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A B S T R A C T

Components with complex internal surfaces are increasingly important for gas and fluid flow applications in
aerospace and automotive industries. Recently, as an emerging manufacturing technology, three-dimensional
(3D) additive manufacturing (AM) technology enables one-step fabrication of these complex internal surfaces.
Although 3D AM technology eliminates the need for complex assembly process, due to the poor surface and
sub-surface integrity, achieving a favourable surface condition is challenging. Therefore, a post-polishing process
is essential for these 3D AM complex internal surfaces. This paper presents a novel rotating-vibrating magnetic
abrasive polishing method to finish a kind of complex internal surface which has a double-layered tube structure
made by selective laser melting (SLM) of Inconel 718. The principle of the method was illustrated and the ma-
terial removal process was modelled. The feasibility of the method was verified and the surface evolution mech-
anism under different motions was revealed. The effects of process parameters on material removal and surface
quality were evaluated quantitatively. The results showed that material was uniformly removed from both of the
external surface of inner tube and internal surface of outer tube. The uneven surface caused by partially melt
powders during SLM process was smoothed and the surface roughness was reduced from about 7 µm Ra to less
than 1 µm Ra. Relatively higher material removal efficiency and lower surface roughness were obtained through
combining rotation and vibration motions. The surface quality was improved representing by the increase of
surface nanohardness and release of residual stress after polishing. There was no subsurface deformation and
damage observed so that a damage-free surface was obtained.

1. Introduction

The requirements of components with complex internal surfaces are
increasing for gas and fluid flow applications in aerospace and automo-
tive industries. Reviews of abrasive processes by Tan et al. (2016) and
Hashimoto et al. (2016) highlighted some of the applications such as
turbine spray nozzles, hydraulic manifolds and cooling channels which
have complex internal surface with curved feature, narrow portion and
fluctuating volume. Concerning mechanical properties and functional-
ity such as high-temperature strength and high resistance of corrosion,
these components are usually made of Inconel alloys. However, due to
the extreme toughness and work hardening characteristics, it is signifi-
cantly difficult in machining Inconel alloys especially for those having

complex structures. In summaries given by Ezugwu (2005) and Thakur
and Gangopadhyay (2016), the numerous research in machining of In-
conel alloys spanning a decade is a testament to its poor machinability
and also great industrial demand. As described by Rahman et al. (1997),
incorrect cutting conditions can cause severe effects on tool life of an
insert when machining Inconel 718. Dudzinski et al. (2004) explained
the technical and environmental challenge in coolant use and proposed
a high-speed dry machining method.

A solution to overcome the difficulty is the utilisation of three-di-
mensional (3D) metal additive manufacturing (AM) technology. As an
emerging manufacturing technology, 3D metal AM technology becomes
an essential commercial manufacturing technology and enables a myr-
iad of geometric features such as porous cores, shell as well as inter-
nal structures considered challenging prior to its inception. Reviews

⁎ Corresponding author at: Key Laboratory for Precision and Non-traditional Machining Technology of Ministry of Education, Dalian University of Technology, Dalian 116024, China.
Email address: guojiang3302@gmail.com (J. Guo)

https://doi.org/10.1016/j.jmatprotec.2018.09.024
Received 21 April 2018; Received in revised form 19 September 2018; Accepted 19 September 2018
Available online xxx
0924-0136/ © 2018.



UN
CO

RR
EC

TE
D

PR
OO

F

J. Guo et al. Journal of Materials Processing Tech. xxx (2018) xxx-xxx

Fig. 1. Schematic illustration of the method. (a) whole view and (b) cross-sectional views.

Fig. 2. Schematic illustration of the media location at equilibrium. (a) small amount of media and (b) large amount of media.

on metal AM by Gibson et al. (2010), Guo and Leu (2013) and Frazier
(2014) have all highlighted the one-step fabrication of complex internal
surfaces as a key advantage. Although 3D metal AM technology elimi-
nates the necessity for complex assembly process, due to the poor sur-
face and sub-surface integrity represented by rough surface finish and
defective layers, achieving an industrially applicable surface condition
is challenging. Strano et al. (2013) reported that the surface roughness
of Inconel 718 components fabricated by selective laser melting (SLM)
process is more than 7 µm Ra which is attributed to partially melted
powder layers and inherent pores of the SLM process, and the poor sur-
face roughness is not satisfactory for certain applications in aerospace
and automotive industries. Therefore, a post-polishing process is essen-
tial for these 3D AM complex internal surfaces to achieve high quality
internal surface finish.

For internal surface finishing, in general, there are major five kinds
of established finishing processes which are internal cylindrical grind-
ing, abrasive flow machining (AFM), fluid jet machining (FJM), mag-
netic abrasive finishing (MAF) and fluidized bed machining (FBM),
three of which are reviewed by Tan et al. (2016). Internal cylindrical
grinding, as a conventional technology, has been widely used in in-
dustry for many years, but it is limited to straight internal structures
with relatively large diameters considering tool size and coolant sup-
ply. AFM is one of the most prominent process for finishing inacces-
sible surfaces with a wide range of materials. In AFM, the pressurized
semi-solid-laden media with hard abrasive particles is forced to flow in a
restricted area and abrade the target surface in repeated cycles. The fin-
ishing pressure depends on the fluid dynamics of the media. However,
it is limited to some geometries such as blind holes. It is also difficult
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Fig. 3. Schematic illustration of the i-th element of media in the equilibrium state. (a) overview and (b) three-dimensional view of the i-th element.

