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Abstract. This study aimed to obtain super smooth surface medical implant laser power bed fusion Ti6A14V
samples. A self-modified magnetorheological polishing device and polishing fluid were used to polish the laser
power bed fusion additive shaped Ti6Al4V samples to study the effect of the main factors such as abrasive grain
size, polishing pressure, and polishing time on the surface roughness and material-removal efficiency of the
samples. With continuously decreased Al,O3 abrasive-particle size, the surface roughness initially increased and
then decreased, and the material-removal rate decreased. The polishing result of 5 wm Al,O3 was better, no new
scratch damage was found after 3 wm Al,O3 polishing; With increased polishing pressure from 5 N to 25 N, the deeper
the abrasive particles were pressed, the greater the cutting effect and the more obvious the scratches. Surface
roughness initially decreased and then increased, and the material-removal rate increased from 1.19 nm/min to
8.68 nm/min. With continuously extended polishing time, the grinding and polishing effect continued to
accumulate, and the surface quality significantly improved, decreasing from 366.33 nm to 19.77 nm. These results
showed that magnetorheological polishing technology was very effective in removing LPBF forming defects; the
surface roughness was reduced by 96.27% and the additive defects can be completely removed.

Keywords: Magnetorheological polishing / additive manufacturing / laser power bed fusion / Ti6Al4V /

surface roughness

1 Introduction

Laser powder bed fusion (LPBF) technology also known as
selective laser melting (SLM) technology, is one of the
metal additive manufacturing technologies, an manufac-
ture metal part with complex shapes. LPBF can realise the
rapid fabrication of complex parts, shorten the develop-
ment cycle of the product, improve the utilisation of
materials, and reduce the development cost [1-4]. Unlike
conventional casts or fabrications, the defects existing
inside the additive forming parts had pores, poor fusion and
cracking, and the morphology of the pores was regular
spherical or spherical like with a random distribution [5,6].

With the development of LPBF technology, the
application of LPBF Ti6Al4V in the medical field has
gradually attracted widespread attention of scholars. Some
Ti6Al4V parts fabricated by LPBF have shown advantages
over parts fabricated by conventional processes in terms of
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tensile strength and hardness [7-11]. However, the step
effect, balling effect, and powder adhesion of LPBF in the
fabrication process result in poor quality of the part
forming surfaces. The condition of the part-forming surface
also remains as a significant drawback of this technology.
According to the current standards such as ISO 7206-2 [12],
BS ISO 21536 [13] for joint-replacement implants, the
surface should be smooth and non-abrasive, the Ra value of
surface roughness should be no more than 0.1 pm, the
surface should be free of oxide, cracks, depressions, front
edge, spiculation, and other defects, and it should also be
free of mosaicism [14,15]. At present, Ti6Al4V parts
manufactured by LPBF are difficult to directly meet the
application requirements. The surface treatment process of
LPBF molded parts mainly includes mechanical process-
ing, heat treatment [16], chemical polishing, laser polish-
ing, etc. As shown in Table 1. The surface roughness value
of traditional mechanical polishing is about 2-6 pm,
although the surface roughness of chemical polishing can
reach below 1 pm, it will cause a certain corrosion
damage layer to affect the use effect. Conventional
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Table 1. AM surface polishing method.

Surface treatment AM material Surface roughness/pum References
Before After
Mechanical polishing Ti6Al4V 10.3 2 Y. Eyzat [1§]
Ti6Al4V 2.04 0.09 P. R. da Costa [19]
Laser polishing Ti6Al4V 16.53 3.306 M.A. Obeidi [20, 21]
SS316L 10.4 2.7
Chemical polishing Ti6Al4V 3.28 0.76 Andrey Balyakin [22]
ECMP SS304 14.151 3.88 Chenhao Zhao [23]

surface-polishing techniques easily cause surface-quality
problems, such as large residual stresses on the workpiece
surface and subsurface damage, which are difficult to meet
[17]. The surface quality is still unable to meet the
requirements of medical implants, and for parts with
specific purposes come up with higher requirements of wear
resistance, surface roughness, etc. Therefore, further
improving the surface quality is one of the prerequisites
for LPBF additive forming Ti6Al4V to be extensively
applicable in the medical field.

