, is the diameter of

(M

the indentation formed by the abrasive particle acting on the
workpiece surface.
D, can be expressed by Eq.(2), as follows:

4F, 4F?
D= |- —— @)
B (nDpH,y)
As shown in Fig.6, F. can be defined as:
F.="2Fcp . cos’a+Fy, . (3)
D
a=sin'— 4
Den + Dy @
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where a is angle in Fig.6; D, is the diameter of CIP.

The embedment depth of abrasive particles acting on the
workpiece surface can be expressed as:

di=%(DAP7 v DiPiDiz) (5)
where d, is the embedding depth of a single abrasive particle.

During MCF polishing, CIP in MCF slurry is affected by
magnetic force, gravity, viscous resistance, van der Waals
force, and buoyancy. Among these forces, the magnetic force
is the main factor affecting CIP during polishing. Therefore,
the force acting on CIP is:

Fep = po(m - V)H (6)
where g, is the vacuum permeability with x,=4nx107 N/A%; m
is the magnetic dipole moment of CIP; H is the magnetic
field; V represents the Hamiltonian operator. CIP can be
regarded as a magnetic dipole due to its extremely small size.

The magnetic dipole moment m is determined by Eq.(7):

= Vot H ™

(ﬂ + 2/“0)
where V., is the volume of CIP; y, is the magnetic
susceptibility of CIP with y,=1x107; x is the permeability of
CIP with z=5.03x107 N/A’.

Define the coordinate system (x, y, z). The Hamiltonian
operator V is as follows:

d d J
= J4+ — g+ —
Vo T T ®)
where i, j, and k are unit vectors in the coordinate system.

Therefore, the magnetic field vector can be obtained
through Eq.(9):

H=Hi+H,j+Hk )
where H,, H, and H, are the components of the magnetic field
in the x, y, and z directions, respectively.

The force acting on CIP is expressed as follows:

FCIP:FCIP-A'i+FCIP-yj+FCIP-zk (10)
2
— 3VCIP){mIMO H aHz JFH a]_Iz +H aHz (11)

P+ 2u, Tax Yy 7oz

where F,. is the magnetic component acting on CIP in z
direction; dH /0x, 0H/dy, and 0H/dz are the gradients of H. in
the x, y, and z directions, respectively.

During the polishing process, a single abrasive particle is
affected by many forces. Among these forces, the magnetic
force is the main factor affecting the abrasive particle, and the
force on a single particle is as follows:

Fo=—uV,(M-V)H (12)
where V,, is the volume of a single abrasive particle; M stands
for MF magnetization.

M can also be defined as:

M=y'H (13)
where y’ is the magnetic susceptibility of MCF with y’ =
0.6609.

Therefore, the force on a single abrasive particle is:

Frp=Fpp it Fpp Jt Fap_.k (14)
oH, oH. oH.
—— ' LA z 4 z
Py = st H e+ B HL (15)

where F,,. is the magnetic component acting on abrasive
particle in z direction.

Substituting Eq.(11) and Eq.(15) into Eq.(3), the resultant
force of a single abrasive particle in z direction can be
obtained, as follows:

F = ( 6V cip Xmio COS’ 0

: ut 2p,
0H. oH. 0H. )

x| H +H—+H
("ax Y F 0z

+ #OVAPX|:1)
(16)

Since the contact area of MCF polishing wheel and the
stainless steel workpiece is approximately a line, the length of
the polishing area is equal to the product of the number of
active abrasive particles in contact with the workpiece surface
and the diameter of abrasive particles.

I[=NgyD, (17)
where / is the length of the polishing area and N,, is the
number of active abrasive particles in contact with the
workpiece surface.

