
Citation: Liu, G.; Zhao, Y.; Li, Z.; Yu,

H.; Cao, C.; Meng, J.; Zhang, H.;

Zhao, C. Investigation of Spherical

Al2O3 Magnetic Abrasive Prepared

by Novel Method for Finishing of the

Inner Surface of Cobalt–Chromium

Alloy Cardiovascular Stents Tube.

Micromachines 2023, 14, 621.

https://doi.org/10.3390/

mi14030621

Academic Editor: Nikolaos

Tapoglou

Received: 29 January 2023

Revised: 3 March 2023

Accepted: 6 March 2023

Published: 8 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Article

Investigation of Spherical Al2O3 Magnetic Abrasive Prepared
by Novel Method for Finishing of the Inner Surface of
Cobalt–Chromium Alloy Cardiovascular Stents Tube
Guangxin Liu, Yugang Zhao *, Zhihao Li, Hanlin Yu, Chen Cao, Jianbing Meng , Haiyun Zhang *
and Chuang Zhao

School of Mechanical Engineering, Shandong University of Technology, Zibo 255049, China
* Correspondence: zygsdut@126.com (Y.Z.); zhy@sdut.edu.cn (H.Z.)

Abstract: In this investigation, spherical Al2O3 magnetic abrasive particles (MAPs) were used to
polish the inner surface of ultra-fine long cobalt–chromium alloy cardiovascular stent tubes. The
magnetic abrasives were prepared by combining plasma molten metal powder and hard abrasives,
and the magnetic abrasives prepared by this new method are characterized by high sphericity, narrow
particle size distribution range, long life, and good economic value. Firstly, the spherical Al2O3

magnetic abrasives were prepared by the new method; secondly, the polishing machine for the inner
surface of the ultra-fine long cardiovascular stent tubes was developed; finally, the influence laws of
spindle speed, magnetic pole speed, MAP filling quantities, the magnetic pole gap on the surface
roughness (Ra), and the removal thickness (RT) of tubes were investigated. The results showed that
the prepared Al2O3 magnetic abrasives were spherical in shape, and their superficial layer was tightly
bound with Al2O3 hard abrasives with sharp cutting; the use of spherical Al2O3 magnetic abrasives
could achieve the polishing of the inner surface of ultra-fine cobalt–chromium alloy cardiovascular
bracket tubes, and after processing, the inner surface roughness (Ra) of the tubes decreased from
0.337 µm to 0.09 µm and had an RT of 5.106 µm.

Keywords: spherical Al2O3 magnetic abrasive; cobalt–chromium alloy; cardiovascular stent tubes;
plasma molten metal powder; magnetic abrasive finishing

1. Introduction

Cardiovascular diseases (CVDs), the most prevalent diseases affecting human health,
cause more than 18 million deaths annually [1–3]. Cardiovascular stenting techniques have
become an important tool in the treatment of CVDs because of their unique immediate
patency and minimally invasive nature [4–6]. The cobalt–chromium (Co–Cr) alloy vascular
stent is a medical implant with good mechanical properties, high resistance to wear and tear,
and high biocompatibility that is safe and reliable and has obvious clinical benefits [7–9].
However, the production process of drawing produces defects such as pits and bumps on
the internal surface of cardiovascular stents, which bring high internal surface roughness
to the stent tubing, limiting the stable flow of blood, and the detachment of the defective
layer can also cause harm to the patient with the implant. Medical implants must have low
roughness and, therefore, require the polishing of cobalt–chromium alloy cardiovascular
stent tubing [10]. The inner wall of the tubing is polished and the defect layer is removed
at the same time. Currently, the polishing of the inner wall of vascular stent tubing is
mainly performed chemically [11–13]. However, the results of chemical polishing are
not satisfactory, with new defects such as pitting and bulging, due to difficulties in the
introduction of chemical reagents into ultra-slender vascular stent tubing and the difficulty
in controlling them [14]. After chemical polishing, these defects will continue to exist
in the processed vascular stent, which is extremely harmful to the majority of patients
undergoing vascular stenting procedures, causing blood disorders, vascular inflammation,
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and secondary blockage of blood vessels. At the same time, improper disposal of the waste
solution after chemical polishing can also cause environmental pollution, which is not in
line with the concept of green development.