Fig. 4. Schematic illustration of media element position during linear vibration. (a) initial state, (b) first half cycle, (c, d) motion under stable condition.

Fig. 5. Schematic illustration of the media location at equilibrium for (a) Modes 1 and 2, and (b) Mode 3.

to achieve uniform material removal on channels with varied geome-
tries or features. Furthermore, Jain et al. (1999) and Tan et al. (2016)
have reported contamination issues arising from abrasive particles em-
bedding onto the workpiece surface, and removed materials mixing into
the abrasives. FJM pumps abrasives towards target surfaces through
an adjustable nozzle at certain pressures to remove materials,

and it has been widely used in mold, ceramics and optics finishing.
Axinte et al. (2014) presented a review of the state-of-the-art, while
Beaucamp et al. (2012), Beaucamp and Namba (2013) conducted dy-
namic multiphase modelling of FJM and demonstrated super-smooth
finishing of diamond turned hard X-ray molding dies using FJM. Kim et
al. (1997) developed a magnetic abrasive jet machining system for pre

3
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Fig. 6. (a) Design and as-printed sample of double-layered tube structure fabricated by
SLM of Inconel 718 and (b) samples used in experiments with 50 mm and 100 mm in
length.

cision internal polishing of circular tubes. Cheung et al. (2017) pre-
sented a multi-jet polishing process for inner surfaces finishing through
adopting a rod-shaped nozzle. Compared with AFM, it has the unique
advantages of high machining accuracy and flexibility, undergoes no
contamination issues, but it is still limited to deep and bind holes with
narrow gaps. MAF is a precision non-traditional finishing process that

the finishing is controlled by magnetic field. In MAF, the media is
pressed against the surface by magnetic force and is dragged along the
surface for finishing. Magnetic abrasive particles acting on a workpiece
are influenced by magnetic poles, thus forming a flexible magnetic abra-
sive brush. However, as emphasised by Jain (2009), Hashimoto et al.
(2016) and Tan et al. (2016), MAF’s biggest limitation is the restric-
tion of the materials that can be processed. FBM is a recently developed
non-traditional finishing process utilizing fluidized bed hydrodynamics.
Fluidized bed is formed when a bed of solid abrasive particles is con-
trolled under fluid flow and material is removed by the flow of an abra-
sive solid emulsion over the internal surface. Due to the fluid-like be-
haviour, internal surfaces are achievable and can be finished, as demon-
strated by Barletta (2006). The limitation of FBM is the existance of de-
bris remaining on the machined surfaces. Tan et al. (2016) indicated the
embedding of abrasive splinters onto the machined surfaces for soft and
ductile workpieces such as aluminium and polyvinyl chloride (PVC).
Furthermore, in FBM, Barletta (2006) showed that surface improvement
on the internal surface is significantly less than the external surface. For
fluidized bed assisted abrasive jet machining (FB-AJM), Barletta et al.
(2007), Barletta (2009) further concluded that the integration of abra-
sive jet principles results in the incapability on bent internal surface fin-
ishing.

As mentioned above, each process has its limitations. Compared
with the other two technologies, MAF does not require complex facil-
ities, making it easier to be realized, and more reliable and applica-
ble to industry. In the past years, some research work such as those
by Singh et al. (2005) and Jain (2009) have been done to understand
the MAF process behaviour and surface pattern generation. Shinmura
et al. (1990) and Shinmura and Yamaguchi (1995) firstly presented a
new finishing process and through modification demonstrated its feasi-
bility on finishing of stainless steel tube and clean gas bomb. Kim and
Choi (1996) analysed magnetic pole arrangement and pole number vari-
ations. Kang and Yamaguchi (2012) developed a multiple pole tip sys-
tem to increase the finishing area, thus efficiency. Besides, Yoon et al.
(2014) proposed a few possible pole arrangements which vary from a

Fig. 7. (a) Whole view of the experimental setup, (b) detailed view of magnets and (c) abrasive behaviour under rotation motion.

4



UN
CO

RR
EC

TE
D

PR
OO

F

J. Guo et al. Journal of Materials Processing Tech. xxx (2018) xxx-xxx

Table 1
Experimental conditions.

Abrasives
SS430 cut-wire (0.3 mm mean diameter)
SiC (40 µm/80 µm mean diameter)

Rotation speed 10, 30, 50, 100 rpm
Linear vibration 2.5 bar (17.5 Hz & 16 mm)

3 bar (18.5 Hz & 17 mm)
3.5 bar (19 Hz & 18 mm)

Feed rate 200 mm/min.
Reciprocating distance 10 mm

conventional single north (N)-south (S) pole system. Additionally,
Yamaguchi et al. (2011) explored and demonstrated MAF’s capability
to finish the internal surfaces on the tubes of various sizes and mate-
rials. However, to date, research efforts are mainly focused on internal
finishing of one-layer tube structure, there is still no solution for inter-
nal finishing of double-layered tube structure. Recently, Frazier (2014)
and Flynn et al. (2016) have proposed hybrid manufacturing through

combining 3D printing and machining technologies such as milling and
grinding. Although this technology shows potential to fabricate dou-
ble-layered tube structure, it is still very challenging when the gap be-
tween the tubes is less than a few hundred micrometres.

