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Abstract: This paper proposes a novel magnetic abrasive finishing (MAF) process that uses an
auxiliary magnetic machining tool for the internal surface finishing of a thick-walled tube. The
auxiliary magnetic machining tool and external poles form a closed magnetic field circuit. Thus,
a stronger magnetic force can be generated during the process. In the current study, we focus
on analyzing the distribution of the magnetic field and magnetic flux density and investigating
the finishing characteristics of a mixed magnetic abrasive finishing process and speed of relative
revolutions. Based on the finishing characteristics, we also conduct a stage-by-stage finishing process
by changing the combinations of the mixed magnetic abrasive finishing process. The finishing quality
of the internal surface was mainly evaluated by the measured roundness and surface roughness. The
experimental results show that the roundness and surface roughness Ra are affected when the total
amount of WA abrasive and iron powder is too much; a better surface roughness could be obtained
when the difference in the speed of relative revolutions is considerable, but the roundness is the
worst. Furthermore, the original roundness measurement of 270 pm can reach 10 pm, and the surface
roughness Ra can increase from an original surface roughness of 4.1 pm to reach 10 nm after 105 min
of the stage-by-stage finishing process.

Keywords: magnetic abrasive finishing; magnetic machining tool; thick-walled tube; roundness;
surface roughness

1. Introduction

With the development of industrial manufacturing technology, certain thick-walled
tubes are widely used in industrial production, such as the transportation of high-purity
biomedical liquid, engineering, energy storing, food manufacturing, and many other fields.
For the internal surface of welded stainless-steel tubes with a great surface roughness, the
bacterium, dirt, or liquid easily remain in the tiny gaps or pits of the internal surface, and
they are cleaned in different ways. This seriously affects the purity of the stored liquid and
the safety of food or biomedical manufacturing [1-3]. The accumulated dirt may also cause
corrosion, cracks, and even lead to leakage or explosions. Furthermore, the internal wall
surface with slight unevenness can cause local stress concentrations when the liquid passes
through the tube. Thus, the internal surface accuracy of tubes in container and piping
systems is in increasing demand to prevent the deposition and residue of pollutants.

Since the magnetic field has penetrating characteristics, the MAF process can be used
to not only finish the outer surface of the workpiece, but also its inner surface [4-7]. Shin-
mura and Yamaguchi firstly proposed using MAF technology for the internal surface
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finishing process of a stainless-steel tube in 1995, and the experimental results implied that
MATF technology was able to achieve uniform internal surface finishing process for tube
workpieces [8]. Subsequently, they also used MAF technology to engage in related research
on the internal surface finishing process of some special-shaped tubes and microtubes [9,10].
Although the MAF process was proven to be effective for finishing the internal surface of
tubes, the problem of the insufficient finishing pressure causing low finishing efficiency
was found by some analyses and experiments [11-13]. In order to solve this problem, some
researchers engaged in optimizing the finishing parameters and improving the finishing
technique. Zhang et al. proposed a new method of increasing the finishing pressure by
using the “pressuring bag” in the finishing system [14]. Yamaguchi et al. suggested using a
multiple pole-tip system with a high speed (up to 30,000 min~!); the experimental results
proved that finishing efficiency can be improved by this method [15,16]. Furthermore,
Muhamad et al. developed a compound polishing method of the EMAF process from the
perspective of changing the finishing characteristics of workpiece materials; the experimen-
tal results showed that both the quality of the internal surface and the finishing efficiency
can be improved, and the finishing efficiency can be improved by more than 80% [17-19].

In addition to MAF technology, there are many other machining methods for the
internal surface [20]. Wang et al. proposed the ion beam figuring method for polishing
the synchrotron X-ray mirror; the results showed that 1.1 nm in RMS of the residual form
error was obtained on the clear aperture with the size of 5 mm x 50 mm [21]. Wang et al.
developed multi-jet polishing for polishing the freeform surfaces, which, when compared
to single fluid jet polishing, can obtain a higher material removal rate. Additionally, this
polishing method can achieve ultra-precision polishing with nanometer/sub-nanometer
scale surface roughness and high form accuracy [22]. Boschetto et al. conducted the exper-
imental investigation on the barrel finishing process of a selective laser-melted Ti6Al4V.
The surface roughness of the Ti6Al4V was reduced from 3 pm to 0.3 pm after 48 h of the
barrel finishing process. Furthermore, the radius of some sharp edge was smoothed, but
the initial radius increased from 93.7 um to 847.2 um [23].