Magnetic abrasive finishing (MAF), a process that employs the magnetic attraction
of a composite powder containing hard abrasives and ferromagnetic metals to polish
the surface of the workpiece, is adaptive and highly efficient [15,16]. MAF can not only
finish flat surfaces [17,18], internal and external cylindrical surfaces [19–21], and curved
surfaces [22,23], but also deburr a machined surface [24,25]. Currently, MAF has been
extensively studied in highly sophisticated industries such as healthcare, communication
technology, aerospace, and the military [26–32]. MAF has now been applied to polish
the inner walls of tubes [33–36]; however, few studies have emerged using magnetic
abrasives to polish the inner walls of ultra-fine cobalt–chromium alloy cardiovascular
stent tubes. This is due to the irregular shape of existing magnetic abrasives, which not
only makes loading into ultra-fine long cardiovascular stent tubing difficult, but also
makes the depth of cut of the machined surface inconsistent, limiting the improvement
of surface quality. At the same time, the low grinding life of existing magnetic abrasives
seriously affects the grinding and polishing efficiency, further limiting the application of
magnetic particle grinding in cardiovascular stent tubing polishing. The lack of processing
equipment specifically designed for defect removal and inner wall polishing of ultra-long
cardiovascular stent tubing is another factor limiting the application of MAF in ultra-
long vascular stent tubing polishing. Magnetic abrasives (MAPs), as key components
of MAF [15,16], are mainly prepared by the bonding method [37], mechanical mixing
method [38,39], atomization fast-setting method [40,41], in situ alloy hardening method [42],
hot press sintering method [43], plasma spraying method [44–46], and electroless plating
method [47]. The bonding method [37] uses a special binder, hard abrasive powder,
and iron matrix powder mixed in a certain ratio, and the prepared magnetic abrasive
is obtained after curing, crushing, and screening. The low cost and simple process are
the characteristics of this preparation method; however, the curing and crushing process
leads to irregularity of the prepared magnetic abrasives, which limits its introduction
into ultra-fine long cardiovascular support tubes. The addition of hard abrasives that are
easily dislodged significantly reduces the grinding life and greatly reduces the efficiency of
grinding and polishing the inner wall of the tubing. The mechanical mixing method [38,39],
a simple preparation method, results in a magnetic abrasive made by mixing a certain
percentage of lipid, hard abrasive powder, and ferromagnetic powder in proportion to each
other. Through this, method it is simpler to prepare magnetic abrasives, but in the grinding
and polishing process, the ferromagnetic powder and hard abrasives are easily decomposed
due to the joint action of centrifugal force and magnetic force, and the ideal polishing effect
cannot be achieved. The atomization rapid coagulation method [40,41] results in a magnetic
abrasive prepared by using aerosolized powder-making equipment combined with high-
speed spraying of hard abrasive, which is rapidly solidified by gas cooling (or water
cooling). The magnetic abrasives prepared by this method have outstanding features such
as high grinding capacity and long life. However, this method is based on the preparation
of powder by the atomization method, and the prepared magnetic abrasives have a normal
particle size distribution, which is consistent with the particle size distribution of metal
powders prepared by the atomization method [48]. The magnetic abrasives prepared by the
atomization fast coagulation method have less than half of the particle size in the effective
range, low yield, and serious material waste, and are not economical. The economic value
is low when using high-priced diamond or CBN powder as hard abrasives, which is not
in line with the green development concept. The in situ alloy hardening method [42] is a
magnetic abrasive preparation method that generates a hardened layer on the surface of
carbon-based iron powder through a chemical reaction. The magnetic abrasives prepared
by this method are spherical in shape, but no sharp cutting edge exists and the abrasive
performance is very low, which makes it difficult to remove and polish the defect layer
of ultra-long cardiovascular stent tubes. The hot-press sintering method [43] was used to
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produce magnetic abrasives by crushing a mixture of sintered iron matrix powder and
hard abrasives. The magnetic abrasives prepared by this method have the disadvantages
of difficult comminution and irregular shape, which make them difficult to introduce into
the interior of ultra-fine cobalt–chromium alloy cardiovascular stent tubing. The plasma
spraying method [44–46] was used to prepare regular spherical magnetic abrasives by using
high-temperature melting and spheroidization of the plasma torch. The hard abrasive phase
of the magnetic abrasives prepared by this method is severely passivated or even detached
due to high temperature, with low bond strength and greatly reduced grinding life. The
electroless composite plating method [48] is to add ferromagnetic powder and diamond
hard abrasive to the chemical solution, so that diamond abrasive grains and plated metal
are co-deposited on the ferromagnetic powder substrate to produce magnetic abrasives.
The magnetic abrasives prepared by this method have irregular morphology and low
abrasive performance. The magnetic abrasives prepared by the above-described magnetic
abrasive preparation methods all show limitations for finishing ultra-long cardiovascular
stent tubes.

The magnetic abrasives prepared by the combination method of plasma molten metal
powder and hard abrasives have the characteristics of high sphericity, controllable particle
size (the particle size of the prepared magnetic abrasives is controlled by adjusting the
particle size of the iron matrix in the raw material), long life, and good economic value. The
preparation method not only solves the problems of low bonding strength between metal
matrix and hard abrasive, short service life, and poor grinding performance, which cannot
be overcome in the traditional plasma fused magnetic abrasive preparation method, but
also solves the key technical problems of uneven particle size and low yield of magnetic
abrasive prepared by the traditional aerosolized magnetic abrasive method, and has the
advantages of both, reduces the preparation cost, and improves the preparation quality.
It is convenient to introduce ultra-fine and long cobalt–chromium alloy cardiovascular
stent tubing for processing, and solves the problem of processing tools used for polishing
the inner wall of ultra-fine and ultra-long cobalt–chromium alloy cardiovascular stent
tubing. In this study, an ultra-fine and ultra-long cardiovascular stent tubing inner wall
polishing machine was also developed to solve the problem of the lack of special processing
equipment for defect layer removal and magnetic particle grinding inner wall polishing of
ultra-fine and long cardiovascular stent tubing.

In the current work, we have investigated the removal of defective layers from the
inner walls of cardiovascular stents using magnetic particle finishing, and the magnetic
abrasives used were obtained by atomization [49,50]. As reviewed earlier, the disadvan-
tage of the atomization method when preparing magnetic abrasives from expensive hard
abrasives such as CBN and PCD is that there is serious waste, and the available grain
size does not exceed 50%. The new method for the preparation of magnetic abrasives
proposed in this paper has the characteristics of the atomization method, where hard
abrasives are firmly bonded to the iron substrate, and is also able to improve the particle
size distribution problem. The focus of this paper is the removal and polishing of defective
layers on the inner wall of cardiovascular stent tubing using the new method of magnetic
abrasive preparation.