To solve the problem, in this paper, a new rotating-vibrating mag-
netic abrasive polishing method is proposed to finish a kind of complex
internal surface which has a double-layered tube structure fabricated by
selective laser melt (SLM) Inconel 718. The critical challenge of this re-
search issue is to access and improve the internal surface finish of the
tubes while maintaining the forms of inner and outer tubes. This paper
introduces the principle and material removal process of the method,
details of sample preparation, experimental setup and conditions. Then
followed by the magnetic field distribution analysis, experiments were
carried out to verify the feasibility of the method, evaluate the effects
of process parameters on surface quality and material removal, and val-
idate the material removal model. Conclusions were obtained on inter-
relations between surface/subsurface quality and process parameters.

Fig. 8. Simulation results of magnetic field distribution analysis for double-layered tube structure (a) without magnetic abrasives and (b) with magnetic abrasives. A relatively uniform
magnetic flux density was obtained on both of the inner and outer surfaces.

5
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Fig. 9. Pictures of (a) 3D AM double-layered tube structure and (b) workpiece after polishing.

Fig. 10. Surface roughness graphs of (a) as-print surface, and the polished (b) inner and
(c) outer surfaces in axial direction.

2. Methodology

2.1. Principle of the method

Fig. 1(a) shows the schematic illustration of the method for inter-
nal finishing of double-layered tube structure. The set-up consists of a
pair of magnets located externally to the workpiece as well as a dia-
metrically magnetised cylindrical magnet located at the centre of the
workpiece, along the axial direction. The magnetic abrasives were sup-
plied to the gap between the outer and inner tubes. From the cross-sec-
tional views (Fig. 1(b)), due to the magnetic field, the magnetic abra-
sives conglomerate according to magnetic flux lines and are attracted to-
wards to the external surface of inner tube and internal surface of outer
tube, forming a flexible magnetic abrasive brush. The source of mag

netic field can be an electromagnet or permanent magnet, and the size
and grade of the magnets can be adjusted to fit the dimension of work-
piece. The magnetic forces acting on the magnetic abrasives exert pol-
ishing forces on the internal surfaces. Under the polishing forces, the
cutting edges of hard abrasive particles abrade the workpiece surface.
Then subsequent rotation of workpiece and linear vibration of magnets
induces relative motion between the abrasive particles and workpiece,
causing materials to be removed by magnetic abrasives in the form of
fine abrasion. Therefore, the surfaces between the outer and inner tubes
can be polished.

2.2. Process modelling

In order to establish and quantify the relationship between material
removal and process parameters, a process model is imperative. The ob-
jective in this section is to obtain a practical and simplified model that
quantifies the relationship between the material removal and process
parameters such as rotation speed, linear vibration amplitude, linear vi-
bration frequency, magnetic field strength and amount of magnetic me-
dia applied. To that end, the approach adopted in this work is to con-
sider the process kinematics at a macroscale. Microscale interactions be-
tween abrasive particles and target surface are not considered.

In the model, there are two kinds of motion, which are the rotation
and linear vibration. Each motion can be applied independently. There
are therefore three modes of motion, termed as Mode 1 (rotation plus
linear vibration), Mode 2 (rotation only) and Mode 3 (linear vibration
only). Process model below will first address Modes 1 and 2, both of
which include a rotation component. Workpiece rotation causes mater-
ial removal to be distributed over the entire circumference. Mode 3 re-
quires a separate treatment, as all material removal is concentrated to
the same area.

2.2.1. Model for Modes 1 and 2
Based on observation in preliminary trial, when workpiece rota-

tion is applied, the location of media is in an equilibrium during the
process (Fig. 2). The equilibrium is due to balance between frictional
and magnetic forces. The location of the media can be described as
being bounded by the angles θ1 and θ2, which are dependent on the
amount of media applied during the process and also the specific geom-
etry of the magnetic poles. Derivation of general equations to quantify
θ1 and θ2 is not of interest in this work.

As the mechanical process, the material removal for the process
obeys Preston’s equation (Preston, 1927):

(1)
where d is material removal depth, P is pressure, v is relative velocity
between abrasive and target surface, t is process time, and k is a con-
stant that embodies other unknown factors such as material and abra-
sive properties. To obtain the material removal depth for the process,
the media in equilibrium state is divided into n equal elements. Fig. 3
shows the i-th element.
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Fig. 11. Material removal graphs of (a) external surface of the inner tube and (b) internal surface of outer tube.

Fig. 12. Microscope view of transition from as print surface to polished surface.

Fig. 13. Spatial frequency spectrums of (a) as-print and (b) polished surfaces.