In this study, we focus on researching the machining mechanism and investigating the
polishing parameters in order to improve the inner surface accuracy of a workpiece and
machining efficiency, as compared to the traditional MAF process. An auxiliary magnetic
machining tool is used to form an “N-5-N-5” closed magnetic field circuit with the external
poles. Compared with the traditional MAF process, since the magnetic resistance is lowered
in the closed magnetic field circuit, the magnetic force can be improved considerably. Hence,
the magnetic-assisted machining method is more suitable for finishing the internal surface
of a thick-walled tube. Considering the service life of magnetic abrasive particles, they
are changed after each finishing stage (15 min). Moreover, the change in the roundness
and surface roughness Ra are evaluated by a roundness meter (Roncom 40C) and a contact
surface roughness meter (SE-2300) after each finishing stage.

2. Methods and Experimental Procedure
2.1. Machining Principle

The machining principle of the traditional magnetic abrasive finishing process for
a thin-walled tube workpiece is shown in Figure 1a. Since the polishing pressure was
generated by the magnetic field force of external poles, the mixed magnetic abrasive was
attracted to the internal surface of the tube. When the external poles and tube workpiece
performed a relative rotary motion, a relative friction was produced between the magnetic
abrasive particle and internal surface of the tube. Hence, the precision finishing of the
internal surface could be achieved. If the size of the magnetic abrasive particle is increased,
the polishing pressure can also be increased. Although the material removal efficiency can
be improved when the polishing pressure increases, the surface roughness is difficult to
lower. Therefore, the polishing pressure of a traditional magnetic abrasive finishing process
is obviously insufficient for the internal surface finishing process of a thick-walled tube.
In this study, an auxiliary magnetic machining tool was stuffed in the thick-walled tube
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and turned with the external magnetic pole, as shown in Figure 1b. The auxiliary magnetic
machining tool and external poles formed an “N-5-N-5” closed magnetic field circuit, so
the strength of the magnetic field’s force was stronger than that of the traditional magnetic
abrasive finishing process. The mixed magnetic abrasive was located between the internal
surface of the tube and auxiliary magnetic machining tool. Thus, the efficient precision
finishing process of the internal surface could be realized.

Rotatior

Yoke

Mixed magnetic abrasive machining to

External poles

’ Magnetic closed circti

(a) (b)

Figure 1. (a) Machining principle of traditional magnetic abrasive finishing process for the thin-
walled tube workpiece; (b) machining principle of magnetic abrasive finishing process with an
auxiliary magnetic machining tool for the tube workpiece.

2.2. Experimental Setup and Auxiliary Magnetic Machining Tool

The three-dimensional diagram of the equipment and the external view of the ex-
perimental setup are, respectively, shown in Figure 2a,b. There are two motors in this
equipment. Motor I drives the chuck to perform a rotational movement through coupling
with a flexible shaft. The tube workpiece is fixed by the threesjaw chuck to perform a
synchronous rotational movement. The rotational units of the magnetic poles are composed
of four ferrite magnets (50 x 35 x 26 mm) and located on the outside of the tube workpiece.
They are arranged in the type of “N-5-S-N” and fixed on the yoke. In this way, two pairs of
“N-5” closed magnetic field circuit form around the “tube wall” of the workpieces. Motor
II controls the rotational direction and speed of the external magnetic poles. The rotating
device of the magnetic poles reciprocates along the axis of the tube workpiece through a
pair of position switches. The mixed magnetic abrasive injected into the tube follows with
the movement of the external magnetic poles to create friction on the internal surface of
the tube workpiece. Hence, the internal surface finishing of the tube workpiece can be
achieved. Since the mixed magnetic abrasive presents a slurry, a foam is used to plug one
end of the workpiece to prevent the mixed magnetic abrasive from leaking.