2. Preparation Principle and Procedure of Al2O3 Magnetic Abrasive

The schematic diagram of the equipment for preparing spherical Al2O3 magnetic
abrasive by combining plasma molten metal powder and hard abrasive is shown in Figure 1.
The equipment consists of a plasma generator, drum wheel type precision powder mixing
device, abrasive spray tray, magnetic abrasive synthesis condensation chamber, gas station
and pipeline, power supply and air supply system, vacuum dust removal system, and
so on. The principle of preparing spherical Al2O3 magnetic abrasive is as follows: the
spherical iron matrix with particle size within a certain range (e.g., 106~120 µm) is mixed
with low-pressure inert gas through the drum wheel type precision powder mixer and
delivered to the stable plasma torch for heating, and the spherical iron matrix is heated to
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form micro-droplets moving down along the plasma torch; meanwhile, the Al2O3 hard
abrasive is mixed with high-pressure plasma torch through the drum wheel type precision
powder mixer. At the same time, Al2O3 hard abrasive is mixed with high-pressure inert
gas by the drum wheel type precision powder mixer feeder and accelerated by the Laval
type abrasive annular slit spray disc. The Al2O3 hard abrasive particles reach a very high
velocity and shoot into the falling metal micro-droplets like bullets, which only overcome
the surface tension of the metal droplets to enter the inside instead of breaking the metal
droplets, thus avoiding the generation of even smaller metal droplets and ensuring the
prepared magnetic abrasive with narrow particle size distribution range. Finally, the Al2O3
hard abrasive particles are bonded to the superficial layer of metal particles by rapid
condensation (condensation speed up to 105 K/s) to form a high-performance spherical
Al2O3 magnetic abrasive.
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Figure 1. Schematic diagram of combining plasma molten metal powder with sprayed
abrasive powder.

The steps of preparing Al2O3 spherical magnetic abrasive by combining plasma molten
metal powder and jet hard powder are as follows: make preparations before magnetic
abrasive preparation, place the raw materials in the drum and wheel precision powder
mixer, turn on the power of vacuum dust removal system for dust extraction, turn on
the power supply and water supply system for power supply, cooling water, and cooling
gas, and establish a stable plasma torch for magnetic abrasive preparation. After the
preparation, turn off the power supply and air supply system; when the temperature of the
abrasive collector is lowered to the same temperature as the room temperature, take off the
abrasive collector and obtain the magnetic abrasive, unbound metal powder, and Al2O3
hard abrasive after sieving, and store them in an airtight container after separation; finally,
turn off the power supply of the vacuum and dust removal system.

Table 1 shows the process parameters of the spherical Al2O3 magnetic abrasive pre-
pared by the combination of plasma molten metal powder and hard abrasives, Figure 2
shows the spray tray structure parameters diagram, and Figure 3 shows the SEM image
of the spherical Al2O3 magnetic abrasive prepared by the new method introduced in
this paper. From the figure, it can be seen that the spherical Al2O3 magnetic abrasive
prepared under the process parameters listed in Table 1 has the remarkable advantages
of spherical appearance, dense bonding of hard abrasives to the superficial layer of the
iron matrix, sharp and exposed cutting edges, and firm bonding, etc. These advantages
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indicate that the magnetic abrasive has a high grinding capacity. The above advantages of
the prepared Al2O3 magnetic abrasive are due to the high-speed flight of the Al2O3 hard
abrasive during the preparation of the magnetic abrasive, which does not pass through the
high-temperature region (over 2730°C high temperature region), and the very short heating
time, so that the cutting edge of the Al2O3 hard abrasive after the formation of the magnetic
abrasive is not blunted by the heat and maintains its original sharpness. The high-speed
Al2O3 hard abrasive only overcomes the surface tension of the metal microdroplets and
enters the inside of the microdroplets without breaking the metal microdroplets, thus
avoiding the formation of small-size magnetic abrasives and, thus, the size of the prepared
magnetic abrasives is effectively controlled.

Table 1. Preparation of raw materials and preparation parameters.

Raw Materials Preparation Parameters

Spherical ferromagnetic metal powder
(composition 99.9% Fe, particle size: 106~120
µm); alumina hard abrasive (d50 = 14 µm)

Ring seam nozzle (nozzle cone angle 65◦ , nozzle annular seam
diameter 3.5 mm, nozzle bore diameter 46 mm, inlet pressure of nozzle

0.5 MPa); distance between nozzle and plasma generator 70 mm;
I = 700 A, Ar = 1000 L/h, H2 = 200 L/h, iron powder 40 g/min, Al2O3

powder 240 g/min, equipment power 25.34 kW
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3. Experiment
3.1. Processing Equipment and Principles

Figure 4 shows the self-developed polishing machine for magnetic particle finishing
processing on the inner wall surface of ultra-slender vascular stent tubes, and the per-
formance parameters of this equipment are shown in Table 2. The polishing machine is
composed of a numerical control system developed based on the windows system and
a mechanical part, where the mechanical part includes a pedestal, synchronous belt, AC
servo motor, magnetic device, and other components. Figure 5 shows a principle diagram
of magnetic particle finishing on the inner wall of ultra-slender cardiovascular stent tubes.
The working principle of this polishing machine is that the servo motors at both ends of
the polishing machine drive the tube rotation, while the magnetic device, through the
magnetization of the internal magnetic abrasive to form a magnetic abrasive brush on
the inner wall of the tube, produces a small pressure, and the magnetic abrasive brush
inside the tube is attracted by the magnetic pole to perform reciprocal movement in the
process. In the process of movement, from the servo motors at both ends with the same
speed but opposite directions, the magnetic pole attracts the magnetic abrasices. In this
process, the tube rotation direction remains unchanged and the magnetic pole device moves
reciprocally, which makes the single grain hard abrasive form spatial spiral lines crossing
each other on the inner surface of the tube, and the defective layer on the inner wall of
the tube will be squeezed by the magnetic abrasive and micro removal, so as to remove
and polish the defective layer on the inner surface of the tube. The magnetic pole used
has a rectangular groove, and the direction is perpendicular to the tube to improve the
polishing efficiency.
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Figure 4. Ultra-slender cardiovascular stent tube inner wall magnetic particle finishing machine.

The steps of magnetic abrasive finishing of ultra-long cardiovascular support tubes
are: (1) fill the tube with magnetic abrasive and cutting fluid proportionally and seal both
ends; (2) clamp the tube through the precision chuck to ensure no loosening; (3) adjust
the tensioning device for tightening; (4) prepare the CNC program for polishing; (5) after
polishing is completed, remove the seal, rinse the tube with anhydrous ethanol, and then
air-dry and store in a dry place.
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Table 2. Equipment performance parameters.

