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Abstract: Due to the special manufacturing process of cobalt–chromium alloy cardiovascular stent
tubes, there are serious surface defects in their inner walls, which affects the therapeutic effect after
implantation. At the same time, the traditional processing technology cannot finish the inner wall
of a cardiovascular stent tube. In light of the above problems, magnetic abrasive finishing (MAF)
equipment for the inner wall of an ultra-fine and ultra-long cardiovascular stent tube is proposed,
and MAF technology is used to improve the surface quality of its inner wall. High-performance
spherical magnetic abrasive powders are used to finish the inner wall of a cobalt–chromium alloy
cardiovascular stent tube with an inner diameter of 1.6 mm and an outer diameter of 1.8 mm. The
effects of finishing time, tube rotational speed, feed speed of the magnetic pole, MAPs filling quantity,
and MAP abrasive size on the surface roughness and material removal thickness of cobalt–chromium
alloy cardiovascular stent tube are investigated. The results show that the surface roughness of the
inner wall of the cobalt–chromium alloy cardiovascular stent decreases from 0.485 µm to 0.101 µm,
and the material removal thickness of the defect layer is 4.3 µm. MAF technology is used to solve the
problem of the poor surface quality of the inner walls of ultra-fine and ultra-long cobalt–chromium
alloy cardiovascular stent tubes.

Keywords: magnetic abrasive finishing; magnetic abrasive powder; cobalt–chromium alloy cardio-
vascular stent tube; surface roughness; material removal thickness

1. Introduction

Nowadays, the high incidence of cardiovascular diseases seriously endangers human
life and health [1–3]. The methods for the treatment of cardiovascular diseases mainly
include drug treatment, surgical treatment, and interventional treatment. Interventional
treatment is the implanting of dilated cardiovascular stents in the lesion site by medical
means, so that the blood vessels can restore the smooth state of blood delivery [4–6]. This
treatment method has the advantages of a good therapeutic effect and a low treatment cost;
it is used by the majority of patients.

Cobalt–chromium alloy has good mechanical properties, biocompatibility, and cor-
rosion resistance and has been playing an important role in the medical field [7–10]. At
the same time, cobalt–chromium alloy stents have good X-ray visibility, so they are widely
used in the production of cardiovascular stents. Cobalt–chromium alloy cardiovascular
stent tubes have the characteristics of slenderness and its production process including
rolling, extrusion, drawing, heat treatment, etc., so its inner wall can not avoid the existence
of wrinkles, cracks, scratches, pits, and other surface defects or even the appear of a meta-
morphic layer of hard oxide particles resulting in the high surface roughness of its inner
wall. After these cardiovascular stents with metamorphic layers and surface defects are
implanted into the human body, it is easy to cause the secondary formation of thrombosis
under the long-term flow of blood. Therefore, improving the surface quality of the inner
wall of the tube has become an urgent problem to be solved.
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Because of the small inner diameter and the long length of a cobalt–chromium alloy
cardiovascular stent tube, a traditional finishing tool cannot penetrate the tube. At the
same time, the outer wall can not be damaged in the finishing process, which leads to the
traditional processing method of not removing the defective layer of the inner wall. At
present, most researchers use an electrochemical polishing method to finish cardiovascular
stent tubes [11,12]. However, it is easy to produce defects such as pitting, bulges, and an
oxide layer on the surface after finishing and integrating toxic elements, which causes new
harm to the human body.