Based on the above-mentioned experimental setup, an auxiliary magnetic machining
tool was designed and stuffed into the tube workpiece. The strength of the magnetic
field can be improved in a closed magnetic field circuit. Figure 3a,b show the design and
external view of the auxiliary magnetic machining tool. The auxiliary magnetic machining
tool is composed of a pair of N-S permanent magnets, which are two Nd-Fe-B 380/80
(the minimum of coercivity was approximately 677 kA /m) permanent magnets with the
measurements of 24 x 24 x 12 mm. The two Nd-Fe-B permanent magnets stick to a
magnetic material yoke (S5400). The auxiliary magnetic machining tool looks similar to
a stone with the magnetism from the outward appearance; thus, it is called a “magnetic
stone”. Additionally, in order to prevent the edge of the auxiliary magnetic machining tool
from directly hitting the internal surface of the tube workpiece, the magnetic stone was
evenly wrapped with a thin layer of non-woven fabric (WA#3000). The non-woven fabric
is not only used for polishing, but it also retains the mixed magnetic abrasive particles to
adsorb on the surface of the magnetic machining tool.
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Figure 2. Three-dimensional model and external view of experimental setup. (a) Three-dimensional

model of experimental setup; (b) physical photo of experimental setup.
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Epoxy putty

Yoke

(a) Design of auxiliary magnetic machining tool

Mixed magnetic abrasive Polyester cloth

10 mm
—

(b) Photo of auxiliary magnetic machining tool
Figure 3. Design and external view of auxiliary magnetic machining tool.

2.3. Experimental Conditions

This study focused on investigating the different combinations of the mixed magnetic
abrasive, the relative rotation speed of the tube workpiece and the external magnetic
poles, and the multi-stage processing in the case of high-speed rotations. The detailed
experimental conditions are shown in Tables 1-3. The workpiece was an SUS304 stainless-
steel welded tube with a 5 mm wall thickness and 200 mm in length. The initial surface was
created by a pickling process. The working gap between the internal and external magnets
was 9 mm, and the working gap between the internal magnets and internal surface of the
workpiece was 1 mm. The feeding speed of the external poles was set to 1280 mm /min; the
finishing length of the workpiece was limited to 90 mm through a pair of position switches.
The finishing time was selected as 120 min for experiments I and II. In order to investigate
the effect of the amount of mixed magnetic abrasive on the finishing characteristics, we
planned 3 kinds of combinations, as shown in Table 1. We also considered 3 kinds of
combinations of relative rotation speed, as shown in Table 2, in order to investigate the
influence of the relative rotation speed of the tube workpiece and the external magnetic
poles on the finishing characteristics. The equivalent cutting speeds were, respectively, 48,
52, and 147 min ™.

Table 1. Experimental conditions of experiment I.

Workpiece

SUS304 stainless-steel welded tube @89 x ©79.1 x 200 mm

Auxiliary magnetic
machining tool

Magnetic material: Nd-Fe-B; type: NdFeB380/80
Yoke: SS400 steel

Molding material: polymer

Working gap

Between the internal and external magnets: 9 mm

Between the internal magnets and internal surface of workpiece: 1 mm

Between the external magnets and external surface of workpiece: 3 mm
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Table 1. Cont.

Rotation speed of workpiece

180 min~!

Rotation speed of external poles

131 min~!

Feeding speed of external poles

1280 mm/min

Finishing length

90 mm

Combinations of mixed
magnetic abrasive

Combination I: 20 g (1680 um electrolytic iron powder) and 20 mL (7.5 wt% #400WA slurry)

Combination II: 30 g (1680 pum electrolytic iron powder) and 20 mL (7.5 wt% #400WA slurry)

Combination III: 30 g (1680 um electrolytic iron powder) and 30 mL (7.5 wt% #400WA slurry)

Finishing time

8 X 15 min

Table 2. Experimental conditions of experiment II.

Workpiece

SUS304 stainless-steel welded tube @89 x ©@79.1 x 200 mm

Magnetic particles

Electrolytic icon particles, 1680 um, 20 g

Abrasives slurry

#400WA slurry 7.5 wt%, 20 mL

Combinations of workpiece and

Combination I: 180 min~—?! (workpiece) and 132 min—! (external pole)

Combination II: 129 min~! (workpiece) and 181 min~! (external pole)

external pole revolutions

Combination III: 82 min 1 (workpiece) and 229 min~! (external pole)

Table 3. Experimental conditions of experimental III.