The total polishing force of active abrasive particles in the
polishing area is:

F=N,F. (18)

Therefore, MR depth d,; is as follows:

dye = | dN it (19)
0

Combining Eq.(2), Eq.(5), and Eq.(16—17), d,,, is obtained
as follows:

tol 6V cip Y li €OS a1 ,
= f D2 H ( < + 20 T oV s Xm
oD Hy T2l
o 1, oH., m dH, e 0H, dr
ox Y 7oz

Substituting each parameter value into Eq. (20), the

dMR

(20)

theoretical MR contour can be obtained, as shown in Fig.7. It
can be seen that the variation trend of MR simulation is
basically consistent with the experiment value, but there is an
error between the fitting curve and the experimental value.
This is because the effect of MCF during the experiment is
relatively complex, and in addition to the influence of
magnetic force on the abrasive particle, the influence of other
forces, such as the gravity of the abrasive particle and the

3t Before After Theoretical
0
g -3
=
=
6t
9t
0 8 6 9 12
x/mm

Fig.7 Simulated and experimental MR profiles before and after
polishing
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buoyancy of the liquid, is not considered.
4.2 Influence of parameters

4.2.1 Influence of CIP particle size

When the polishing conditions are d,,=7 um, n,=300 r/min,
n=4000 r/min, and V=1.5 mL, the influence of iron powder
particle size, namely CIP particle size d, on the workpiece
surface roughness R, and reduction rate is shown in Fig.8. It
can be seen that CIP particle size does not affect the reduction
of workpiece surface roughness, but the size ratio of iron
powder and abrasive particle has an impact on surface quality.
When CIP particle size is less than 15 um, the decreasing
trends of surface roughness are the same. When CIP particle
size is 15 pm, the surface roughness decrement is large in the
first 50 min, and then the surface roughness decrement is
small until 100 min. When CIP particle size is 20 pm, the
variation trend of reduction rate is similar to that when CIP
particle size is 10 um, but the value is much larger.

Fig. 9 shows the forces on the abrasive particles under
different CIP particle sizes, which is obtained according to
Fig.6 and Eq.(15). It can be found that when CIP particle size
is small, the abrasive particles are subjected to less force, and
MR on the workpiece surface is restricted and cannot be
effectively removed, resulting in higher surface roughness (R =

e
n
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B - A - dop=15pm
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Fig.8 Influence of CIP particle size d., on surface roughness R, and

reduction rate
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Fig.9 Forces of abrasive particles under different CIP particle sizes

0.080 pum). With the increase in CIP particle size, the force on
the abrasive particles increases, the surface material of the
workpiece can be effectively removed, and the surface quality
of the workpiece is improved to R=0.059 pm. As the CIP
particle size continues to increase, it can be found that the
force of the wear particle increases rapidly, which causes new
scratches on the workpiece surface during MR process, and
the final surface roughness is 0.065 um.

4.2.2  Influence of abrasive particle size

The influence of abrasive particle size d,, on workpiece
surface roughness R, and reduction rate is shown in Fig.10. It
can be seen that the surface roughness is decreased with the
prolongation of polishing time under all d,, conditions. In the
first 75 min of polishing, the surface roughness decreases
rapidly, and then the decreasing speed slows down. It is worth
noting that when d,,=10 um, the reduction rate is the largest
in the first polishing stage (<25 min).

Fig. 11 shows the surface topographies of the workpiece
under different abrasive particle sizes. It can be found that the
smaller the abrasive particle size, the more the microgullies on
the workpiece surface. With the increase in abrasive particle
size, the surface pits are gradually reduced. When the abrasive
particle size continues to increase, it is found that new defects
appear on the workpiece surface. Fig. 12 shows the abrasive
particle stress and the number of abrasive particles under
different abrasive particle sizes. It can be found that the stress
and the number of abrasive particles are inversely
proportional. Combined with Fig. 10 and Fig. 11, the surface
roughness continues to decrease during polishing within 100
min, but there are still bumps and gullies existing on the
surface. At this moment, the surface roughness is 0.085,
0.076, and 0.059 um when the abrasive particle size is 3, 5,
and 7 pm, respectively. A suitable abrasive particle size can
promote the removal of surface defects and achieve the
optimal surface quality. The continuous increase in abrasive
particle size cannot lead to the removal of surface
microdefects, and the z-direction force continues to increase,
resulting in new scratches on the workpiece surface.