Magnetic abrasive finishing (MAF) technology is a very effective ultra-precision ma-
chining method, which is widely used in finishing difficult-to-machine materials and
complex surfaces. Hanada et al. [13] prepared spherical metal-based diamond magnetic
abrasive powders with a plasma-spraying technique to solve the fine processing of the inner
surface of the capillary. At the same time, SUS304 steel plate is processed by MAF to obtain
the surface roughness Rt of 77.4 nm. Naveen et al. [14] developed a four-pole magnetic tool
and placed an auxiliary pole under the workpiece, which increased the magnetic-induction
intensity to 1.8 times the previous one. The optimized process parameters were used for
24 passes of MAF of SS304 material, and the surface roughness was reduced from 0.3 µm to
0.022 µm. Singh et al. [15] found that using a mechanical alloying technique could prepare
more uniform MAPs at lower temperature. At the same time, it was found that the anneal-
ing temperature could affect the performance of the MAP. The MAP annealed at 950 ◦C had
excellent magnetic conductivity, and the MAP annealed at 1050 ◦C had excellent finishing
performance. After 60 min of MAF of the brass tube internal surface with this MAP, the
average surface roughness was reduced to 0.51 µm. Heng et al. [16] used MAF technology
to precisely manufacture ZrO2 ceramic rods with medium-sized diameters. According to
the finite element simulation and experiment, a 2 mm square magnetic pole is more suitable
for surface processing. Finally, after 40 s MAF, the surface roughness Ra of ZrO2 ceramic
rods decreases from 0.18 µm to 0.02 µm and the roundness error decreases from 3.5 µm
to 0.2 µm. Fan et al. [17] polished the difficult-to-machine Ti-6Al-4V workpiece using
MAF technology. The effects of intelligent shear-thickening-fluids concentration, working
gap, feed rate, and spindle rotational speed on its surface quality are explored through
experiments. Finally, the surface roughness, Ra, decreases from from 1.17 µm to 54 nm, and
the nano-machining of difficult-to-machine materials was realized. Sun et al. [18] proposed
a new type of magnetic pole that can generate alternating magnetic field in the processing
area and explored the feasibility of the new magnetic pole through a MAF experiment and
finite element simulation on the surface of 316 L stainless steel printed by selective laser
melting (SLM). The surface roughness, Ra, of 316 L stainless steel printed by SLM decreased
from 9.79 µm to 0.85 µm. In order to improve the wear resistance and fatigue performance
of cobalt–chromium alloy cardiovascular stent tubes, MAF technology is used to finish the
inner walls of the tubes to remove the surface defect layers of the inner walls and improve
the surface quality, as well as to provide favorable conditions for subsequent coating.

In this study, MAF is used to remove the defect layer of the inner wall and improve its
surface quality. Firstly, the principle and material-removal mechanism of MAF for inner
wall of cardiovascular stent are introduced. Secondly, according to the MAF principle,
the MAF setup for the inner wall of ultra-fine and ultra-long cardiovascular stent tubes is
proposed. Cubic boron nitride (CBN) hard abrasive grains are more suitable for machining
metal materials, so the CBN/metal spherical magnetic abrasive powders with far superior
performance than the traditional preparation method are prepared by a gas–solid two-phase
double-stage atomization and rapid solidification method. Then, a single-factor experiment
is designed to explore the influence of process parameters on the surface roughness Ra and
removed-material thickness of the inner wall. Finally, the defect layers on the inner walls
of cobalt–chromium alloy cardiovascular stent tubes are removed, and surface quality is
significantly improved.
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2. Mechanism of Magnetic Finishing for Tube Inner Wall
2.1. Principle of Processing

Figure 1 shows the processing principle of MAF on the inner wall of a cobalt–chromium
alloy cardiovascular stent tube. The appropriate amount of MAP is filled into the tube, and
the gap on both sides of the tube is sealed and clamped on the precision fixture. The MAP
in the tube is magnetized instantaneously into a ‘flexible magnetic abrasive brush (FMAB)’
with micro cutting ability under the action of an external magnetic field. The FMAB also
has certain flexibility, which can imitate the complex shape of the inner wall of the tube
and attach to its surface. The cardiovascular stent tube rotates under the drive of the motor,
and the FMAB moves relative to the inner wall of the tube, resulting in friction, cutting,
plowing, and other effects on the inner wall of the tube. The removal of the defect layer on
the inner wall of the tube is realized, and the surface roughness is finally decreased.
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Figure 1. Principle of magnetic abrasive finishing.

MAPs are arranged along the direction of the magnetic force line, and each MAP is a
cutting tool with cutting ability. The force analysis of a single MAP in Figure 1 shows that
the MAP is subjected to Fx in the direction of the magnetic force line and Fy in the direction
of the equipotential line under the action of the magnetic field, and their resultant force Fm
provides the pressure required in the process of MAF [19,20]. The calculation formula is
shown in Equation (1). 

Fx = kV0xm H ∂H
∂x

Fy = kV0xmH ∂H
∂y

Fm =
√

Fx2 + Fy2

(1)

The magnetic induction intensity B is proportional to the magnetic field intensity, H,
and the relationship is shown in Equation (2).

H =
B

µ0 · (1 + xm)
(2)

where k is the magnetization coefficient, V0 is the abrasive volume, xm is the magnetic
susceptibility of MAP, µ0 is vacuum permeability, and ∂H

∂x and ∂H
∂y are the gradient of the



Micromachines 2022, 13, 1374 4 of 15

magnetic field intensity along the magnetic force line and the equipotential line, respectively.
Based on the above equations, the magnetic field force Fm is shown in Equation (3).

Fm =
πkdm

3Bxm

6µ0(1 + xm)

√(
∂H
∂x

)2
+

(
∂H
∂y

)2
(3)

where dm is the particle size of MAP.
The magnetic-induction intensity is an important parameter in the MAF process [21–23].

