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ABSTRACT: This study employed rotating magnetic fields and ultrasonic vibrations as an effective
solution to overcome the limitations associated with the magnetorheological abrasive flow finishing
(MRAFF) process. To this end, first, an industrial prototype of the MRAFF setup was designed and
fabricated. After preparing the magnetorheological polishing (MRP) fluid, a rotating magnetic field
was applied, and subsequently, ultrasonic vibrations were applied to the workpiece in a direction

perpendicular to the fluid flow. In order to evaluate the efficiency of the proposed technique, the effect

of processing time on three indices, i.e., surface roughness rate, finishing rate, and material removal rate,  Keywords:

in alum?num all_oy 2024 tubes was 1nvest1.gated. The results indicated .that durlng tl_le first 10 minutes _of Rotating Magnetic Field
processing, besides a decrease observed in the surface roughness ratio, the finishing rate and material .
. . . . . . Ultrasonic Vibrations
removal rate also increased; however, due to the destructive effects of abrasive particles, the continuation

. . . . Surface Roughness Ratio
of the process caused a re-increase in the surface roughness. Microscopic images not only confirmed

these findings but also indicated that under optimal conditions, in addition to creating a uniform surface, ~Finishing Rate
the proposed technique reduced the roughness of the inner surface of the tubes by 98%. As a result, this Material Removal Rate

method offers a promising prospect as an efficient solution for finishing and deburring inner surfaces,

especially in longer tubes.

1- Introduction

Abrasive flow machining (AFM) was developed in the
1960s by Extrude Hon for the deburring of phantom jet
parts [1]. The AFM process is an advanced process based on
flowing abrasive viscoelastic media over a workpiece under
pressure for chipping and surface finishing [2] and [3]. Today,
this technology is widely used in the medical industry (knee
prostheses) [4], acrospace (engine blades) [5], automotive
industry (injector nozzles) [6], and surface modification of
3D printed parts [7]. Many advantages of AFM have been
reported [8]. Nonetheless, the low material removal rate
and lack of control over particle movement are its main
limitations, which have led to the development of hybrid
techniques, such as combining it with ultrasonic vibrations
and using a magnetic field.

A review of the literature shows that there are scattered
studies at the national level on the separate application
of magnetic fields [9], and the simultanecous combination
of rotating magnetic fields and ultrasonic vibrations in the
magnetorheological abrasive flow finishing (MRAFF)
process has so far been neglected in the research at the
national level. Even in international studies, this issue has
been addressed in a limited and unsystematic manner [10].
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The present research systematically studies the interaction
between these two factors and their synergistic effect on the
finishing efficiency of aluminum alloy 2024 tubes.

2- Materials and methods

The MRAFF process, using magnetic fields and
ultrasonic vibrations, consists of five main parts, including
the abrasive flow finishing (AFF) device, permanent magnet
rotation mechanism, ultrasonic vibration system, workpiece
fixture, and the magnetorheological polishing (MRP) fluid, a
schematic of which is presented in Fig. 1.

To make the MRP fluid in this study, iron particles with an
average grain size of 100 microns (26.6% by volume), 180-
grit Silicon Carbide (SiC) abrasive (13.4% by volume), and a
paraffin oil-containing viscoplastic carrier (48% by volume)
and the RENOLIT MP grease (12% by volume) were used.

In this study, aluminum alloy 2024 tubes with an inner
diameter of 12 mm, an outer diameter of 18 mm, and a length
of 180 mm were used as workpieces. The material removal
rate was calculated by measuring the difference in mass of
the samples using a digital scale with an accuracy of 0.01 mg.
The surface roughness was also measured at five different
points perpendicular to the machining flow direction using a
MarSurf PS 10 roughness tester.
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Fig. 1. Principles of the MRAFF process assisted by a
rotating magnetic field and ultrasonic vibrations.
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3- Results and discussion
3- 1- The effect of processing time on output parameters

Fig. 2 (a-b) shows the effect of the processing time of
the suggested process on the surface roughness ratio and
the finishing rate. The figure clearly shows that initially,
due to the large number of abrasive particles colliding with
the surface roughness peaks, the processing is remarkably
effective, leading to a rapid reduction in the surface roughness
ratio (to 0.054 in the first 5 minutes) and an increase in the
finishing rate (to 0.06). This process reaches its peak between
5 and 10 minutes, resulting in the maximum reduction in
roughness (up to 0.09) and the highest increase in finishing
rate (up to 0.083). However, after 10 minutes, with the surface
roughness removed, the process efficiency decreases and the
trend reverses; so that by 15 minutes, the surface roughness
increases up to 0.044 and the finish rate decreases down to
0.054, indicating a decline in surface quality.