Parameter Value

Spindle speed (rpm) ≤2000
Machining tube diameter (mm) 0.3–3

Machining tube length (mm) 100–2000
Magnetic pole speed (mm/min) ≤1000
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3.2. Force Analysis

As shown in Figure 6, a single magnetic abrasive is subjected to two forces inside the
cardiovascular support tube: Fx along the isomagnetic potential and Fy along the magnetic
force line, and their combined force is Fm, pointing towards the inner wall surface, where
Fm causes the magnetic abrasive to make a small indentation depth h against the inner
wall surface. The magnetic poles remain in a non-contact mode with the magnetic abrasive
inside the tube throughout the process.

Fx =

(
4πd3

3

)
χH

∂H
∂x

(1)

Fy =

(
4πd3

3

)
χH

∂H
∂y

(2)

where: χ—the magnetization rate of spherical Al2O3 magnetic abrasives;

Micromachines 2023, 14, x FOR PEER REVIEW 8 of 16 
 

 

3.2. Force Analysis 
As shown in Figure 6, a single magnetic abrasive is subjected to two forces inside the 

cardiovascular support tube: Fx along the isomagnetic potential and Fy along the magnetic 
force line, and their combined force is Fm, pointing towards the inner wall surface, where 
Fm causes the magnetic abrasive to make a small indentation depth h against the inner 
wall surface. The magnetic poles remain in a non-contact mode with the magnetic abra-
sive inside the tube throughout the process. 

 
Figure 6. Force diagram of a single magnetic abrasive in a cardiovascular stents tube. 

𝐹 4𝜋𝑑
3 𝜒𝐻 𝐻

𝑥  (1)

𝐹 4𝜋𝑑3 𝜒𝐻 𝐻
𝑦  (2)

where: χ—the magnetization rate of spherical Al2O3 magnetic abrasives; 
d—the diameter of the spherical Al2O3 magnetic abrasive (mm); 
H—the magnetic field strength at the location being processed (A/m); 



—the rate of change of the magnetic field along the direction of the magnetic lines 

of force; 



—the rate of change of the magnetic field along the magnetic isotope. 

3.3. Experimental Materials 
The ultra-slender cobalt–chromium alloy cardiovascular stent tube samples used for 

the test were produced by the drawing process, with lengths of 1.8–2.0 m, an outer diam-
eter of 1.8 mm, and an inner diameter of 1.6 mm, shown as Figure 7. The elemental content 
of the material is listed in Table 3, and the mechanical properties are listed in Table 4. 

Figure 6. Force diagram of a single magnetic abrasive in a cardiovascular stents tube.



Micromachines 2023, 14, 621 8 of 16

d—the diameter of the spherical Al2O3 magnetic abrasive (mm);
H—the magnetic field strength at the location being processed (A/m);
∂H
∂x —the rate of change of the magnetic field along the direction of the magnetic lines

of force;
∂H
∂y —the rate of change of the magnetic field along the magnetic isotope.

3.3. Experimental Materials

The ultra-slender cobalt–chromium alloy cardiovascular stent tube samples used for
the test were produced by the drawing process, with lengths of 1.8–2.0 m, an outer diameter
of 1.8 mm, and an inner diameter of 1.6 mm, shown as Figure 7. The elemental content of
the material is listed in Table 3, and the mechanical properties are listed in Table 4.
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Figure 7. Ultra-slender cobalt–chromium alloy cardiovascular stent tubes.

Table 3. Composition of Co–Cr cardiovascular stent tubes.

Element Co Cr W C Ni Mn O

w/% 47–49 19–20 11–12 ≤10 ≤9 ≤2 ≤2

Table 4. Mechanical properties of cobalt–chromium alloy cardiovascular stent tubes.

Performance
Indicators

Density
(g·cm3)

Modulus of
Elasticity

(GPa)

Tensile
Strength

(MPa)
Yield Strength Elongation

(%)

Value 9.2 243 820–1200 420–600 35–55

3.4. Finishing Experiments

The effects of spindle speed, magnetic pole speed, MAP filling quantities, magnetic
pole gap on the surface roughness (Ra), and removal thickness (RT) of the tube inner
wall were investigated. The effective length of each machined tube specimen was 0.5
m. The inside wall roughness (Ra) of the machined tube specimens was measured at 5
mm intervals for each process parameter using DSX1000 Digital Microscopes (OLYMPUS,
Tokyo, Japan). The sampling length L was 0.25 mm, and the evaluation length Ln was 5 L.
Five measurements were taken to eliminate measurement errors. The tube wall removal
thickness (RT) was measured by cutting, inlaying, polishing, and etching under DSX1000
Digital Microscopes, and each section was measured 5 times to eliminate measurement
errors, and the average value was calculated as the final value. The experimental parameters
shown as Table 5.
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Table 5. Experimental parameters.

Process Parameters Values

Finishing time (h) 4
Al2O3 MAP particle size (µm) 125~150

Cutting fluid VAnti-rust emulsified oil:VDeionized water = 1:20
Spindle speed (rpm) 100, 300, 500, 700, 900

Magnetic pole speed (mm/min) 50, 100, 150, 200, 250
MAP loading quantities (g) 0.05, 0.10, 0.15, 0.20, 0.25

Magnetic pole gap (mm) 0.5, 1.0, 1.5, 2.0, 2.5

4. Results and Discussions
4.1. The Effect of Spindle Speed on Ra and RT of Tube Inner Wall

The fixed process parameters are magnetic pole speed: 50 mm/min, MAP filling
quantities: 0.15 g, and magnetic pole gap: 0.5 mm. The effect of spindle speed on the Ra and
RT values of the inner wall of the tube is shown in Figure 8. In the experimental parameters,
the Ra value showed a decreasing trend when the spindle speed increased from 100 rpm
to 300 rpm, the lowest Ra value was 0.9 µm at 300 rpm, and the Ra value continued to
increase to 263 µm as the spindle speed increased beyond 300 rpm, which occurred at
900 rpm. This was due to the fact that once the spindle speed was not at the optimal speed,
the magnetic abrasive brush inside the tube was disturbed and the machining accuracy
was reduced. The highest value of RT for the inner wall was 5.186 µm at 100 rpm, which
tended to decrease as the spindle speed continued to increase. This is due to the fact that
the magnetic abrasive brush inside the tube is affected by the spindle speed, and the lower
the spindle speed is in the test range, the more stable the magnetic abrasive brush is, which
makes the material removal rate increase.
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4.2. The Effect of Magnetic Pole Speed on Ra and RT of Tube Inner Wall