In the field of non-traditional polishing, magneto-
rheological polishing (MRP) has many excellent character-
istics, such as high machining-surface shape accuracy,
small surface roughness, easy control of processing process,
and little surface damage [24-26]. Magnetorheological
polishing is based on the special rheological characteristics
of magnetorheological fluids. Polishing abrasive grains
(such as diamond, alumina, and ceria) are added into the
magnetorheological fluids to prepare a magnetorheological
polishing fluid [27-32], and the polishing fluid quickly
changes from fluid to viscoelastic solid under the influence
of a magnetic field in millisecond time. Its yield shear stress
rapidly increases to form a polishing ribbon or polishing
pad to polish the workpiece surface. This change is rapid,
continuous, controllable, and reversible, which should be
mostly applied within the field of machining that highly
demands precision and ultraprecision. In traditional
hydrodynamic problem, the friction force and load can
be precisely calculated by finite-difference method or finite-
element method [33,34]. However, the friction force and
material-removal rate in magnetorheological polishing are
hard to predict using modelling method because of the
mesoscale third-body behaviour [35] and the complicated
rheological characteristics of the magnetic fluid—solid two-
phase flow [36].

Magnetorheological polishing for metallic materials has
been studied in recent years. Kansal et al. [37] designed a
permanent magnet magnetorheological polishing head for
copper-alloy polishing experiments. Their experiments
showed that the designed polishing head improves the
surface roughness of copper alloy from 273.6 nm to 28.8 nm.
Paswan et al. [38] developed rotating magnetorheological
honing process to process the inner surface of cast iron
cylinders, and the surface-roughness parameters R,, R.,
and R, decreased from initial values of 0.420, 2.4, and
0.52 pm to 0.05, 0.4, and 0.07 pm, respectively, after
40 min of polishing. The waviness parameters W,, W,, and

W, decreased from the initial values of 0.17, 0.90, and
0.06 pm to 0.04, 0.20, and 0.06 pm, respectively, and the
functionality of cast-iron cylindrical dies improved.
Farshid et al. [39] studied the process parameters of
magnetic-grinding polishing tests on three kinds of metallic
materials commonly used in orthopedic implants, in which
the surface quality after 316L treatment is the optimal one
from 0.79 pm to 0.24 pwm, where as Ti6Al4V, AZ31 metals
belong to refractory materials and are less effective.
Parameswari et al. [40] studied the effect of magneto-
rheological polishing process parameters on the surface
roughness of titanium alloys. The surface roughness and
material-removal rate of the samplers increase with
increased abrasive grain concentration and rotational
speed, and the lowest surface roughness of 95 nm is
obtained when the abrasive grain concentration is 8% and
the rotating speed is 64 rpm. Barman et al. [41] used
diamond as grinding grain; one group is added with
hydrofluoric acid and nitric acid, and the other group is
added with hydrogen peroxide of magnetorheological
polishing fluid. The former has a reduced surface roughness
to 10 nm after polishing, and its surface has hydrophilic
properties and is suitable for semipermanent implants or
implants involved in relative movement, such as the
femoral part of the knee and hip joints. After the latter
polishing, the surface roughness of Ti alloy decreases to
70 nm, and the surface has hydrophobic properties,
rendering it suitable for permanent implants. The effects
of the polishing-disc speed, processing gap, and polishing
time on the surface quality of the magnetorheological
polished samples are also considered. An experimental study
has revealed that a surface with roughness R, of 10 nm could
be obtained after 6.5 h of polishing when the grinding-disc
speed is 1200 r/min and the processing gap is 1 mm.
According to literature, the main techniques of
magnetorheological polishing focus on studying the
material surface of metal alloy or cast. Conversely, little
research has been conducted on the surface of metals
manufactured for LPBF additive because it easily cause
various defects, such as pores, cracks, deformation, and
balling, especially holes, tumours, and molten channel
gaps. Thereby affecting the forming material’s surface
quality. Accordingly, in the present study, the effects of
polishing pressure, polishing time, and abrasive grain
size on the surface roughness and material removal of
LPBF Ti6Al4V were examined by magnetorheological
flexible polishing to verify the effectiveness of the
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magnetorheological polishing technique on the removal of
surface defects typical of LPBF and to achieve high-quality
polishing of LPBF Ti6Al4V samples.

2 Principle and equipment
of magnetorheological polishing

2.1 Theoretical basis

Kordonski et al. [42] performed magnetorheological polishing
under the action of an external magnetic field. The
movement of the magnetorheological polishing fluid
resembles that of bearing lubricants (Bingham medium)
flow. In the theory of hydrodynamic lubrication, the
Bingham medium is considered a non-Newtonian fluid.
A certain linear relationship exists between the shear stress
and the shear rate. For the Bingham medium to be a certain
yield stress when subjected to shear, flow occurs only if the
shear stress subjected exceeds the yield stress value. The
characteristics of the Bingham medium can be expressed in
terms of the Bingham equation:

T=1Y £ T0 (1)