Magnetic field force generation under the MAF action provides the pressure required in the
MAF process and forms the normal pressure to remove the material on the inner wall of the
tube. According to Equation (3), magnetic field force is proportional to magnetic-induction
intensity. When the magnetic-induction intensity increases, the MAP can produce enough
normal pressure to better press into the inner wall defect layer. At the same time, the
MAP can flow regularly with the magnetic field gradient, which makes each MAP able
to participate in the MAF process. The FMAB will also be better bound in the processing
area, so that it will not appear in a chaotic state with a high tube rotational speed. Finally,
effective finishing processing is realized to achieve a better material-removal effect.

2.2. Material-Removal Mechanism

The removal mechanism of cardiovascular stent tube by MAF is the micro-cutting and
plastic deformation of the inner wall surface by hard abrasive particles embedded in the
metal substrate surface [24]. A schematic of material removal is shown in Figure 2. Under
the action of the magnetic field, there is a vertical downward normal pressure, Fn, for the
MAP pressed on the inner wall surface of the tube, which makes the hard abrasive produce
a certain indentation depth on the inner wall surface [25]. At the same time, the metal
matrix in the MAP will also have a good extrusion effect on the surface of the workpiece,
which can change the stress state of the tube surface. At this point, the single hard abrasive
embedded on the surface of each MAP will bear the normal pressure, Fn, and the tangential
cutting force, Ft, imposed by the MAP. The hardness of hard abrasive particles is generally
higher than that of processed materials. Under the action of normal pressure and tangential
cutting force, the blade tip of abrasive particles will have a cutting effect on the defect layer.
In this process, the tube inner wall is removed layer by layer from the sharp convex point.
It can be seen that the amount of material removed chanes from more to less and ultimately
becomes stable.
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3. Setup and Materials
3.1. MAF Setup

Figure 3 is the MAF setup for the inner wall of an ultra-fine long cardiovascular stent
tube. The setup is mainly composed of a clamping system, magnetic field generating
system, transmission system, and control system. The servo motor in the clamping system
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can drive the tube to rotate. The magnetic-field-generation system is equipped with slotted
permanent magnet poles. The slotted permanent magnet poles can release a more uniform
magnetic field, making the inner wall of the tube more uniform. The transmission system
can adjust the position of the magnetic-field-generating system with a stepping motor. The
control system adjusts the speed and direction of the tube by controlling the servo motor,
so as to adjust the magnetic abrasive trajectory, which is more suitable for the processing of
cobalt chromium alloy cardiovascular stent. The feed speed and direction of the magnetic-
field-generation system are adjusted by controlling the stepper motor. Each system works
coordinately to realize the MAF of the inner wall of the tube.
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3.2. Experimental Magnetic Abrasive Powders

Magnetic abrasive powder plays a key role in the MAF process. It is a metal-based
particle-reinforced composite powder from a composition point of view. The metal-based
phase exhibits magnetic conductivity, and the hard abrasive phase exhibits grinding perfor-
mance. CBN has the advantages of high hardness, high compressive strength, and high
thermal conductivity, which makes the machined surface difficult to crack and burn. In
addition, the chemical inertness of CBN is strong, and it is not easy to react with iron-group
elements. Therefore, for the finishing of the cobalt–chromium alloy, the selection of CBN
hard abrasive particles can obtain a better surface quality.

In order to solve the problem of the poor performance of MAPs prepared by traditional
methods, CBN/metal MAPs with different particle sizes are prepared by a gas–solid two-
phase double-stage atomization and rapid solidification method. This new method can
prepare high-performance MAPs with high efficiency and low cost. The molten metal
flow flows into the atomization chamber under the action of gravity. In this process, the
low-pressure inert gas flow containing hard abrasive particles is first encountered, and
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the hard abrasive particles break through the molten metal surface. It then encounters
high-pressure inert gas flow and is atomized into tiny droplets containing hard abrasive
particles [26]. The SEM images of the prepared CBN/metal MAP are shown in Figure 4. It
can be seen that the CBN hard abrasive is uniformly and densely embedded on the surface
of the iron matrix and that the CBN/metal MAP is ideally spherical. Spherical MAP has
special properties such as a micro-edge. In the MAF process, the abrasive particles keep
the same cutting depth on the surface of the tube, which greatly improves the efficiency of
MAF [27].
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3.3. Experimental Cobalt–Chromium Alloy Cardiovascular Stent Tube

A physical diagram of a cobalt–chromium alloy cardiovascular stent tube used in the
experiment is shown in Figure 5, with an outer diameter of 1.8 mm and an inner diameter
of 1.6 mm. The composition and properties of cobalt–chromium alloy cardiovascular stent
tubes are shown in Tables 1 and 2. The length of the tube used in the experiment was long.
In order to save the experimental cost of the tube, the tube was cut into 500 mm short tubes
for each group of experiments.
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Figure 5. Cardiovascular stent tube of the cobalt–chromium alloy used in the experiment.
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Table 1. Composition of the Co–Cr alloy tube.