The i-th element exerts a force of Fout,i on an area of rout ∙ ∂θ ∙ wmedia
on the outer diameter, where wmedia is the thickness of media element.
The relative velocity between this element and outer surface is attrib-
uted to rotation, linear vibration, or both. The two components are or-
thogonal and can be taken to be independent of one another. The rela-
tive velocity attributed to rotation is given by:

(2)
where ω is the angular velocity of the workpiece. The relative velocity
attributed to linear vibration is derived from a magnet vibrating at am-
plitude a and frequency f. The average velocity of the magnet is thus
2 ∙ f ∙ a. However, the average velocity of the media element will be
smaller, as it does not track the magnet motion perfectly. Fig. 4 illus-
trates an approximation of the range of motion for the media element,
which is dependent on magnet geometry.

The average relative velocity between the media element and work-
piece is therefore:

(3)

By considering the pressure and relative velocity above, the depth of
material removal of one element on the outer ring is given by the equa-
tion:

(4)

where krot and klinear are the material removal efficiency for rotation and
linear vibration respectively, and is to consider the distribution of
material removal over the whole circumference. Vrot and Vlinear are not
two separate removal phenomenon, but rather two velocity components
of the sinusoidal motion. Modelling of Fout,i is non-trivial. In this work,
it is taken to be proportional to the average magnetic flux density, Bout,i,
and the contact area. Eq. (4) therefore become:

(5)
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Fig. 14. Optical microscopy of surface morphologies of (a) as-printed, and polished by (b) rotation motion, (c) vibration motion, (d) combining rotation and vibration motions.

Fig. 15. Surface roughness achieved at different conditions.

Simplifying and substituting expressions for vrot and vlinear, Eq. (5)
becomes:

(6)

Total depth of material removal, d, is assumed to the sum of depth
of material removal attributed to each element.

(7)

The terms k, rout, wmedia, ω, and f are constant for all media ele-
ments, while the variables can be assumed to be independent of time. Fig. 16. Effect of abrasives on surface roughness and material removal.

8



UN
CO

RR
EC

TE
D

PR
OO

F

J. Guo et al. Journal of Materials Processing Tech. xxx (2018) xxx-xxx

Fig. 17. Evolution of material removal with polishing time.

Also, ∂θ can be written as:

(8)

Thus, Eq. (7) can be written as:

(9)

Eq. (9) is the depth of material removal on the outer ring. The term
rout is dependent on the of the workpiece geometry, wmedia is dependent
on the amount of media applied, and ω and f are dependent on the
rotational speed and linear vibration frequency respectively. The term

that varies between media elements is Fout,i., as it depends on several
factors, such as magnetic flux density, permeability of magnetic, work-
piece and media, distance between magnet and workpiece, and geome-
try of the magnet.

In this work, it is suggested that Fout,i is proportional to magnetic flux
density, B, on the surface of the media element. A practical approach to
obtain B for each element is by magnetic field distribution simulation.
Total depth of material removal for the inner ring is given by an equa-
tion of the similar form.

(10)

2.2.2. Model for Mode 3
In the absence of rotation, two effects have to be considered. Firstly,

the equilibrium position of the magnetic media is no longer angled but
is instead centrally aligned to the magnet as shown in Fig. 5. This does
not affect the equations derived above for Modes 1 and 2, as they are
agnostic to angular position of the magnetic media.

Secondly and more importantly, the absence of rotation means that
all material removal of each media element is concentrated to the same
area of contact, rather than being distributed throughout the entire cir-
cumference. Adapting Eq. (4), the depth of material removal of one ele-
ment on the outer ring in the case of Mode 3 is given by the equation:

(11)

where the terms vrot and have both been eliminated. Similarly, Fout,i
is modelled as proportional to Bout,i and contact area, resulting in:

(12)

Fig. 18. Abrasives conditions of (a) before and (b) after 1 h polishing using 0.3 mm SS430 cut-wire, and (c) before and (d) after 1 h polishing using 0.3 mm SS430 cut-wire and 40 µm SiC
powder.
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Fig. 19. Effect of rotation speed on (a) surface roughness and (b) material removal.

In addition, as material removal is concentrated, the material re-
moval depth attributed to one media element will also be final material
removal depth. Eq. (12) is therefore written as:

(13)

In a similar manner, the material removal depth at the inner ring is
given by:

(14)

3. Experimental

3.1. Sample preparation by SLM

The double-layered tube structures were additively manufactured
from Inconel 718 powder material using SLM process by EOS M400 ma-
chine (EOS GmbH, Germany). EOS default process parameters for In-
conel 718 material were used which laser power was 100–350 W, laser
speed was up to 7 m/s, and the layer thickness was 40 µm. Inconel 718
powder with a size range from 20 to 63 µm was also supplied by EOS.
As shown in Fig. 6(a), the build direction was along axial direction of
the tubes. After SLM process, the double-layered tube structures were
separated from the base plate by wire EDM.

Inconel 718 is a precipitation-hardenable and nickel-based super-
alloy with Cr and Fe as major alloying elements. It has good tensile,

Fig. 20. Effect of vibration condition on surface roughness and material removal.