In the formula, 7 is the shear stress, y is the shear rate,
ny is the initial viscosity, and tp is the yield stress.
When the medium is subjected to shear stress exceeding the
yield stress, if |t| > 7o holds, flow would occur in the
medium, at which point the medium is a Newtonian fluid
state. If |t| < 79, the shear rate is zero, and the medium
remains solid like. In the magnetorheological polishing
technique, the magnetorheological fluid also has the
characteristics of Bingham medium in the case of a certain
magnetic field, so the relationship of the shear stress of the
magnetorheological fluid with the magnetic-field strength
and shear rate can usually be described by the Bingham
plastic:

7,(B) (2)

where Tya is the total shear stress (Pa) of magneto-
rheological fluid, t,(B) is the yield stress (Pa) of
magnetorheological fluid caused by the external magnetic
field, B is the magnetic-field strength (mT) of the external
magnetic field, y represents the shear rate (Sfl)7 and n, is
the plastic viscosity independent of the field.

The removal mechanism of materials polished by
magnetorheological polishing is primarily mechanical
grinding. During the polishing process, the magneto-
rheological polishing fluid with the rotation of the
polishing disc into the polishing region, under the
action of an external magnetic field, the ferromagnetic
particles are magnetised, and it is arranged in chains,
the polishing grains are floated under the action of
the magnetic particles, gathered on the surface of the
liquid, the polishing fluid into a flexible polishing layer.

Ttotal — Iy(B)Sgn(y) + 77())/ |t| co

The workpiece surface was subjected to scratch
removal using the generated shear force and
pressure. The magnetic-polishing technique was a

material-removal process similar to that of conventional

polishing. Its mathematical model conforms to the
Preston equation, which is commonly used in the field
of optical machining:

MRR = Kpv = Kﬁv (3)

where MRR is the material-removal rate; K is the Preston
coefficient, which is usually a constant in a certain case for
the polishing process; p is the polishing positive pressure, T
is the shear force suffered on the workpiece surface, v is the
relative velocity between the magnetorheological polishing
fluid and the workpiece surface, and u is the friction
coefficient between the two.

When a magnetorheological fluid flows in the form of a
Newtonian fluid, a polishing pad is produced between the
fluid surface and the surface layer. According to the
hydrodynamic lubrication theory, the workpiece surface
by fluid dynamic pressure and is inversely proportional to
the square of the thickness of the liquid layer, by
controlling the clearance or pressure to control the fluid
layer thickness, the existence of the thin layer of fluid on
the workpiece surface owing to magnetorheological
polishing more pressure, So as to achieve the purpose of
polishing.

2.2 Polishing equipment and principle

Magnetorheological polishing technology uses the magne-
torheological effect produced by a magnetorheological fluid
under the action of a magnetic field. The polishing principle
is shown in Figure 1la. The magnetorheological fluid, owing
to the magnetic field generated by the magnetic pole in the
polishing disc, forms an magnetorheological polishing
flexible polishing pad with a certain thickness on the
surface. The magnetic chains formed by magnetic particles
in the magnetic pad can restrain and hold the abrasive, so
that the semifixed abrasive particles can gather on the
magnetic-pad surface. As the abrasive particles were
squeezed, the polishing force was produced on the work-
piece surface, and the shear force was provided by the
magnetorheological viscoelastic polishing pad to remove
the surface material in the relative motion between the
polishing pad and the part. Under the action of centrifugal
force and micro cutting force, the abrasive particles can
escape from the polishing pad, forming the renewal
mechanism of abrasive particles and realising the self-
sharpening effect of the polishing pad. Considering the
tolerance of the flexible magnetorheological polishing
polishing pad, different sizes of the abrasive particles in
the polishing working fluid gathered on the surface of the
polishing pad. The surface damage inflicted by the non-
uniformity of abrasive size was reduced, and the machining
efficiency and surface quality of the workpiece were greatly
improved by rotating the polishing disc and the fixture in
the opposite direction. The polishing equipment is shown in
Figure 1b. To eliminate the excessive vibration of the pad-
on-disk structure with friction, and flow-induced vibration
[43], the levelness of the disk and table is adjusted
below 1.25:1000.
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Fig. 2. SLM-125HL metal 3D printer.

3 Preparation and polishing test design
of Ti6Al4V sample

3.1 Brief analysis of forming material equipment,
parameters, and surface topography

Using SLM-125HL selective laser melting system by SLM
Solution Company to manufacture samples, as shown in
Figure 2. Using 400 w single-lens IPG fiber laser,
the maximum molding size is 125 x 125 x 125 mm.
The chemical composition of Ti6Al4V  spherical
powder produced by LPBF solution is shown in Table 2.
The size range of the powder was 15-53 pm, and the
average particle size is 20 pm, the SEM appearance of
the powder is shown in Figure 3a. The shape of the powder

Magnetosensory lines
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(b)

Fig. 1. Principle and equipment of magnetorheological polishing. (a) Polishing principle. (b) Polishing equipment.

was nearly regular spherical, and the surface had less
satellite powder, which helped improve the smoothness
of the powder-spreading process. The Ti6Al4V powder was
placed in a vacuum-drying box (70 °C x 2 h) to be dried
before sieving and filtering. The purpose of this step was to
dry the powder and remove impurities, thereby ensuring
the quality and precision of the forming. Argon gas was
continuously pumped into the cabin throughout the entire
process to ensure the air pressure and temperature
stability, and the oxygen content was less than 0.06%.
The forming process parameters were determined accord-
ing to equipment performance, as shown in Table 3.