Element Cr W Ni Fe C Si Mn Co

w/% 19~21 14~16 9~11 ≤3 ≤0.15 ≤1 ≤2 Bal.

Table 2. Performance indexes of the Co–Cr alloy tube.

Performance
Indicators

Density
(g·cm3)

Elastic Modulus
(Gpa)

Tensile
Strength (MPa)

Yield Strength
(MPa)

Elongation
(%)

Elastic Range
(%)

Value 9.10 243 820~1200 420~600 35~55 0.16~0.32

4. Results and Discussion
4.1. Experimental Details

In order to explore the influence of the process parameters of MAF technology on the
surface quality of a cobalt–chromium alloy cardiovascular stent tube, the effects of finishing
time, tube rotational speed, feed speed of magnetic pole, MAPs filling quantity and MAP
particle size on the material-removal thickness and surface roughness Ra of the inner wall
of cobalt–chromium alloy cardiovascular stents are studied with a single-factor experiment.
Details of the selection of each parameter level are shown in Table 3, and its scope is based
on experimental setup, experimental materials, and previous research progress.

Table 3. Single-factor experimental design.

Process Parameters
Levels

1 2 3 4 5

Finishing time t/(min) 120 240 360 480 600
Tube rotational speed n (r/min) 300 500 700 900 1100

Feed speed of magnetic pole v (mm/min) 50 100 150 200 250
Magnetic abrasive filling quantity δ/(g) 0.1 0.15 0.2 0.25 0.3

Abrasive size d/(µm) 50 100 150 200 250

In order to reduce the error of the experiment and improve the reliability of the
experiment, first of all, a section of tube was intercepted and cut. Five measurement-points
were evenly dispersed on the inner wall of the tube in each group of experiments. The
surface roughness Ra of the five points was measured by a 3D digital microscope (DSX1000,
OLYMPUS, Tokyo, Japan), and the average value was taken as the initial surface roughness
of the inner wall of the tube. The calculated value is 0.485 µm. Then the CBN/metal MAPs
were injected into the tube, and the oil-based grinding fluid was injected as the processing
medium. The magnetic pole position and control system were debugged, and the two ends
of the tube were sealed and clamped on the servo motor to start the experiment. After
the end of the experiment, the tube was removed, and the impurities in the inner wall of
the tube were cleaned by anhydrous ethanol through an ultrasonic cleaning instrument.
The quality of the tube was measured after drying. Finally, the same method was used to
measure the surface roughness Ra of the inner wall of the tube after MAF.

The thickness of the defect layer on the inner wall of a cobalt–chromium alloy cardio-
vascular stent is about 4µm. Therefore, in addition to the surface roughness, the material-
removal thickness of the inner wall of the tube is also a very important characterization
index that can determine whether the MAF can effectively remove the deterioration and
defect surface of the inner wall of the tube. The material-removal thickness of the inner
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wall of the tube can be determined by the material-removal amount of the tube before and
after MAF. The formula is shown in Equation (4).

M1 =
(πd2

1−πd2
2)ρL

4

M2 =
(πd2

1−πd2
3)ρL

4

∆M = M1 − M2

(4)

where M1 is the weight of tube before MAF and M2 is the weight of the tube after MAF; ∆M
is the material removal amount of tube before and after MAF; d1 is the outer diameter of
the tube; d2 is the inner diameter of the tube; d3 is the inner diameter of the tube after MAF;
ρ is the density of tube; L is the length of the experimental tube. According to Equation (4),
the inner diameter, d3, of the tube after MAF is shown as Equation (5).

d3 =

√
4 · ∆M

ρπL
+ d2

2 (5)

Thus, the calculation formula of the material-removal thickness, ∆d, of the inner wall
of the cardiovascular stent tube is shown in Equation (6).