Workpiece SUS304 stainless-steel welded tube @90 x @80 x 200 mm
Rotation speed of workpiece 240 min~!
Rotation speed of external poles 300 min~!

Stage I: 30 g (1680 pm electrolytic iron powder) and 20 mL (#400WA slurry)

Combination of mixed magnetic
abrasive in different
finishing stages

Stage II: 20 g (330 um electrolytic iron powder) and 20 mL (#1000WA slurry)
Stage III: 20 g (75 pm electrolytic iron powder) and 20 mL (#4000WA slurry)

Stage IV: 20 g (30 um electrolytic iron powder) and 20 mL (1~2 um diamond particles)

Stage I: 2 x 15 min

Stage II: 2 x 15 min

Finishing time .
Stage III: 2 x 15 min

Stage IV: 1 x 15 min

3. Results
3.1. Effect of the Amount of Mixed Magnetic Abrasive on the Roundness and Surface Roughness

Figure 4 shows the change in roundness of the internal surface in the three different
combinations of mixed magnetic abrasive after 120 min of the MAF process. After each
finishing stage, the change in roundness of the internal surface was measured by a round-
ness meter, as shown in Figure 4b. From the experimental results, it can be confirmed
that the change in roundness of the internal surface in the conditions of combinations I
and II are similar and better than the roundness of the internal surface in the condition of
combination III. Additionally, it was also found that the change in roundness of the internal
surface was steady after 60 min of finishing. The profile morphologies of the roundness
in different combinations after 120 min of the MAF process are shown in Figure 4a. The
profile morphology of the internal surface in the condition of combination I was the best.
Thus, the optimal combination of the mixed magnetic abrasive was considered as 20 g of
1680 pum electrolytic iron powder and 20 mL of 7.5 wt% #400WA slurry for the roundness
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of the internal surface. Since the ability of the magnetic field to adsorb mixed magnetic
abrasive is limited, excessive mixed magnetic abrasive will cause the abrasive particles
to squeeze each other, so that the finishing efficiency is reduced. Furthermore, the reason
for the roundness being almost unchanged was that the #400WA abrasive and roundness
reached a balance when the finishing time exceeded 60 min.
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Figure 4. Change in roundness of internal surface in different combinations of mixed magnetic
abrasive after 120 min of the MAF process. (a) Profile morphologies of the roundness after 120 min of
MAF process; (b) change in roundness of internal surface after each finishing stage.

The change in surface roughness Ra and material removal M in the three different
combinations of the mixed magnetic abrasive are shown in Figure 5. From the experimental
results, as shown in Figure 5b, it can be observed that the surface roughness Ra in the
conditions of combinations I and III are similar, and that they are better than the surface
roughness Ra of the internal surface in the condition of combination II. The material
removal increased with the increase in the amount of mixed magnetic abrasive. In addition,
it was also found that the rate of change in surface roughness Ra of the internal surface
was significantly slowed down after 60 min of finishing. The profile morphologies of the
internal surface in different combinations after 120 min of the MAF process are shown in
Figure 5a. The profile morphology of the internal surface in the condition of combination
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I was the best. Therefore, the optimal combination of the mixed magnetic abrasive was
considered as 20 g of 1680 um electrolytic iron powder and 20 mL of 7.5 wt% #400WA
slurry for the surface roughness Ra. Since the size of the magnetic abrasive particles and the
surface roughness reached a balance, the change in surface roughness Ra was not obvious

after 60 min of finishing.
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Figure 5. Change in surface roughness Ra and material removal M in different combinations of mixed
magnetic abrasive after 120 min of MAF process. (a) Profile morphologies of the internal surface
roughness after 120 min of MAF process; (b) change in surface roughness Ra and material removal M

after each finishing stage.