Fig. 21. Cross-sectional view of 3D AM Inconel 718.

creep, rupture strength along with resistance to postweld cracking
(Special Metals Corporation, 2007). The tensile strength of the as-print
Inconel 718 is usually higher than those of as-rolled and heat-treated
alloys, and the microstructures of the as-print Inconel 718 (without
annealing) are typically shown as cellular/dendritic segregation pat-
terns (Slama and Abdellaoui, 2000; Raghavan et al., 2017). The cellu-
lar growth is extended across several scan layers, indicating columnar
grain structures growing along the build direction. It is known that the
build direction is opposite to the direction of heat flow during solidifi

10



UN
CO

RR
EC

TE
D

PR
OO

F

J. Guo et al. Journal of Materials Processing Tech. xxx (2018) xxx-xxx

Fig. 22. Detailed cross-sectional views of top layer of (a) as-printed and (b) polished Inconel 718.

cation. A few workpieces with 50 mm and 100 mm in length were fab-
ricated with outer tube diameter of 24 mm and inner tube diameter of
15 mm (Figs. 6(b) and 9(a)). The thickness of tubes was 1.5 mm. The
gap between the inner and outer tubes was designed to 3 mm for the
feasibility test of the proposed method. It is noted that a gap in a few
hundred micrometres should be easier if the 3 mm gap can be polished
by this method. The reason is that the magnetic force will be more effec-
tive for small gaps than large ones, and thus through reducing the size
of the abrasives, gaps within a few hundred micrometres can be fitted
by the abrasives.

3.2. Experimental setup and conditions

The experiments were conducted using the setup as shown in Fig.
7(a). The setup was built in a lathe. As the source of magnetic field,
both of the external magnets and cylindrical magnet were made of
Neodymium-Iron-Boron (NdFeB) magnets with the grade of N52. The
magnets were fixed in a fixture and the fixture was mounted on a

pneumatic piston vibrator (see Fig. 7(b)). The workpiece was fixed to a
chuck in the spindle of the lathe. The gap between the workpiece and
external magnets can be adjusted. Fig. 7(c) demonstrated that the flexi-
ble magnetic abrasive brush formed by the magnetic abrasives inclined
to the rotational direction during high speed rotation which was men-
tioned in Section 2.

The experimental conditions were listed in Table 1. Due to the
unique surface texture and rough initial surface of as-printed samples,
relatively large particle sizes of abrasives were selected to achieve high
material removal. The magnetic abrasives were composed of stainless
steel (SS430) cut-wire (0.3 mm mean diameter) and SiC powder (40 µm
& 80 µm mean diameter) with a weight ratio of 9:1. They were bound
by machining oil. Another function of the machining oil is lubrication
so as to reduce the friction between the workpiece and abrasives to gen-
erate a smooth surface. It is acknowledged that fluid shear effect in-
creases when gap become small in accordance to fluid dynamics the-
ory. The increase in fluid shear leads to the increase in friction. How-
ever, magnetic abrasives were observed to slip during process in all
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Fig. 23. Nano-indentation loading-holding-unloading curve of as-printed and polished In-
conel 718.

Fig. 24. Nano-hardness of as-printed and polished Inconel 718.

Fig. 25. Young’s modulus of as-printed and polished Inconel 718.

conditions reported in this work. An evidence of this flow characteristic
can be found in a still image as shown in Fig. 7(c). This means that the
magnetic force acting on the magnetic abrasives is sufficiently high to
hold them in place when the workpiece rotates. Under such condition,
the flow profile in the gap is uniform as opposed to parabolic, and the
shear rate (velocity gradient of flow profile) is therefore effectively zero.
By considering these, the effect of increasing shear rate and friction is
neglected in the proposed model.

To evaluate the effect of rotation motion on material removal and
surface roughness, the rotation speed was set to 10, 30, 50 and 100

Fig. 26. Measurement results of residual stress.

Table 2
Values of parameters used for validation of model.

Parameter Unit Values

θ1 – 0.17
θ2 – 0.52
ω 1/s 1.05, 3.14, 5.24, 10.47
rout m 0.0105
rin m 0.0075
f 1/s 17.5, 18.5, 19.0
a m 0.016, 0.017, 0.018
wmagnet m 0.006
wmedia m 0.002
t s 10800
n – 10

Fig. 27. Media elements used for model validation.

rpm. Similarly, for vibration motion, the air pressure was set to 2.5 bar,
3 bar and 3.5 bar which allows the magnets vibrated axially with ampli-
tude of 16 mm, 17 mm, and 18 mm at frequency of 17.5 Hz 18.5 Hz and
19 Hz, respectively. It indicated that the relationship between air pres-
sure and vibration amplitude and frequency was not linear. The feed
rate was set to 200 mm/min. with a reciprocating distance of 10 mm.
Each experiment lasted 3 h and the abrasives were changed every hour
to maintain the removal efficiency concerning the wear of abrasives. For
an adequate statistical foundation, each experiments were conducted
with repetition times of at least 5.

12
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Table 3
Magnetic flux density values used for validation of the models.

Modes 1 and 2 Mode 3

i Bout (T) Bin (T) Bout (T) Bin (T)

1 0.61 2.01 1.08 2.43
2 0.77 1.51 1.01 1.80
3 0.94 1.24 1.06 1.08
4 1.21 1.10 1.11 1.26
5 1.40 1.04 1.14 1.07
6 1.49 0.94 1.14 1.00
7 1.55 0.96 1.12 1.27
8 1.75 1.12 1.05 1.05
9 1.95 1.37 1.01 1.64
10 2.46 1.67 1.33 2.24

Table 4
Values of krot and klinear used for validation of model.