∆d = d2 − d3 = d2 −
√

4 · ∆M
ρπL

+ d2
2 (6)

4.2. Effect of Finishing Time

According to the principle of the single-factor experiment, a different finishing time is
selected, and the tube rotational speed, the feed speed of magnetic pole, the MAP abrasive
size, and the MAPs filling quantity are fixed. The effect of finishing time on the surface
roughness and material removal thickness of the inner wall of the cobalt–chromium alloy
cardiovascular stent tube is explored. The experimental results are shown in Figure 6.
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Figure 6. Effect of finishing time on surface roughness and material-removal thickness.
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The specific process parameters were as follows: the tube rotational speed was
700 r/min; the feed speed of the magnetic pole was 150 mm/min; the MAPs filling quantity
was 0.2 g; the MAP particle size was 150µm, and the finishing time was 120–600 min. Ac-
cording to the experimental results, it is obvious that material-removal thickness increased
with the increase in finishing time, and the CBN/metal MAPs used in this experiment still
maintained its micro cutting ability after lengthy MAF. After 360 min of MAF, the inner
wall material-removal thickness was more than 4 µm, indicating that the defect layer had
been basically removed. The surface roughness, with the increase in finishing time, showed
a trend of first decreasing and then increasing. When the finishing time was 360 min, the
surface roughness reached 0.108 µm, which is the lowest value. This may be because the
finishing time was too long and the inner wall was over-processed after removing the
defect layer, so that the material is excessive removed and the inner wall is damaged again,
which eventually leads to the increase in the surface roughness again.

4.3. Effect of Tube Rotational Speed

At different tube rotational speeds, other process parameters are fixed at the interme-
diate level, and the experimental results after 360 min are shown in Figure 7. Experiments
show that, when the tube rotational speed is 700 r/min–900 r/min, the surface roughness
Ra and the material-removal thickness are ideal. Under the existing process parameters,
when the tube rotational speed is 900 r/min, the surface roughness reaches a minimum of
0.101 µm. When the tube rotational speed is too small, the number of interactions between
the hard abrasive particles and the inner wall of the tube is reduced, which makes the
defect layer unable to be completely removed after the same duration of MAF. When the
tube rotational speed exceeds 900 r/min, the material-removal thickness decreases rapidly.
This shows that, when the rotational speed is too high, the cutting force generated by the
hard abrasive particles on the inner wall of the tube will be less than the friction force,
which makes the FMAB appear in a chaotic state and means that the defect layer on the
inner wall of the tube cannot be fully removed. It has been found through experiments that
the tube rotational speed has a great influence on the surface quality of the inner wall of
the tube, and a moderate tube rotational speed should be selected in the processing.
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4.4. Effect of Feed Speed of Magnetic Pole

At different feed speeds of magnetic pole, other process parameters are fixed at the
intermediate level, and the experimental results after 360 min are shown in Figure 8.
According to the existing experimental results, the feed speed of the magnetic pole is the
most appropriate from 100 mm/min to 150 mm/min, and the surface roughness Ra is the
lowest at 100 mm/min. With the acceleration of the feed speed of the magnetic pole, the
material-removal thickness decreases and the surface roughness increases. This is because,
when the feed speed of the magnetic pole is too fast, the MAP at the end of the FMAB
will lag, resulting in the number of MAPs involved in MAF being less and less and in the
material-removal efficiency being reduced. At the same time, the MAP that is out of the
magnetic field bound due to the hysteresis phenomenon appears in a chaotic state under
the high tube rotational speed, which is easy to make the finished surface scratched again,
resulting in the surface roughness rising again. The feed speed of the magnetic pole should
not be too slow, because too slow of a feed speed of the magnetic pole will increase the
path length of repeated machining, which causes the MAP to induce excessive material
removal in the inner wall of the tube.
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Figure 8. Effect of the feed speed of the magnetic pole on surface roughness and material re-
moval thickness.

4.5. Effect of Abrasive Size

Different magnetic abrasive sizes are selected, and other process parameters are
fixed at the intermediate level. The experimental results after 360 min are shown in
Figure 9. According to the experimental results, too large or too small of an abrasive
size will not obtain low surface roughness; when the abrasive size is 150µm, the surface
roughness reaches a minimum of 0.108 µm. The material-removal thickness increases
with the increasing abrasive size. According to Equation (3), under the same experimental
conditions, the larger the abrasive size is, the greater the normal pressure on the inner
wall of the tube and the greater the indentation depth. In the initial stage of MAF, a larger
abrasive size can more efficiently remove the defect layer on the inner wall of the tube.
However, when the defect layer is removed, the larger normal pressure causes secondary
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scratches on the inner wall of the tube again. At the same time, the spiral trajectory
generated by the larger abrasive size in the machining process is relatively loose, which is
not conducive to more precise machining. However, too small of an abrasive size cannot
produce an appropriate indentation depth, resulting in the incomplete removal of the defect
layer. Therefore, different abrasive sizes should be selected according to the hardness of
the material.
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Figure 9. Effect of abrasive size on surface roughness and material-removal thickness.