The fixed process parameters are spindle speed: 300 rpm, MAP filling quantities:
0.15 g, and magnetic pole gap: 0.5 mm. Figure 9 is a graph of the effect of magnetic pole
speed on Ra and RT values. It can be seen that Ra and RT values show different trends with
increasing pole speed; Ra value increases with increasing magnetic pole speed, while RT
value decreases with increasing magnetic pole speed. The extreme values of both occur at a
magnetic pole speed of 50 mm/min. This is due to the fact that during machining, when
other process parameters are certain, the smaller the magnetic pole speed is, the denser the
“spacing” of the formed trajectory and the denser the trajectory lines on the unit machining
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area are, and the cumulative number of machining per unit machining surface increases,
thus improving the machining efficiency and machining accuracy. In contrast, the larger
the speed of magnetic pole movement, the larger the “spacing” of the formed trajectory is,
the sparser the trajectory lines per unit machining area are, and the cumulative number of
machining per unit machining area decreases, thus reducing the machining efficiency and
machining accuracy.
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4.3. The Effect of MAP Filling Quantities on Ra and RT of Tube Inner Wall

The fixed process parameters are spindle speed: 300 rpm, magnetic pole speed: 50 mm/min,
and magnetic pole gap: 0.5 mm. Figure 10 shows the graph of the effect of MAP loading quan-
tities on Ra and RT values of the tube inner wall. It can be seen from the graph that with the
increase in MAP filling quantities, the Ra value shows a trend of first a sharp decline, then a
slow rise, and then a decline. The lowest value of Ra corresponds to the MAP filling quantities
of 0.15 g. With the increase in MAP filling quantities of the inner wall, the RT value shows a
rising trend that is first sharp and then slow. The MAPs filling quantities of 0.25 g can reach the
maximum RT value of 5.2 µm. This is because when the MAP filling quantities in the tube are
too large, the thickness of the magnetic abrasive brush becomes large, so the elasticity of the
magnetic abrasive brush becomes poor, and MAPs can not flip the cycle, reducing the service life
and processing efficiency. When the MAPs filling quantities are small, only a magnetic abrasive
brush with low finishing efficiency can be formed, which does not have high finishing perfor-
mance, while the MAPs filling quantities being moderate results in high finishing performance.
The moderate MAP filling quantities have high processing performance, which can remove
the defective layer of the inner wall of the tube and polish effectively. From the experimental
results, it can be found that the right MAP filling quantities can reach high processing efficiency,
while too much MAP filling will cause waste and too little MAP filling will make the processing
efficiency lower.
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4.4. The Effect of Magnetic Pole Gap on Ra and RT of Tube Inner Wall

The fixed process parameters are spindle speed: 300 rpm, magnetic pole speed:
50 mm/min, and MAP filling quantities: 0.15 g. The effect of the magnetic pole gap
on the Ra and RT values of the inner wall of the tube is shown in Figure 11. It can be seen
from the figure that as the magnetic pole gap increases, the Ra value increases and the RT
value decreases. This is due to the fact that smaller pole distance has denser magnetic lines
of force and higher magnetic induction strength, which attracts magnetic abrasives more
strongly, resulting in harder magnetic abrasive brushes and higher cutting forces, leading
to reduced inner wall surface roughness and increased material removal. As the magnetic
pole distance continues to increase, the magnetic lines of force diverge and the stiffness of
the magnetic abrasive brush decreases, preventing effective material removal and surface
roughness reduction.
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Figure 12 shows the SEM images after a processing time of 4 h with spherical Al2O3
magnetic abrasive, where the magnetic abrasive filling is 0.15 g, the spindle speed is 300
r/min, the magnetic abrasive particle size range is 125~150 µm, and slotted magnetic poles
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are used. After processing with the above parameters, the surface roughness of the inner
wall of the tube was reduced from 0.337 µm to Ra = 0.09 µm. Figure 11 shows that the defect
layer on the inner wall of the tube was effectively removed after processing, defects such
as pits and bumps disappeared, and the surface became smooth. This indicates that the
spherical Al2O3 magnetic abrasive prepared by a new method combining plasma molten
metal powder and hard abrasives can remove the defects on the inner wall of cardiovascular
stent tubes due to the manufacturing process with excellent finishing effect.
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5. Conclusions

In this investigation, spherical Al2O3 magnetic abrasives were prepared by a combined
plasma molten metal powder and hard abrasives method, which has potential finishing
performance and is expected to overcome the problem of removing and polishing the defect
layer on the inner wall of ultra-slender cardiovascular stent tubing. The test results obtained
by grinding and polishing the inner surface of cobalt–chromium alloy cardiovascular stent
tubing with it led to the following conclusions.

(1) A new method, a combination of plasma molten metal powder and hard abra-
sives, was used to successfully prepare Al2O3 magnetic abrasives with high sphericity,
controllable particle size, long life and good economic value that are well suited for the
removal and polishing of defect layers on the inner surface of ultra-fine and ultra-long
cobalt–chromium alloy cardiovascular stents.
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(2) CNC processing equipment specifically applied to magnetic abrasives for removing
defect layers and polishing the inner wall of ultra-fine and long cardiovascular stent tubing
was developed.

(3) This paper uses spherical Al2O3 magnetic abrasive to finish the inner wall of ultra-
fine long cobalt–chromium alloy cardiovascular stent tubing, which can remove surface
defects such as bumps and pits generated during the production process.