Parameter Unit Values

klinear kg−1 s2 A 23,000
krot kg−1 s2 A 460,000

Fig. 28. Comparison of experimental and theoretical material removal for Modes 1, 2 and
3.

Fig. 29. Comparison of experimental and theoretical material removal for different rota-
tion speed.

4. Results and discussions

4.1. Magnetic field distribution analysis

In order to well maintain the form of the tubes, uniform material
removal on both of the external surface of inner tube and internal sur-
face of outer tube is necessary. Therefore, the magnetic forces acting

Fig. 30. Comparison of experimental and theoretical material removal for different air
pressure.

on both of the surfaces should be equivalent since other polishing con-
ditions such as speed and contact area were the same. This could be re-
alized through adjusting the size and grade of external and cylindrical
magnets, and the gap between the external magnets and workpiece. To
determine a suitable parameter combination, magnetic field distribution
was analysed based on the abovementioned experimental setup using fi-
nite element method (FEM).

The model was built in cross-sectional view of the setup. The mate-
rial and dimensions of workpiece and magnets followed the experimen-
tal conditions. The magnet abrasives were defined as iron. The magnetic
flux distribution without magnetic abrasives was shown in Fig. 8(a). It
should be pointed out that the flux density values in this figure may
not be quantitatively accurate which are only used for qualitative com-
parison. Through adjusting the parameters, a relatively equivalent mag-
netic flux density on both of the surfaces was achieved. Then simulation
was conducted with magnetic abrasives. As shown in Fig. 8(b), although
the distribution was changed and the flux density was increased, the
magnetic flux density was still relatively equivalent on both of the sur-
faces. By introducing the rotation motion, materials will be uniformly
removed during the polishing process.

4.2. Feasibility test

To test the feasibility of the method and verify the results of mag-
netic field distribution analysis, a preliminary experiment was con-
ducted. For this experiment, only rotation motion was adopted. The rec-
iprocating distance was 10 mm. The polishing time was about 3 h. Stain-
less steel (SS430) cut-wire (0.3 mm mean diameter) and SiC powder
(40 µm mean diameter) was used as abrasives. The rotation speed was
100 rpm. Fig. 9(a) and (b) shows the picture of 3D AM double-layered
tube workpiece and partially polished workpiece, respectively. After
polishing, the workpiece was cut by Wire EDM, and the surface rough-
ness and material removal were evaluated along axial direction using a
high-resolution aspheric measurement system (Form Talysurf PGI 2540,
Taylor Hobson Ltd).

As shown in Fig. 10(a) and (b), both of the surface roughnesses of
external surface of inner tube and internal surface of outer tube were
improved from initial roughness of 7 µm Ra to about 0.5 µm Ra, reduced
by over 90%. Fig. 11 shows material removal profiles on inner and outer
tubes. It was confirmed that a uniform material removal of 70 µm was
obtained on both of the surfaces.

It can be seen that there was some waviness left on the polished sur-
face. Fig. 12 shows the surface morphology transition from as-printed
surface to polished surface by using an optical microscope (Keyence
VHX-2000, KEYENCE CORPORATION). As the sample was printed layer
by layer, the waviness was formed perpendicular to the build direc-
tion during SLM process. They were not obvious as the as-printed
surface was covered by a partially melt powder layer. As shown in
Fig. 13, the results of spatial frequency spectrums further demon
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strated the existence of periodical waviness with different spatial fre-
quencies on as-print and polished surfaces and indicated that there was
no new waviness induced by the rotation. When the partially melt layer
were removed gradually, the waviness with high spatial frequencies
were removed.

4.3. Surface morphology and roughness

Fig. 14(a)–(d) shows the morphologies of as-printed surface, and pol-
ished surfaces by rotation motion, vibration motion, combining rotation
and vibration motions measured by the optical microscope, respectively.
It shows that after SLM process, the surface was quite rough and there
was a partially melted powder layer left on the surface. By rotation mo-
tion, as mentioned in Section 4.2, there were still some waviness left on
the surface. By vibration motion only, the waviness was removed but
long scratches were induced. Relatively good surface condition was ob-
tained by combining rotation and vibration motion. The waviness was
eliminated and long scratches were reduced so that a smooth surface
was obtained.

To evaluate the surface quality quantitatively, surface roughness was
measured at several areas on the sample surfaces. As shown in Fig. 15,
the results show that after polishing, the surface become smooth and the
surface roughness was reduced obviously from over 7 µm Ra to 0.51 µm
Ra 0.36 µm Ra and 0.21 µm Ra respectively by rotation motion, vibra-
tion motion, and combining rotation and vibration motions.

4.4. Effect of abrasives

In the method, the abrasives play an important role in the polish-
ing process as they strongly affect the achievable surface roughness and
material removal efficiency. To evaluate the effect of abrasives, three
kinds of abrasives were prepared for the test which are 0.3 mm SS430
cut-wire, 0.3 mm SS430 cut-wire and 40 µm SiC powder, 0.3 mm SS430
cut-wire and 80 µm SiC powder. The experiments were conducted under
the motion of combining vibration and rotation. The air pressure was
set to 3 bar and the rotation speed was 100 rpm.