4.6. Effect of Magnetic Abrasive Filling Quantity

Weighing different magnetic abrasive filling quantities and fixing other process param-
eters at the intermediate level, the experimental results after 360 min are shown in Figure 10.
According to the experimental results, too much or too little of a magnetic abrasive filling
quantity can not obtain low surface roughness or suitable material-removal thickness, and
the ideal state is achieved when the magnetic abrasive filling quantity is 0.15–0.2 g. When
the magnetic abrasive filling quantity is 0.1 g, the material-removal thickness is higher,
which indicates that the magnetic abrasive filling quantity is related to the stability and
stiffness of the FMAB. When the magnetic abrasive filling quantity is too small, the stiffness
of the FMAB increases and the stability decreases, which makes it easy to remove the defect
layer of the inner wall of the tube, but it is also easy to scratch the surface, resulting in
increased surface roughness. When the magnetic abrasive filling quantity exceeds 0.2 g, the
surface roughness and material-removal thickness change greatly. This indicates that too
much MAPs results in being prone to clogging in the tube, which cannot better maintain
the finishing state, resulting in the incomplete removal of the defect layer. At the same time,
multiple MAPs cannot participate in the MAF process, resulting in waste.
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Figure 10. Effect of the magnetic abrasive filling quantity on surface roughness and material-removal
thickness.

4.7. Surface Observation of the Inner Wall before and after Magnetic Abrasive Finishing

Figure 11 is the SEM image of the original morphology of the inner wall of the cobalt–
chromium alloy cardiovascular stent tube. It can be seen from Figure 11 that the surface is
relatively rough and that there are obvious pits, folds, and scratches. A cardiovascular stent
with these defects may present a risk of secondary thrombosis after long-term implantation.
The surface roughness Ra of the original inner wall is 0.485 µm measured by a 3D digital
microscope. When the finishing time is 360 min, the tube rotational speed is 900 r/min,
the feed speed of the magnetic pole is 150 mm/min, the abrasive size is 150 µm, and the
magnetic abrasive filling amount is 0.2 g; the surface roughness Ra is 0.101 µm measured by
3D digital microscope. The SEM image of the inner wall of the tube is shown in Figure 12.
It is obvious that the defects in the inner wall of cobalt–chromium alloy cardiovascular
stent tubes are removed and the surface becomes smoother, which is of great significance
to improving the biocompatibility of cardiovascular stents.
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5. Conclusions

(1) In this study, the proposed magnetic abrasive finishing setup for the inner wall of
ultra-fine and ultra-long cardiovascular stent tubes has good stability, which can solve
the problem of finishing the inner wall of different materials in future research. At
the same time, the CBN/metal spherical magnetic abrasive powder prepared by gas–
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solid two-phase double-stage atomization and rapid solidification has good finishing
performance, which is suitable for the finishing of difficult-to-machine materials.

(2) According to the results of single-factor experiments, the influence of various process
parameters on the surface roughness Ra and material-removal thickness of the inner
wall of the Co–Cr alloy cardiovascular stent tube processed by magnetic abrasive
finishing is analyzed, which provided a reference for the optimization of process
parameters in the future.

(3) After 360 min of magnetic abrasive finishing, the surface roughness Ra of the inner
wall of a cobalt–chromium alloy cardiovascular stent tube decreases from 0.485 µm
to 0.101 µm. Magnetic abrasive finishing technology is used to solve the problem of
poor surface quality of the inner wall of cobalt–chromium alloy cardiovascular stent
tubes, which is of great significance to practical applications.

Author Contributions: The method was conceived by Y.Z., the experiments were designed by Z.S.
and performed by Z.L., C.C., G.L., Q.L., X.Z., D.D., Z.Z., C.Z., and H.Y. All the authors took part in
the paper. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge all of the support received from the National
Natural Science Foundation of China (No. 51875328) and the Natural Science Foundation of Shandong
Province (No. ZR2019MEE013).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: We have no competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

References
1. Jie, F.; Yanqing, W. Interleukin-35 ameliorates cardiovascular disease by suppressing inflammatory responses and regulating

immune homeostasis. Int. Immunopharmacol. 2022, 110, 108938.
2. Azmi, J.; Arif, M.; Nafis, T.; Alam, M.A.; Tanweer, S.; Wang, G. A systematic review on machine learning approaches for

cardiovascular disease prediction using medical big data. Med. Eng. Phys. 2022, 105, 103825. [CrossRef] [PubMed]
3. Sreenivasan Soumya, R.; Gopalan Raghu, K. Recent advances on nanoparticle-based therapies for cardiovascular diseases. J.