3.2. Effect of the Relative Rotation Speed of the Tube Workpiece and the External Magnetic Poles on
the Roundness and Surface Roughness

The change in roundness of the internal surface in the three different combinations
of workpiece and external pole revolutions after 120 min of the MAF process are de-
scribed in Figure 6. From the experimental results, as shown in Figure 6b, it can be
observed that the roundness in the condition of combination I is better than that in the other
two combinations (I and III). The profile morphology of the roundness after 120 min of the
MATF process is optimal in the condition of combination I, as can be observed in Figure 6a.
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This is because the auxiliary magnetic machining tool produces a high centrifugal force
with a high-speed rotation of external poles. The best roundness for the internal surface
can be obtained at a high rotation speed of the external poles.
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Figure 6. Change in roundness of internal surface in different combinations of workpiece and
external pole revolutions after 120 min of MAF process. (a) Profile morphologies of the roundness
after 120 min of MAF process; (b) change in roundness of internal surface after each finishing stage.

Figure 7 shows the change in surface roughness Ra and material removal M in the
three different combinations of the workpiece and external poles revolutions after 120 min
of the MAF process. Figure 7b reveals that the surface roughness Ra in the condition of
combination II is slightly better than that in the other two combinations (I and III). The
greatest material removal M was also obtained in the condition of combination II. The
optimal profile morphology of the internal surface was considered in the condition of
combination II, as can be observed in Figure 7a. A large centrifugal force was generated
with a high-speed rotation of external poles. On the other hand, a high polishing efficiency
can be realized from the considerable speed difference between the rotations of the external
poles and the workpiece. However, the extremely high speed of the external poles or
very-high speed difference between the rotations of the external poles and the workpiece



Machines 2022, 10, 529

10 of 19

easily causes the internal poles to overturn in the tube. Hence, a better surface roughness
of the internal surface was easily obtained in the condition of combination II.
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Figure 7. Change in surface roughness Ra and material removal M in different combinations of
workpiece and external pole revolutions after 120 min of MAF process. (a) Profile morphologies of
the internal surface roughness after 120 min of MAF process; (b) change in surface roughness Ra and

material removal M after each finishing stage.

3.3. Multi-Stage MAF Processes in the Case of High-Speed Rotations

Based on the above-mentioned two experimental investigations, we performed this
experiment in multiple stages in the case of a high-speed rotation. Compared with the
previous experiments, the rotation speeds of the workpiece and external poles were, respec-
tively, raised to 240 and 300 min~!. According to the degree of change in roundness and
surface roughness Ra, we also adjusted the particles sizes of the mixed magnetic abrasive
during the different finishing stages. The first three finishing stages were executed 2 times,
and each finishing stage lasted 15 min. The last finishing stage was only executed once.
The total finishing time was 105 min. Moreover, we chose a workpiece with a smaller weld
seam to replace the previous workpiece.

Based on the influence of the size of the magnetic abrasive particles on the surface
roughness, the multi-stage MAF process was performed by continuously adjusting the
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size of the magnetic abrasive particles. The profile morphologies and change in roundness
of the internal surface after each finishing stage are respectively shown in Figure 8a,b.
Compared with the above-mentioned two experimental results, it was found that the
roundness of the internal surface was significantly improved at a high-speed rotation, and
the roundness reached 66 um after the first two finishing stages (30 min). This was because
a larger centripetal force was generated in the case of the high-speed rotation. On the other
hand, the roundness of the internal surface continued to be improved further by reducing
the size of the abrasive particles from the third finishing stage (45 min). The roundness
reached 22 pm by using 20 g of 330 pm electrolytic iron powder mixed with 20 mL of
#1000WA slurry after the fourth finishing stage (60 min), and the roundness reached 11 pm
by using 20 g of 75 pm electrolytic iron powder mixed with 20 mL of #4000WA slurry
after the sixth finishing stage (90 min). Hence, it was considered that the used abrasive
particle sizes matched the roundness in different finishing stages. Finally, the roundness
reached 10 pm by using 20 g of 30 um electrolytic iron powder mixed with 20 mL of 1~2 um
diamond particles after the last finishing stage (105 min). The change in the roundness

almost reached the limit until the last finishing stages.
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Figure 8. Change in roundness of internal surface in a multi-stage process in the case of high-speed
rotation after 105 min of MAF process. (a) Profile morphologies of the roundness after each finishing
stage; (b) change in roundness of internal surface after each finishing stage.