4.2.3 Influence of workpiece rotation speed n,
Fig. 13 shows the influence of workpiece rotation speed on

o
[

Bl —=—d,=3um
47 s, B 1100

IS I S
[\e] W S
Reduction Rate/%

Surface Roughness, R,/um
I

o
=)

0 25 50 75 100
Polishing Time, #min

Fig.10 Influence of abrasive particle size d,, on surface roughness R,

and reduction rate
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Fig.13 Influence of workpiece rotation speed n_ on surface roughness

R, and reduction rate

surface roughness. It is found that the influence of the
workpiece rotation speed on the surface roughness is not very
significant: the surface roughness is basically between 50—60
nm, and the variations of reduction rate are basically the same.
When the workpiece rotation speed is less than 5000 r/min,
because the workpiece rotation speed is low, the abrasive
particles will cause scratches on the workpiece surface during
the polishing process. When the workpiece rotation speed
reaches 5000 r/min, the increase in workpiece rotation speed
enhances the polishing effect of the abrasive particles.
Therefore, after a long time of polishing, the quality of
workpiece surface reaches the best with surface roughness of
0.051 um, and the surface roughness reduction rate is also the
highest of 89.448%. When the workpiece rotation speed is
less than 5000 r/min, the quality of workpiece surface
deteriorates due to the increase in relative speed, which
shortens the contact time of abrasive particles and the
workpiece surface, and the surface material cannot be
removed in time. According to the Princeton equation:

MRR = kpv 20
where £ is the coefficient; p is the pressure of MCF polishing
liquid acting on the workpiece; v is the relative speed of
motion between the abrasive particle and the workpiece. Thus,
the higher the magnet speed within a reasonable range, the
faster the MR rate.

Fig. 14 shows the surface topographies of the workpiece at
different workpiece rotation speeds. It can be found that there
are different degrees of microgullies on the workpiece surface
under different workpiece rotation speeds. This is because
when the workpiece rotation speed is less than 5000 r/min, the
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Fig.14 Surface topographies of workpiece at different workpiece rotation speeds: (a) 3000 r/min; (b) 4000 r/min; (c) 5000 r/min; (d) 6000 r/min

relative motion speed between the abrasive particles and the
workpiece is slow, and the abrasive particles cannot be
effectively updated, resulting in scratches on the workpiece
surface caused by the abrasive particles in the polishing
process. When the workpiece speed
5000 r/min, the polishing effect of the abrasive particles

rotation reaches
is enhanced. When the workpiece rotation speed is larger than
5000 r/min, the workpiece surface quality deteriorates due to
the increase in relative speed, which shortens the contact time
of abrasive particles and the workpiece surface, and the
surface material cannot be removed in time.
4.2.4 Influence of magnet speed n,,

In the process of MCF polishing, the speed of abrasive
particles directly affects MR on the workpiece surface.
Fig. 15 shows the influence of magnet speed n, on surface
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Fig.15 Influence of magnet speed n on surface roughness R, and

reduction rate

roughness and reduction rate. It can be found that regardless
of the magnet speed, the workpiece surface roughness
When #7,=200 r/min, the surface roughness
gradually decreases, reaching the best surface roughness of

decreases.

0.042 pm, and the reduction rate reaches the maximum value
of 90.749%. When n,=100 r/min, it is found that the
decreasing trend of surface roughness is basically the same as
that when n,_=200 r/min, but the polishing effect is far less
significant than that when »,_=200 r/min, which indicates that
when the relative motion between the abrasive particles and
the workpiece surface is slow, MR amount on the workpiece
surface is small. When the magnet speed is 300 r/min, the
reduction rate in the first 25 min is higher than that when the
magnet speed is 200 r/min, which is because the relative speed
between the abrasive particles and the workpiece surface is
also fast at higher magnet speeds, and the workpiece surface
material can be effectively removed. In the subsequent
polishing process, the polishing efficiency at #, =300 1/min is
lower than that at », =200 r/min.

Fig. 16 shows the surface topographies of the workpiece at
different magnet speeds. It can be seen that the increase in
magnet speed does not promote MR. When the magnet
speed is 400 r/min, the workpiece surface roughness reaches
0.097 um, and MR effect on the workpiece surface is inferior.
This is because the centrifugal force of the abrasive particles
is greater than the magnetic field force. Thus, the abrasive
particles begin to detach from the magnetic cluster, and the
reduction in the number of abrasive particles leads to a
decrease in polishing efficiency. As the magnet speed con-
tinues to increase, the surface quality becomes worse, indi-
cating that not only will the abrasive particles be detached, but
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also the abrasive chain failure or dislocation occurs, resulting
in a small amount of MR and inferior surface roughness.
4.2.5 Influence of supply amount V'