Cardiol. 2022, 21, 4479–4497.
4. Korei, N.; Solouk, A.; Nazarpak, M.H.; Nouri, A. A review on design characteristics and fabrication methods of metallic

cardiovascular stents. Mater. Today Commun. 2022, 31, 103467. [CrossRef]
5. Ya-Chen, H.; Jing-An, L.; Shi-Jie, Z.; Chang, C.; Jun-Nan, T.; Jin-Ying, Z.; Shao-Kang, G. Tailoring of cardiovascular stent material

surface by immobilizing exosomes for better pro-endothelialization function. Colloids Surf. B Biointerfaces 2020, 189, 110831.
6. Veerubhotla, K.; Chi, H.L. Design of biodegradable 3D-printed cardiovascular stent. Bioprinting 2022, 26, 204. [CrossRef]
7. Harun, W.S.W.; Kamariah, M.; Muhamad, N.; Mohameda, Z. A review of powder additive manufacturing processes for metallic

biomaterials. Powder Technol. 2018, 327, 128–151. [CrossRef]
8. Yin, J.; Liu, W.; Cao, Y.; Zhang, L.; Wang, J.; Li, Z.; Zhao, Z.; Bai, P. Rapid prediction of the relationship between processing

parameters and molten pool during selective laser melting of cobalt-chromium alloy powder: Simulation and experiment. J.
Alloy. Compd. 2022, 892, 162200. [CrossRef]

9. Wu, M.; Dong, X.; Qu, Y.; Yan, J.; Li, N. Analysis of microstructure and fatigue of cast versus selective laser-melted dental Co-Cr
alloy. J. Prosthet. Dent. 2022, 59, 248. [CrossRef] [PubMed]

10. Jabbari, Y.; Koutsoukis, T.; Barmpagadaki, X.; Zinelis, S. Metallurgical and interfacial characterization of PFM Co–Cr dental alloys
fabricated via casting, milling or selective laser melting. Dent. Mater. Off. Publ. Acad. Dent. Mater. 2014, 30, e79–e88. [CrossRef]
[PubMed]

11. Aslanidis, D.; Roebben, G.; Bruninx, J.; Van Moorleghem, W. Electropolishing for Medical Devices: Relatively New Fascinatingly
Diverse. Mater. Sci. Forum 2002, 394–395, 169–172. [CrossRef]

12. Wang, Y.; Wei, X.; Li, Z.; Sun, X.; Liu, H.; Jing, X.; Gong, Z. Experimental Investigation on the Effects of Different Electrolytic
Polishing Solutions on Nitinol Cardiovascular Stents. J. Mater. Eng. Perform. 2021, 30, 4318–4327. [CrossRef]

13. Hanada, K.; Yamaguchi, H.; Zhou, H. New spherical magnetic abrasives with carried diamond particles for internal finishing of
capillary tubes. Diam. Relat. Mater. 2018, 17, 1434–1437. [CrossRef]

14. Naveen, K.; Shanbhag, V.V.; Balashanmugam, N.; Vinod, P. Ultra-Precision Finishing by Magnetic Abrasive Finishing Process.
Mater. Today Proc. 2018, 5, 12426–12436. [CrossRef]

http://doi.org/10.1016/j.medengphy.2022.103825
http://www.ncbi.nlm.nih.gov/pubmed/35781385
http://doi.org/10.1016/j.mtcomm.2022.103467
http://doi.org/10.1016/j.bprint.2022.e00204
http://doi.org/10.1016/j.powtec.2017.12.058
http://doi.org/10.1016/j.jallcom.2021.162200
http://doi.org/10.1016/j.prosdent.2022.05.011
http://www.ncbi.nlm.nih.gov/pubmed/35786348
http://doi.org/10.1016/j.dental.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24534375
http://doi.org/10.4028/www.scientific.net/MSF.394-395.169
http://doi.org/10.1007/s11665-021-05736-x
http://doi.org/10.1016/j.diamond.2008.01.100
http://doi.org/10.1016/j.matpr.2018.02.222


Micromachines 2022, 13, 1374 15 of 15

15. Singh, A.; Singh, P.; Singh, S.; Singh, L. Effect of annealing temperature on the magnetic properties and finishing efficiency of
mechanically alloyed magnetic abrasives. J. Magn. Magn. Mater. 2022, 556, 169455. [CrossRef]

16. Heng, L.; Kim, J.S.; Tu, J.-F.; Mun, S.D. Fabrication of precision meso-scale diameter ZrO2 ceramic bars using new magnetic pole
designs in ultra-precision magnetic abrasive finishing. Ceram. Int. 2020, 46, 17335–17346. [CrossRef]

17. Zenghua, F.; Yebing, T.; Qiang, Z.; Chen, S. Enhanced magnetic abrasive finishing of Ti–6Al–4V using shear thickening fluids
additives. Precis. Eng. 2020, 64, 300–306.