As shown in Fig. 2-c, as the processing time of the
suggested process increases, the material removal rate
increases significantly. This increase is attributable to the
combined motion of the abrasive particles, which undergo
a helical motion (caused by the reciprocating flow of the
MRP fluid and the rotation of the magnets) and a sinusoidal
motion (due to the vibration of the workpiece). This motion
combination causes the particles to collide with surface
irregularities at a certain angle. As time increases, the
number of these collisions increases, and the vibration of
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Fig. 2. Effect of processing time of the proposed process on (a) surface roughness ratio, (b)
finishing rate (um/min), and (c) material removal rate (mg/min).
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Fig. 3. Actual images and SEM images of the surface

morphology of the samples: (a) a 2024 aluminum alloy

sample, (b and d) after initial machining, and (c and e)
after the proposed process.

the workpiece also increases the depth of penetration of the
particles by applying a radial force. After 5 minutes, the
removal rate reaches its maximum at that stage (2.33 mg/
min), because the maximum surface roughness is provided.
As the surface becomes more uniform at 10 minutes, the rate
reaches 3.4 mg/min, but by 15 minutes, this value increases
to 6.26, indicating a positive effect of increasing time on the
penetration depth of particles and an increase in the total
shear force due to extrusion pressure, rotation of magnets,
and ultrasonic vibrations.

3-2- Comparison of surface morphology before and after
finishing

Comparing actual images (Figs. 3-b and 3-c) shows that
the initial surface features significant roughness after manual
reaming and drilling to the extent that the surrounding
environment has a blurred reflection; however, after polishing
through the proposed process, a smooth and uniform surface
is obtained that provides a clear reflection of the surrounding
environment. The scanning electron microscopy (SEM)
images (Figs. 3-d and 3-e) also confirm that the initial
operation caused defects, such as grooves and scratches, and
increased the surface roughness to 1.2783 pm; however, the
suggested process completely eliminated these defects and
reduced the roughness to 0.0255um.

4- Conclusion

The findings show that the highest improvement
in surface quality occurs within the first 10 minutes of
processing, reducing the surface roughness ratio down

to 0.09 and increasing the finishing rate up to 0.083. The
material removal rate improves to 6.26 mg/min at 15 minutes.
Microscopic images confirm a 98% reduction in roughness
and the creation of a uniform surface.
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5. Ultrasonic assisted abrasive flow machining (UAAFM)
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1. Abrasive flow machining (AFM)
2. Extrude Hone

3. Phantom jets

4. Media
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7. Magnetorheological polishing (MRP)

8. Ultrasonic assisted-rotational magnetorheological abrasive
flow finishing (UA-RMRAFF)

9. Ultrasonic-assisted magnetic abrasive flow machining
(UAMAFM)

10. Rotational abrasive flow machining (RAFM)
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1. Rotary ultrasonic-assisted abrasive flow finishing (RUA-
AFF)

2. Magneto abrasive flow machining (MAFM)

3. Magnetorheological abrasive flow finishing (MRAFF)

4. Magnetorheological finishing (MRF)

5. Carbonyl iron particles (CIPs)

6. Rotational-magnetorheological abrasive flow finishing (R-
MRAFF)
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4. Silicon carbide (SiC)