The influence of supply amount / on workpiece surface
roughness and reduction rate is shown in Fig. 17. It can be
seen that regardless of the supply amount, the workpiece
surface roughness decreases during the polishing process.
When the supply amount is 2.0 mL, the reduction rate is
90.749%. With the increase in supply amount, the reduction
rate is gradually accelerated. When the supply amount is 2.0
mL, the reduction rate is the highest of 98.297%, and the
surface roughness also reaches the lowest of 0.007 pm. As the
supply amount continues to increase, it can be found that the
increase in supply amount does not affect the surface

roughness.
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Fig.17 Influence of supply amount J on surface roughness R, and

reduction rate
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Fig.18 MCF appearances under different supply amounts: (a) 1.5
mL; (b) 2.0 mL; (¢) 2.5 mL; (d) 3.0 mL

Fig. 18 shows the MCF appearances under different supply
amounts. It can be found that MCF forms a short cluster
structure at the edge of the magnet, and the middle part of the
magnet forms a closed magnetic chain. The formation of the
MCF determined by the magnetic field
distribution, and this structural combination is the main reason
for the large MR on both sides of the workpiece surface
profile and the small MR in the middle area. Under low
supply amount, MCF is not fully formed, and the reduction
rate of workpiece surface roughness is small. With the

structure is

increase in supply amount, MCF has two structures to achieve
precision machining of the workpiece. With the further
increase in supply amount, magnetic clusters also begin to
appear in the closed area of the magnetic field line, leading to
scratches on the workpiece surface, which is not conducive to
improve the surface quality of the workpiece.

Fig. 19 shows the surface topographies of the workpiece
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Fig.19 Surface topographies of workpiece under different supply amounts: (a) 1.5 mL; (b) 2.0 mL; (c) 2.5 mL; (d) 3.0 mL

under different supply amounts. It can be found that there are
still defects on the workpiece surface when F=1.5 mL, and
there are no defects on the workpiece surface when /=2.0 mL.
The pits and microgullies on the workpiece surface are
completely removed, and the surface quality of the workpiece
is optimal. The workpiece surface under /=2.5 mL condition
is smooth. There are no obvious pits or gullies, resulting in the
reduction of roughness. The workpiece surface under V=3.0
mL condition also has no obvious defects, but there are still
small gullies. This is because too much supply leads to
excessive abrasive particles acting on the workpiece surface,
causing new scratches on the workpiece surface. Appropriate
supply can make MCF polishing liquid contain enough
abrasive particles in the polishing process to contact with the
workpiece surface, so as to achieve the efficient removal of
material on the workpiece surface. During the polishing
process, partial MCF will be extruded and piled up on one end
of the polishing wheel due to the working gap and magnetic
induction intensity, resulting in inconsistent MCF at both ends
of the MCF polishing wheel and leading to rough polishing
area. Besides, excessive MCF provides excessive abrasive
particles. Some new scratches will inevitably appear in the
polishing process.

Briefly, using the polishing wheel processing method of
MCF, MCF forms a Bingham fluid with higher viscosity
under the action of an external magnetic field, and less MCF
can be used to achieve efficient precision machining of
stainless steel tubes. The optimal MCF components should be
50wt% CIPs (CIP size d.,=15 pm), 12wt% abrasive particles
(abrasive particle size d,,=7 pum), 3wt% o -cellulose, and
35wt% MF with processing gap J of 0.5 mm. The optimal

processing parameters of MCF polishing wheel are magnet
speed n,=200 r/min, workpiece speed n=5000 r/min, and
supply amount /=2.0 mL.

5 Conclusions

1) Using the polishing wheel processing method of MCEF,
MCF forms a Bingham fluid with higher viscosity under the
action of an external magnetic field, and less MCF can be
used to achieve efficient precision machining of stainless steel
tubes.

2) The established MR model has high accuracy. The error
is because only the effect of magnetic force on abrasive
particles and iron powder particles is considered. Other effects
are ignored.

3) The optimal MCF components should be 50wt% CIPs
(CIP size d.,=15 pm), 12wt% abrasive particles (abrasive
particle size d,,=7 um), 3wt% a-cellulose, and 35wt% MF
with processing gap ¢ of 0.5 mm. The optimal processing
parameters of MCF polishing wheel are magnet speed n, =200
r/min, workpiece speed n,.=5000 r/min, and supply amount V=
2.0 mL.
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