18. Sun, Z.; Fan, Z.; Tian, Y.; Prakash, C.; Guo, J.; Li, L. Post-processing of additively manufactured microstructures using alternating-
magnetic field-assisted finishing. J. Mater. Res. Technol. 2022, 19, 1922–1933. [CrossRef]

19. Shinmura, T.; Aizawa, T. Study on internal finishing of a non-ferromagnetic tubing by magnetic abrasive machining process. J.
Jpn. Soc. Precis. Eng. 1988, 54, 767–773. [CrossRef]

20. Wang, C.; Cheung, C.F.; Ho, L.T.; Yung, K.L.; Kong, L. A novel magnetic field-assisted mass polishing of freeform surfaces. J.
Mater. Process. Technol. 2020, 279, 116552. [CrossRef]

21. Barman, A.; Das, M. Design and fabrication of a novel polishing tool for finishing freeform surfaces in magnetic field assisted
finishing (MFAF) process. Precis. Eng. 2017, 49, 61–68. [CrossRef]

22. Zhang, J.; Chaudhari, A.; Wang, H. Surface quality and material removal in magnetic abrasive finishing of selective laser melted
316L stainless steel. J. Manuf. Process. 2019, 45, 710–719. [CrossRef]

23. Prateek, K.; Pulak MPandey, G.; Verma, C.; Varun, S. Understanding flexible abrasive brush behavior for double disk magnetic
abrasive finishing based on force signature. J. Manuf. Process. 2017, 28, 442–448.

24. Song, Z.; Zhao, Y.; Liu, G.; Gao, Y.; Zhang, X.; Cao, C.; Dai, D.; Deng, Y. Surface roughness prediction and process parameter
optimization of Ti-6Al-4V by magnetic abrasive finishing. Int. J. Adv. Manuf. Technol. 2022, 1–15. [CrossRef]

25. Gao, Y.; Zhao, Y.; Zhang, G.; Yin, F.; Zhang, H. Modeling of material removal in magnetic abrasive finishing process with spherical
magnetic abrasive powder. Int. J. Mech. Sci. 2020, 177, 105601. [CrossRef]

26. Jiang, L.; Chang, T.; Zhu, P.; Zhang, G.; Du, J.; Liu, N.; Chen, H. Influence of process conditions on preparation of CBN/Fe-based
spherical magnetic abrasive via gas atomization. Ceram. Int. 2021, 47, 31367–31374. [CrossRef]

27. Gao, Y.; Zhao, Y.; Zhang, G.; Yin, F.; Zhao, G.; Guo, H. Characteristics of a novel atomized spherical magnetic abrasive powder.
Int. J. Adv. Manuf. Technol. 2020, 110, 1–8. [CrossRef]

http://doi.org/10.1016/j.jmmm.2022.169455
http://doi.org/10.1016/j.ceramint.2020.04.022
http://doi.org/10.1016/j.jmrt.2022.05.176
http://doi.org/10.2493/jjspe.54.767
http://doi.org/10.1016/j.jmatprotec.2019.116552
http://doi.org/10.1016/j.precisioneng.2017.01.010
http://doi.org/10.1016/j.jmapro.2019.07.044
http://doi.org/10.1007/s00170-022-09281-2
http://doi.org/10.1016/j.ijmecsci.2020.105601
http://doi.org/10.1016/j.ceramint.2021.08.010
http://doi.org/10.1007/s00170-020-05810-z

	Introduction 
	Mechanism of Magnetic Finishing for Tube Inner Wall 
	Principle of Processing 
	Material-Removal Mechanism 

	Setup and Materials 
	MAF Setup 
	Experimental Magnetic Abrasive Powders 
	Experimental Cobalt–Chromium Alloy Cardiovascular Stent Tube 

	Results and Discussion 
	Experimental Details 
	Effect of Finishing Time 
	Effect of Tube Rotational Speed 
	Effect of Feed Speed of Magnetic Pole 
	Effect of Abrasive Size 
	Effect of Magnetic Abrasive Filling Quantity 
	Surface Observation of the Inner Wall before and after Magnetic Abrasive Finishing 

	Conclusions 
	References