(4) The effects of spindle speed, magnetic pole speed, MAP filling quantities, and
magnetic pole gap on the Ra and RT values of the tube inner wall surface were investigated
by single-factor testing, resulting in a reduction in surface roughness (RA) from 0.337 µm
to 0.09 µm and RT of 5.106 µm.

Author Contributions: The method was conceived by Y.Z., the experiments were designed by G.L.
and performed by Z.L., H.Y., C.C., J.M., H.Z. and C.Z. 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: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Qiu, H.; Tu, Q.; Gao, P.; Li, X.; Maitz, M.F.; Xiong, K.; Huang, N.; Yang, Z. Phenolic-amine chemistry mediated synergistic

modification with polyphenols and thrombin inhibitor for combating the thrombosis and inflammation of cardiovascular stents.
Biomaterials 2021, 269, 120626. [CrossRef]

2. Oikonomou, E.K.; Antoniades, C. The role of adipose tissue in cardiovascular health and disease. Nat. Rev. Cardiol. 2019, 16,
83–99. [CrossRef] [PubMed]

3. Zhao, D.; Ding, S.X.; Karimi, H.R.; Li, Y.; Wang, Y. On robust Kalman filter for two-dimensional uncertain linear discrete
time-varying systems: A least squares method. Automatica 2019, 99, 203–212. [CrossRef]

4. Yang, L.; Wu, H.; Lu, L.; He, Q.; Xi, B.; Yu, H.; Luo, R.; Wang, Y.; Zhang, X. A tailored extracellular matrix (ECM)—Mimetic
coating for cardiovascular stents by stepwise assembly of hyaluronic acid and recombinant human type III collagen. Biomaterials
2021, 276, 121055. [CrossRef] [PubMed]

5. Cockerill, I.; See, C.; Young, M.; Wang, Y.; Zhu, D. Designing better cardiovascular stent materials: A learning curve. Adv. Funct.
Mater. 2021, 31, 2005361. [CrossRef]

6. Lyu, N.; Du, Z.; Qiu, H.; Gao, P.; Yang, Z. Mimicking the nitric oxide-releasing and glycocalyx functions of endothelium on
vascular stent surfaces. Adv. Sci. 2020, 7, 2002330. [CrossRef]

7. Kapnisis, K.; Constantinides, G.; Georgiou, H.; Cristea, D.; Gabor, C.; Munteanu, D.; Brott, B.; Anderson, P.; Lemons, J.; Anayiotos,
A. Multi-scale mechanical investigation of stainless steel and cobalt–chromium stents. J. Mech. Behav. Biomed. Mater. 2014, 40,
240–251. [CrossRef]

8. O’Brien, B.; Zafar, H.; Ibrahim, A.; Zafar, J.; Sharif, F. Coronary Stent Materials and Coatings: A Technology and Performance
Update. Ann. Biomed. Eng. 2016, 44, 523–535. [CrossRef] [PubMed]

9. Hanawa, T. Materials for metallic stents. J. Artif. Organs 2009, 12, 73–79. [CrossRef]
10. Finazzi, V.; Demir, A.G.; Biffi, C.A.; Migliavacca, F.; Petrini, L.; Previtali, B. Design and functional testing of a novel balloon-

expandable cardiovascular stent in CoCr alloy produced by selective laser melting. J. Manuf. Process. 2020, 55, 161–173. [CrossRef]
11. Simka, W.; Kaczmarek, M.; Baron-Wiecheć, A.; Nawrat, G.; Marciniak, J.; Żak, J. Electropolishing and passivation of NiTi shape

memory alloy. Electrochimica. Acta 2010, 7, 2437–2441. [CrossRef]
12. Van Hooreweder, B.; Lietaert, K.; Neirinck, B.; Lippiatt, N.; Wevers, M. CoCr F75 scaffolds produced by additive manufacturing:

Influence of chemical etching on powder removal and mechanical performance. J. Mech. Behav. Biomed. Mater. 2017, 70, 60–67.
[CrossRef] [PubMed]

13. Zhao, H.; Humbeeck, J.V.; Sohier, J.; De Scheerder, I. Electrochemical polishing of 316L stainless steel slotted tube coronary stents.
J. Mater. Sci. Mater. Med. 2002, 13, 911–916. [CrossRef]

14. Yamaguchi, H.; Kang, J.; Hashimoto, F. Metastable austenitic stainless steel tool for magnetic abrasive finishing. CIRP Ann. 2011,
60, 339–342. [CrossRef]

http://doi.org/10.1016/j.biomaterials.2020.120626
http://doi.org/10.1038/s41569-018-0097-6
http://www.ncbi.nlm.nih.gov/pubmed/30287946
http://doi.org/10.1016/j.automatica.2018.10.029
http://doi.org/10.1016/j.biomaterials.2021.121055
http://www.ncbi.nlm.nih.gov/pubmed/34371447
http://doi.org/10.1002/adfm.202005361
http://doi.org/10.1002/advs.202002330
http://doi.org/10.1016/j.jmbbm.2014.09.010
http://doi.org/10.1007/s10439-015-1380-x
http://www.ncbi.nlm.nih.gov/pubmed/26139297
http://doi.org/10.1007/s10047-008-0456-x
http://doi.org/10.1016/j.jmapro.2020.03.060
http://doi.org/10.1016/j.electacta.2009.11.097
http://doi.org/10.1016/j.jmbbm.2017.03.017
http://www.ncbi.nlm.nih.gov/pubmed/28433243
http://doi.org/10.1023/A:1019831808503
http://doi.org/10.1016/j.cirp.2011.03.119


Micromachines 2023, 14, 621 14 of 16

15. Zhang, G.-X.; Zhao, Y.-G.; Zhao, D.-B.; Yin, F.S.; Zhao, Z.D. Preparation of white alumina spherical composite magnetic abrasive
by gas atomization and rapid solidification. Scr. Mater. 2011, 5, 416–419. [CrossRef]