From Fig. 16, it is found that even without SiC powder, material can
be removed by 0.3 mm SS430 cut-wire but the material removal was
quite low. Compared with that using 80 µm SiC powder, 40 µm SiC pow-
der generates a low surface roughness and relatively high material re-
moval. So the following tests adopted the condition of 0.3 mm SS430
cut-wire and 40 µm SiC powder. Fig. 17 shows the evolution of mate-
rial removal with polishing time. It demonstrated that the material re-
moval was quite limited after 1 h polishing, indicating the wear of abra-
sives. The corresponding abrasive conditions before and after 1 h pol-
ishing using 0.3 mm SS430 cut-wire, and before and after 1 h polishing
using 0.3 mm SS430 cut-wire and 40 µm SiC powder, can be found in
Fig. 18(a)–(d), respectively. It showed that after 1 h polishing, the shape
edges of Iron particles became blunted. Due to the rotation and vibra-
tion, SiC particles were scattered and dropped out from the abrasives,
so the amount of SiC particles was significantly reduced.

4.5. Effect of rotation motion

The effect of rotation speed on surface roughness and material re-
moval was quantitatively evaluated by varying the speed conditions
shown in Table 1. The results are summarized in Fig. 19. It was observed
that the surface roughness was not reduced any further beyond the ro-
tation speed of 30 rpm. The reason behind higher surface roughness at
rotation speed of 10 rpm was due to the lower material removal, about
10 µm, which did not fully remove the partially melt layer (refer to Fig.
21).

The material removal increased with the increment of rotation
speed, but not in linear relationship. This is attributed to the inability
of the SS430 to hold the SiC powder at high rotation speed. As the SiC

particles were scattered and dropped out from the abrasives which can
be observed during experiments, the volume of the SiC particles de-
creased and was thusly represented in the material removal.

4.6. Effect of vibration motion

To evaluate the effect of vibration motion on surface roughness and
material removal, the experiments were conducted at a fix position by
varying air pressure from 2.5 bar to 3.5 bar. As shown in Fig. 20, both of
the surface roughness and material removal increased with air pressure.
Low air pressure generated a low surface roughness while high air pres-
sure resulted in a high material removal. However, the changes in sur-
face roughness and material removal were not significant because there
were only slight differences in vibration amplitude and frequency that
correspond to the air pressures.

4.7. Subsurface observation

In order to evaluate the subsurface quality, the cross-sectional views
of the samples before and after polishing corresponding to the condi-
tions in Fig. 14(a) and (b) were examined by JEOL IT300LV Scanning
Electron Microscope (SEM). A few small samples with polished and un-
polished areas were cut from the upper part of outer tube surface by
wire EDM. The cross-sectional samples were then cold mounted using
slow cure epoxy, followed by mechanical grinding and polishing up
to 0.05 µm colloidal silica suspension. Then chemical etching was per-
formed by immersing cross-sectional samples in Kalling’s No. 2 etchant
for 5 s.

Microstructures were analyzed with the backscattered electron im-
ages which were taken at different magnifications using 15 kV acceler-
ating voltage. From Fig. 21, it was observed that most of the regions
(e.g. red dotted circle) on the as-printed surface has relatively larger
cellular microstructures as compared to the regions (e.g. yellow dotted
circle) with finer cellular microstructures underneath. The thickness of
this layer was about 20 µm. The formation of larger cellular structures
was likely due to the slower cooling at the outer surface as compared
to that of the inner portion of the part during the SLM process because
the outer surface was being re-scanned by the laser as the post-contour
scanning strategy applied in this build.

As shown in Fig. 22(a), the grain size of larger cellular microstruc-
ture was up to 5 µm. Due to the relatively larger cellular microstructure,
it is expected that the layer will be softer than the underneath layer
with finer cellular structures. After polishing, the results indicate that
the layer was clearly removed and there was no subsurface deformation
and damage induced, so a damage and stress-free surface was obtained
(Fig. 22(b)). The magnified SEM images also verified that the surface
roughness after polishing was at sub micrometre level.

4.8. Nano-indentation test and residual stress measurement

To further evaluate the surface quality of the sample, the nanohard-
ness and residual stress of the surface layers before and after polishing
were characterized. The nanohardness was measured using a nanoin-
denter (NanoTest, Micro Material Ltd. Wrexham, UK) with a diamond
Berkovich tip, where the nanohardness and Young modulus were calcu-
lated using the model proposed by Oliver and Pharr (1992). The nanoin-
dentations were carried out at a loading rate of 1.0 mN/s to a depth of
500 nm, where the maximum load was held for a period of 30 s before
unloading to minimize the effects of creep. The tests were performed at
6 different locations across the sample surface and the average values of
the hardness and Young modulus were obtained.

Figs. 23 and 24 show the loading-holding-unloading curves of
as-printed and polished Inconel 718 from the nanoinentations and the
measured nanohardness values, respectively. The results demonstrated
that the layer with relatively larger cellular microstructure exhibited
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lower mechanical strength than the layer underneath with finer cellu-
lar structures, consistent with the prediction made in Section 4.6. The
Young’s modulus was also slightly improved by the polishing (Fig. 25).
As the layer with relatively larger cellular microstructure was not uni-
form, the variation of hardness and Young’s modulus values were rela-
tively larger.