5. Hom

6. Axial force (F))

7. Axial velocity (V)

8. Tangential cutting force (F)
9. Tangential cutting velocity (V)
10. Radial force (F)

11. Workpiece velocity (V)
12. Resultant velocity (V)

13. Resultant force (F )

14. Angle of a
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2. Optical microscope
3. Scanning electron microscopy (SEM)
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Fig. 1. Principles of the magnetorheological abrasive flow finishing process assisted by a rotating magnetic field

and ultrasonic vibrations: a) overall schematic of the process, b) schematic of the finishing zone, c) forces and

velocity components applied to the abrasive particle in the finishing zone, d) free-body diagram of the forces

and velocities acting on the abrasive particle, e) optical microscope of the finished surface texture, and f) micro-
scopic image of the finished surface texture.
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4. Gap sensor

5. PU-05x1pc

6. AEC-5505

7. Oscilloscope

8. MPS-3005L-3

9. Abrasive flow finishing (AFF)

10. Variable frequency drive (VFD)

11. Neodymium-Iron-Boron (Nd-Fe-B)
12.N52

13. KRF1500
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Fig. 2. Arrangement of the ultrasonic vibrations system in the magnetorheological abrasive flow finishing pro-

cess: a) assembly of transducer components including piezoelectric ceramic rings and backing, b) fabricated

ultrasonic horn, c¢) assembly of ultrasonic horn and transducer, and d) assembly of the ultrasonic system to
apply vibrations to the workpiece.
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Fig. 3. Vibration amplitude measurement equipment in the magnetorheological abrasive flow finishing
process assisted by a rotating magnetic field and ultrasonic vibrations.
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Fig. 4. (a and b) Actual view of the magnetorheological abrasive flow finishing apparatus and method assisted
by a rotating magnetic field and ultrasonic vibrations ((1) Hydraulic power unit, (2) Three-phase motor with
hydraulic pump, (3) Extrusion pressure gauge, (4) Extrusion pressure adjustment screw, (5) Lower hydraulic
cylinder, (6) Lower microswitch, (7) Lower holding plate, (8) Lower magnetorheological polishing fluid cylinder,
(9) Upper magnetorheological polishing fluid cylinder, (10) Upper microswitch, (11) Upper hydraulic cylinder,
(12) Upper holding plate, (13) Moving arm mechanism, (14) Device control panel, (15) Three-phase motor, (16)
Wheel and chain, (17) Variable frequency drive, (18) Upper workpiece fixture, (19) Workpiece, (20) Workpiece
holder, (21) Magnet rotation mechanism, (22) Magnet, (23) Lower workpiece fixture, (24) Lower fixture, (25) Up-
per fixture, (26) Horn, (27) Transducer, (28) Piezoceramic ring, and (29) Ultrasonic power supply.)
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Fig. 5. Magnetorheological polishing fluid fabrication method in the magnetorheological abrasive flow fin-
ishing process assisted by a rotating magnetic field and ultrasonic vibrations.
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Table 2. Mechanical properties of 2024 aluminum alloy Table 1. Chemical composition of 2024 aluminum alloy
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Fig. 6. Actual images of a number of 2024 aluminum alloy tubes samples.
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Fig. 7. Effect of processing time of magnetorheological abrasive flow finishing process assisted by a rotat-
ing magnetic field and ultrasonic vibrations on (a) surface roughness ratio and (b) finishing rate (um/min).
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Fig. 8. Microscopic images of the surface morphology of the samples: (a) before processing and (b- d) after
processing at different times: (b) 5 min, (¢) 10 min, and (d) 15 min.
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Fig. 9. Effect of processing time of magnetorheological abrasive flow finishing process assisted by a rotating
magnetic field and ultrasonic vibrations on the material removal rate (mg/min).
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Fig. 10. Actual images and microscopic images of the surface morphology of the samples: (a) a 2024 aluminum

alloy sample, (b and d) after drilling and manual reaming with an average surface roughness of 1.2783 pm, and

(c and e) after the magnetorheological abrasive flow finishing process assisted by a rotating magnetic field and

ultrasonic vibrations with an average surface roughness of 0.0255 pm under experimental conditions (extrusion

pressure of 2 MPa, magnets' rotational speed of 100 rpm, ultrasonic vibration amplitude of 10 pm, and a process-
ing time of 10 min).
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