16. Qian, C.; Fan, Z.; Tian, Y.; Liu, Y.; Han, J.; Wang, J. A review on magnetic abrasive finishing. Int. J. Adv. Manuf. Technol. 2021, 112,
619–634. [CrossRef]

17. Zou, Y.; Xie, H.; Dong, C.; Wu, J. Study on complex micro surface finishing of alumina ceramic by the magnetic abrasive finishing
process using alternating magnetic field. Int. J. Adv. Manuf. Technol. 2018, 97, 2193–2202. [CrossRef]

18. Fan, Z.; Tian, Y.; Liu, Z.; Shi, C.; Zhao, Y. Investigation of a novel finishing tool in magnetic field assisted finishing for titanium
alloy Ti-6Al-4V. J. Manuf. Process. 2019, 43, 74–82. [CrossRef]

19. Yun, H.; Han, B.; Chen, Y.; Liao, M. Internal finishing process of alumina ceramic tubes by ultrasonic-assisted magnetic abrasive
finishing. Int. J. Adv. Manuf. Technol. 2016, 85, 727–734. [CrossRef]

20. Zhang, J.; Hu, J.; Wang, H.; Kumar, A.S.; Chaudhari, A. A novel magnetically driven polishing technique for internal surface
finishing. Precis. Eng. 2018, 54, 222–232. [CrossRef]

21. Zhang, J.; Wang, H.; Kumar, A.S.; Jin, M. Experimental and theoretical study of internal finishing by a novel magnetically driven
polishing tool. Int. J. Mach. Tools Manuf. 2020, 153, 103552. [CrossRef]

22. 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]

23. Yamaguchi, H.; Srivastava, A.K.; Tan, M.A.; Riveros, R.E.; Hashimoto, F. Magnetic abrasive finishing of cutting tools for machining
of titanium alloys. CIRP Ann. 2012, 61, 311–314. [CrossRef]

24. Guo, J.; Liu, K.; Wang, Z.; Tnay, G.L. Magnetic field-assisted finishing of a mold insert with curved microstructures for injection
molding of microfluidic chips. Tribol. Int. 2017, 114, 306–314. [CrossRef]

25. Ko, S.; Baron, Y.M.; Park, J. Micro deburring for precision parts using magnetic abrasive finishing method. J. Mater. Process.
Technol. 2007, 187–188, 19–25. [CrossRef]

26. Singh, G.; Kumar, H.; Kansal, H.K.; Srivastava, A. Effects of Chemically assisted Magnetic Abrasive Finishing Process Parameters
on Material Removal of Inconel 625 tubes. Procedia Manuf. 2020, 48, 466–473. [CrossRef]

27. Kajal, S.; Jain, V.K.; Ramkumar, J.; Nagdeve, L. Experimental and theoretical investigations into internal magnetic abrasive
finishing of a revolver barrel. Int. J. Adv. Manuf. Tech. 2019, 100, 1106–1107. [CrossRef]

28. Singh, P.; Singh, L.; Singh, S. Manufacturing and performance analysis of mechanically alloyed magnetic abrasives for magneto
abrasive flow finishing. J. Manuf. Process. 2020, 50, 161–169. [CrossRef]

29. Guo, J.; Feng, W.; Jong, H.J.H.; Suzuki, H.; Kang, R. Finishing of rectangular microfeatures by localized vibration-assisted
magnetic abrasive polishing method. J. Manuf. Process. 2020, 49, 204–213. [CrossRef]

30. Wu, P.-Y.; Yamaguchi, H. Material Removal Mechanism of Additively Manufactured Components Finished using Magnetic
Abrasive Finishing. Procedia Manuf. 2018, 26, 394–402. [CrossRef]

31. Yao, C.; Zhang, W.; Li, K.; Xu, X.; Li, H. Study on the formation mechanism of the magnetic abrasive particle layer on the surface
of saw wire in magnetic induction-free abrasive wire sawing. Powder Technol. 2018, 327, 163–169. [CrossRef]

32. Singh, R.K.; Singh, D.; Gangwar, S. Advances in magnetic abrasive finishing for futuristic requirements—A review. Mater. Today
Proc. 2018, 5, 20455–20463. [CrossRef]

33. Yamaguchi, H.; Shinmura, T.; Sekine, M. Uniform internal finishing of SUS304 stainless steel bent tube using a magnetic abrasive
finishing process. J. Manuf. Sci. Eng. 2005, 127, 605–611. [CrossRef]

34. Wang, Y.; Hu, D. Study on the inner surface finishing of tubing by magnetic abrasive finishing. Int. J. Mach. Tools Manuf. 2005, 45,
43–49. [CrossRef]

35. Srivastava, A.; Kumar, H.; Singh, S. Investigations into internal surface finishing of titanium (Grade 2) tube with extended
magnetic tool. Sci. Direct Procedia Manuf. 2018, 26, 181–189. [CrossRef]

36. Ihara, I.; Nakano, E.; McLamore, E.; Schueller, J.K.; Toyoda, K.; Umetsu, K.; Yamaguchi, H. Cleanability of milk deposits on inner
stainless steel tubing surfaces prepared by magnetic abrasive finishing. Eng. Agric. Env. Food 2016, 10, 63–68. [CrossRef]

37. Ahn, B.W.; Lee, S.H. Run-to-run process control of magnetic abrasive finishing using bonded abrasive particles. Proc. Inst. Mech.
Eng. B J. Eng. Manuf. 2012, 226, 1963–1975. [CrossRef]

38. Chen, Y.; Song, Q.H.; Wang, X. Study on the characteristics of simply mixed the magnetic abrasive particles. Adv. Mater. Res. 2007,
24–25, 133–138. [CrossRef]

39. Fan, Z.; Tian, Y.; Zhou, Q.; Shi, C. Enhanced magnetic abrasive finishing of Ti–6Al–4V using shear thickening fluids additives.
Precis. Eng. 2020, 64, 300–306. [CrossRef]