The change in surface roughness Ra and material removal M in the case of high-speed
rotations after 105 min of the multi-stage MAF process are shown in Figure 9a,b. Compared
with the above-mentioned two experimental results, it was regarded that the surface
roughness of the internal surface Ra drastically declined to 0.35 um at a high-speed rotation
after the first two finishing stages. Subsequently, the surface roughness Ra continued
to decrease to 0.17 um when the size of the abrasive particles decreased after the fourth
finishing stage. However, the change in surface roughness Ra was very limited when the
size of the abrasive particles was reduced further. The surface roughness Ra can reach
10 nm by using 20 g of 75 um electrolytic iron powder mixed with 20 mL of #4000WA slurry
after the last finishing stages. On the other hand, the material removal M was significant in
the first four finishing stages, and the material removal rate tended to decrease when the
size of the abrasive particles decreased further during the last three finishing stages. Thus,
the high-speed rotation and adjusting the size of the abrasive particles in a multi-stage
process played a vital role in attaining both a better surface roughness and roundness.

The non-contact 3D morphology of the unfinished and finished internal surfaces are
shown in Figure 10a. The original morphology with a lot of initial texture lines can be
clearly observed on the internal surface of the tube workpiece before finishing. Compared
with the original morphology of internal surface, it was recognized that the protruding
part of the original internal surface was almost removed after the MAF process. Although
the individual points remain higher or lower after the MAF process, the morphology of
the finished internal surface can be considered as uniform. Furthermore, from the physical
photos of the internal surface before and after 105 min of finishing, as shown in Figure 10b,
it was confirmed that not only can the weld bead be removed, but mirror-finishing can also
be achieved by using the MAF process.
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Figure 9. Change in surface roughness Ra and material removal M in a multi-stage process in the
case of high-speed rotation after 105 min of MAF process. (a) Profile morphologies of the internal
surface roughness after 105 min of MAF process; (b) change in surface roughness Ra and material

removal M after each finishing stage.
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Figure 10. Comparison of the internal surface before and after finishing. (a) Non-contact 3D morphol-
ogy of unfinished and finished internal surfaces; (b) physical photos of the internal surface before

and after finishing (“#§% 1 L” means “Precision Machining”).
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4. Discussion

During the MAF process, it was assumed that the internal surface profile of the
workpiece was uniform and the initial surface roughness was assumed to be Rag. The
mixed magnetic abrasive reciprocated motion along the axis of the workpiece under the
action of the magnetic field force. The ratio of the peak-to-valley roughness Ray and the
arithmetic average roughness Ra in the scratch direction were constant. Assumed Rai was
the surface roughness of the internal surface, which was obtained after the i-th finishing.
According to the parameter of the mixed magnetic abrasive used during each finishing
stage, the calculation model of the change in surface roughness is described by Formula (1):

i i1 L RE|dy  2y/t(dg— 1) \/7(% )
R, =R} 7le R2 | 4 sin 7. t(dg —t) > 1)

In Formula (1), “N” is the number of abrasive particles that act on the unit area, “I;” is
the finishing length, “Ry,” is the radius of the mixed magnetic abrasive slurry, “R¢” is the
inner diameter of the tube workpiece, “d,” is the diameter of the abrasive particle, and “t”
is the depth of material removal. From Formula (1), it can be observed that the material
removal depth should be greater when the inner surface of the tube workpiece is rough.
Moreover, the diameter of the abrasive particle should correspond to the current surface
roughness. In order to obtain a high-precision inner surface, it is necessary to adjust the
size of the abrasive particle diameter in time with the change in the surface roughness of
the workpiece.

In the MAF process, the finishing force in X, Y, Z directions and synthetic forces can be
calculated by Formulas (2)-(5).

Fy = KD3xuoH(9H /dx) )
Fy = KD?xpuo(9H /dy) €)
E, = KD3xugH(0H /9z) (4)
F2=F2+F?+F? ©)

where “K” is the correction coefficient, “D” is the diameter of the magnetic abrasive particle,
“x" is the susceptibility of the magnetic abrasive particle, “y1(” is the permeability of space,
“H” is the intensity of the magnetic field, and dH/dx and 0H/dy are, respectively, the
gradients of the magnetic field intensity in the x and y directions. From Formulas (2)—(5),
it is considered that the intensity of magnetic field “H” is the main factor that affects the

finishing force. The intensity of magnetic field “H” can be calculated by Equation (6):