For residual stress measurement, X-Ray Diffractometer (XRD) (D8
DISCOVER, Bruker AXS Inc.) was used. The measurement area was
1 mm2 and the penetration depth was about 10 µm. The results are
shown in Fig. 26. As the measured values are not absolute, it is not con-
clusive if the residual stress was fully released. However, as a relative
comparison, it is observable that both the normal (perpendicular to sam-
ple surface) and shear stress (parallel to sample surface) were greatly
released after polishing which shows consistence with the prediction. It
is noted that the residual stress on originally as-printed surface will be
higher than that on the measured samples because some of the residual
stress was released during wire EDM. Therefore, the polishing process
removed the relatively larger grain size layer and contributed to the in-
crease of nanohardness and release of residual stress.

4.9. Validation of process model

Eqs. (9), (10) and (14) were validated by comparing theoretical ma-
terial removal values against experimental data. Table 2 shows values
for variables that were known or obtainable by evaluation of the physi-
cal setup.

The value n was based on discretization of the media into 10 el-
ements of equal size. From magnetic field distribution simulation, the
magnetic flux density at the inner and outer arcs of these 10 elements
were obtained, as shown in Fig. 27. The values of magnetic flux density
at these arcs are given in Table 3.

Finally, the material removal efficiency for rotation and linear vibra-
tion, krot and klinear, were determined by interpolation in order to match
the material removal values. The values of krot and klinear are given in
Table 4.

It can be seen that the value of krot is 20 times the value of klinear,
which indicates that material removal by rotation is much more effi-
cient compared to linear vibration. The reason for this is unknown, but
there are three plausible explanations. Firstly, for material removal to
occur, the relative velocity between abrasives and surface may need to
exceed a threshold value. In a sinusoidal motion, the frequent change of
direction means that at times the relative velocity falls below the afore-
mentioned threshold value. Secondly, it was observed that the abrasives
did not track the magnet motion perfectly, but rather with a delay. The
estimated displacement from video capture may have been larger than
the actual displacement. The third one is that the material removal ef-
ficiency will be suppressed due to periodical waviness across vibration
direction as shown in Fig. 12.

Fig. 28 shows the comparison between experimental and theoretical
material removal for the three modes of motion. This comparison was
based on 100 rpm rotation speed and 3.0 bar air pressure. The experi-
mental and theoretical results show a good agreement, with only Mode
2 overestimating the material removal.

Fig. 29 shows the comparison between experimental and theoretical
material removal for different rotation speed between 10 and 100 rpm.
These were conditions in Mode 2, where only rotation was applied. Sim-
ilarly, good agreement is shown between experimental and theoretical
material removal.

Lastly, Fig. 30 shows the comparison between experimental and the-
oretical material removal for different air pressure between 2.5 and
3.5 bar. These were conditions in Mode 3, where only linear vibration
was applied. The experimental and theoretical values were close to each
other. The proposed models have therefore been successfully validated
under different conditions of the process.

5. Conclusions

As a summary, this paper presented a new rotating-vibrating mag-
netic abrasive polishing method for double-layered internal surface
finishing and revealed some new insights into the material removal
process. The principle of the method was illustrated, and the mate-
rial removal mechanism was modelled. A suitable process parameter
combination of the size and grade of external and cylindrical magnets,
and the gap between the external magnets and workpiece was iden-
tified through magnetic field distribution analysis. The feasibility of
the method was verified and the effects of process parameters includ-
ing abrasives, vibration and rotation on surface quality and material
removal were evaluated quantitatively. Based on the results obtained
some conclusions can be drawn, as follows:

1 Material was uniformly removed from both of the external surface of
inner tube and internal surface of outer tube. The partially melt pow-
der layer caused by SLM process was clearly removed and the sur-
face roughness was reduced from about 7 µm Ra to less than 1 µm Ra
which can meet the actual requirements in aerospace and automotive
industries. The waviness was caused by the layer by layer printing
process.

2 Relatively good surface condition was obtained by combining rota-
tion and vibration motions. The waviness was eliminated and long
scratches were reduced so that a smooth surface was obtained. The
surface roughness reached 0.21 µm Ra.

3 Relatively suitable abrasive condition was obtained by using 0.3 mm
SS430 cut-wire and 40 µm SiC powder concerning material removal
efficiency and surface roughness. The abrasives wore significantly due
to the rotation and vibration. Low rotation speed and low air pressure
generated a low surface roughness while high rotation speed and high
air pressure resulted in a high material removal.

4 According to the results of subsurface observation, nanohardness and
residual stress, the surface quality was improved and a damage-free
surface was obtained.

5 Process model for material removal has been verified according to the
consistency of experimental and theoretical values.

Therefore, a smooth and subsurface damage-free surface was ob-
tained while the form of the tube structure was well maintained through
uniform material removal. Future work will be focused on well bonding
process development to extend the abrasive life though sintering or ball
milling to improve material removal efficiency.
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