40. Gao, Y.; Zhao, Y.; Zhang, G. Preparation of Al2O3 magnetic abrasives by gas-solid two-phase double-stage atomization and rapid
solidification. Mater. Lett. 2018, 215, 300–304. [CrossRef]

41. Gao, Y.; Zhao, Y.; Zhang, G.; Yin, F.; Zhao, G.; Guo, H. Preparation and characterization of spherical diamond magnetic abrasive
powder by atomization process. Diam. Relat. Mater. 2020, 102, 107658. [CrossRef]

42. Li, W.; Li, J.; Cheng, B.; Zhang, X.; Song, Q.; Wang, Y.; Zhang, T.; Seniuts, U.; Belotsrkovsky, M. Achieving in-situ alloy-hardening
core-shell structured carbonyl iron powders for magnetic abrasive finishing. Mater. Des. 2021, 212, 110198. [CrossRef]

43. Liao, G.B.; Zhang, M.M.; Li, Y.J.; Liu, Z.Q.; Chen, Y. Preparation of magnetic abrasive by sintering method finishing by sintering
method. Key Eng. Mater. 2011, 487, 273–277. [CrossRef]

http://doi.org/10.1016/j.scriptamat.2011.05.021
http://doi.org/10.1007/s00170-020-06363-x
http://doi.org/10.1007/s00170-018-2064-0
http://doi.org/10.1016/j.jmapro.2019.05.007
http://doi.org/10.1007/s00170-015-7927-z
http://doi.org/10.1016/j.precisioneng.2018.05.015
http://doi.org/10.1016/j.ijmachtools.2020.103552
http://doi.org/10.1016/j.jmatprotec.2019.116552
http://doi.org/10.1016/j.cirp.2012.03.066
http://doi.org/10.1016/j.triboint.2017.04.019
http://doi.org/10.1016/j.jmatprotec.2006.11.183
http://doi.org/10.1016/j.promfg.2020.05.070
http://doi.org/10.1007/s00170-017-1220-2
http://doi.org/10.1016/j.jmapro.2019.12.033
http://doi.org/10.1016/j.jmapro.2019.11.026
http://doi.org/10.1016/j.promfg.2018.07.047
http://doi.org/10.1016/j.powtec.2017.12.064
http://doi.org/10.1016/j.matpr.2018.06.422
http://doi.org/10.1115/1.1951786
http://doi.org/10.1016/j.ijmachtools.2004.06.014
http://doi.org/10.1016/j.promfg.2018.07.025
http://doi.org/10.1016/j.eaef.2016.10.001
http://doi.org/10.1177/0954405412462318
http://doi.org/10.4028/www.scientific.net/AMR.24-25.133
http://doi.org/10.1016/j.precisioneng.2020.05.001
http://doi.org/10.1016/j.matlet.2017.12.124
http://doi.org/10.1016/j.diamond.2019.107658
http://doi.org/10.1016/j.matdes.2021.110198
http://doi.org/10.4028/www.scientific.net/KEM.487.273


Micromachines 2023, 14, 621 15 of 16

44. Yamaguchi, H.; Hanada, K. Development of spherical magnetic abrasive made by plasma spray. J. Manuf. Sci. Eng. 2008, 130,
0311071–0311079. [CrossRef]

45. Hanada, K.; Yamaguchi, H.; Zhou, H. New spherical magnetic abrasives with carried diamond particles for internal finishing of
capillary tubes. Diam. Relat. Mater. 2008, 17, 1434–1437. [CrossRef]

46. Hanada, K.; Yamaguchi, H. Development of spherical iron-based composite powder with carried alumina abrasive grains by
plasma spray. Adv. Mater. Res. 2009, 75, 43–46. [CrossRef]

47. Yang, B.; Lu, W.; Feng, W.; Yang, X.; Zuo, D. Adsorption and deposition of micro diamond particles in preparing diamond
magnetic abrasives by electroless composite plating. Diam. Relat. Mater. 2017, 73, 137–142. [CrossRef]

48. Si, C.; Tang, X.; Zhang, X.; Wang, J.; Wu, W. Characteristics of 7055Al alloy powders manufactured by gas-solid two-phase
atomization: A comparison with gas atomization process. Mater. Des. 2017, 118, 66–74. [CrossRef]

49. Song, Z.; Zhao, Y.; Li, Z.; Cao, C.; Liu, G.; Liu, Q.; Zhang, X.; Dai, D.; Zheng, Z.; Zhao, C.; et al. Study on the Micro Removal
Process of Inner Surface of Cobalt Chromium Alloy Cardiovascular Stent Tubes. Micromachines 2022, 13, 1374. [CrossRef]

50. Deng, Y.; Zhao, Y.; Zhao, G.; Gao, Y.; Liu, G.; Wang, K. Study on magnetic abrasive finishing of the inner surface of Ni–Ti alloy
cardiovascular stents tube. Int. J. Adv. Manuf. Technol. 2022, 118, 2299–2309. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1115/1.2917353
http://doi.org/10.1016/j.diamond.2008.01.100
http://doi.org/10.4028/www.scientific.net/AMR.75.43
http://doi.org/10.1016/j.diamond.2016.08.015
http://doi.org/10.1016/j.matdes.2017.01.028
http://doi.org/10.3390/mi13091374
http://doi.org/10.1007/s00170-021-08074-3

	Introduction 
	Preparation Principle and Procedure of Al2O3 Magnetic Abrasive 
	Experiment 
	Processing Equipment and Principles 
	Force Analysis 
	Experimental Materials 
	Finishing Experiments 

	Results and Discussions 
	The Effect of Spindle Speed on Ra and RT of Tube Inner Wall 
	The Effect of Magnetic Pole Speed on Ra and RT of Tube Inner Wall 
	The Effect of MAP Filling Quantities on Ra and RT of Tube Inner Wall 
	The Effect of Magnetic Pole Gap on Ra and RT of Tube Inner Wall 

	Conclusions 
	References