H=B/u (6)
where “B” is the magnetic flux density and “u” is the magnetic permeability of the medium.
The intensity of magnetic field “H” is proportional to magnetic flux density “B”. The
nephogram graph of the magnetic flux density and the distribution map of magnetic field
lines in the traditional MAF process and the MAF process with an auxiliary magnetic
machining tool were analyzed by Ansys Maxwell software and shown in Figures 11 and 12.
The maximum element size of the mesh was set to 0.5 mm. The magnetic flux density
(approximately 0.54 T) near the internal surface of the tube wall in the MAF process
with an auxiliary magnetic machining tool was greater than that (approximately 0.16 T)
in the traditional MAF process. Additionally, a relatively strong magnetic flux density
was generated on the end face of the magnetic pole perpendicular to the direction of
the workpiece. From Figure 12, it can be observed that the aggregation effect of the
magnetic force lines is obvious near the internal surface of the tube wall when using an
auxiliary magnetic machining tool inside the tube workpiece. From the comparison, it
was regarded that the magnetic machining force in the MAF process with an auxiliary
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Figure 11. Nephogram graph of magnetic flux density for the traditional MAF and MAF with
additional magnetic tool. (a) Nephogram graph of the magnetic flux density for MAF with additional
magnetic tool; (b) Nephogram graph of magnetic flux density for the traditional MAF.
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Figure 12. Distribution map of magnetic field lines for the traditional MAF and MAF with additional
magnetic tool. (Left) Distribution map of magnetic field lines for MAF with additional magnetic tool;
(Right) Distribution map of magnetic field lines for the traditional MAF.

Finally, the comparisons of roundness and surface roughness in the traditional MAF
process and MAF process with an auxiliary magnetic machining tool are shown in Figure 13.
It can be observed that the roundness of the internal surface following the MAF process
with an auxiliary magnetic machining tool is better than that after the traditional MAF
process, as shown in Figure 13a. In addition, it can also be observed that the surface
roughness Ra following the MAF process with an auxiliary magnetic machining tool is less
than that following the traditional MAF process; the material removal in the MAF process
with an auxiliary magnetic machining tool is 2.4 times greater than that in the traditional
MATF process, as can be observed in Figure 13b.
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Figure 13. Comparison of the finishing surface quality in two different finishing methods. (a) Change
in roundness of internal surface in two different finishing methods; (b) change in surface roughness

Ra and material removal M in two different finishing methods.

5. Conclusions

This paper proposed a novel MAF process that is magnetic abrasive finishing with
an auxiliary magnetic machining tool for the internal surface finishing of a thick-walled
tube. The effect of some of the main finishing parameters on the finishing characteristics
was investigated in this study. The main conclusions are summarized as follows:

1.  The proposed method of magnetic abrasive finishing with an auxiliary magnetic
machining tool successfully achieved the internal surface finishing of the thick-walled
tube. Additionally, the auxiliary magnetic machining tool was designed and applied
in the experiments of the MAF process to improve the strength of magnetic field force.
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2. A better internal surface quality was easily obtained in the case of a high-speed
rotation. Since the auxiliary magnetic machining tool produced a large centripetal
force with a high-speed rotation in a closed magnetic field circuit, the roundness and
surface roughness could be improved.

3. On the other hand, the size of the abrasive particles should match the surface quality
workpiece. Hence, the final experiment was performed by adjusting the size of the
abrasive particles in a multi-stage process to obtain better internal surface quality.

4. Compared with the traditional MAF process, the roundness and the surface roughness
were improved by using an auxiliary magnetic machining tool. Furthermore, the
roundness reached 10 um from an original roundness value of 270 pm, and the surface
roughness reached 10 nm from an original roughness value of 4.1 um in a multi-stage
process in the case of high-speed rotation after 105 min of the MAF process.

5. The nephogram graph of the magnetic flux density and the distribution map of the
magnetic field lines in the traditional MAF process and MAF process with an auxiliary
magnetic machining tool were analyzed by Ansys Maxwell software. The comparison
results reveal that a greater magnetic flux density and a better aggregation effect of
the magnetic force lines are generated in a closed magnetic field circuit.
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