The size of the formed part was 25 x 25 x 3 mm?. After
manufacturing, it was cut off using a wire electrical-discharge
machining. The original surface roughness (R,) was
19-50 pm. After further measurement, the total volume of
surface holes prepared this time was 2.86 x 10 > mm?, and the
density was 4.3 g/cmg, which was slightly lower than the
density of raw material of 4.5 g/cm®. Figure 3b shows that
holes existed on the surface of the formed part,
accumulation, and melt gap, especially the melt gap
and powder adhesion. This finding was due to the existence
of a certain temperature gradient between the molten pool
and the surrounding powder during melting. This
phenomenon resulted in a surface tension gradient, which
in turn generated induced the fluctuation of the metal
liquid level in the molten pool, blocking the liquid level to
form small balls. The spheroidisation further formed gaps.
The liquid metal cannot enter the gap, producing to holes
and weld-path gaps in the forming layer. Consequently,
the surface quality of the formed parts was poor,
thereby affecting the use and reflecting the necessity of
further polishing.

3.2 Polishing test design

In the magnetorheological polishing process, polishing
pressure, abrasive particle size, and polishing time were the
main factors affecting the final polishing quality and
material-removal rate. To explore the influence of the
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Table 2. Chemical composition of Ti6Al4V powder (in weight percent, wt%).
Element Al \% Fe Y C (@) N H Ti
% 6.13 3.95 0.12. <0.05 0.006 0.065 0.012 0.005 Balance

D10.8 x600 100 um

(a)

Fig. 3. Ti6Al4V powder and formed parts.

Table 3. LPBF process parameters.

(b)
(a) Ti6Al4V powder. (b) Formed parts.

Power, W Scanning speed, mm/s

Stripes spacing, mm Layer thickness, pm

275 700

0.12 50

Table 4. Single factor experiment of inhead type of
magnetorheological polishing.

Factor Level
Abrasive particle size, pm 3 5 10 20
Polishing force, N 510 15 20 25

Polishing time, h 051152253354455

above process parameters on the parts’ surface, the LPBF
additive Ti6Al4V samples were polished by single-factor
test method. The test parameters and conditions are shown
in Table 4. The main components of the water-based
magnetorheological polishing solution were 40% vol
carbonyl iron powder, 3% vol alumina abrasive, 55% vol
deionised water, and 2% additives. To ensure the polishing
effect, the magnetorheological polishing fluid was stirred
and dispersed by ultrasonic vibration at a high speed for
more than 30 min before polishing, so that carbonyl iron
powder and abrasive particles can be stably and uniformly
distributed in the carrier fluid, thereby preventing particle
agglomeration from causing scratches and defects on the
polished surface. The surface roughness of the samples
before and after polishing was measured using a Mahr-
XR20 roughness meter, three measurement points were
taken and the average value was calculated as the

experimental result, and a KH1300 ultra-depth-of-field
microscope was used to observe the surface morphology of
the samples.

4 Results and discussion

4.1 Effect of wear particle size on surface roughness
and material-removal rate

The polishing speed was 50 rpm, the polishing time was 1 h
and the polishing pressure was 10 N. As shown in Figure 4,
when the abrasive particle size was 20 pwm, the surface-
roughness value decreased to 333.4 nm, and the abrasive-
particle size decreased continuously. With decreased
abrasive-particle size from 10 pm to 5 pwm, the surface-
roughness value decreased from 308.1 nm to 263.5 nm, and
the difference was 44.6 nm. When the particle size was
3 pm, the polishing surface roughness was 273.3 nm.
Compared with 5 pm, the surface-roughness value
increased and the surface quality decreased because when
the size of abrasive particles was large, the polishing force of
abrasive particles on the sample surface was large. The
roughness of the sample surface decreased obviously at
the beginning of polishing, and the defects on the surface of
the sample were removed. At the same time, the abrasive
particles scratched the surface of the sample, leaving
obvious scratches. When the particle size was smaller, the
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Fig. 4. Surface roughness (R,) and material-removal rate under different abrasive particle sizes.

Fig. 5. Microscopic appearance under different abrasive particle sizes: (a) 20 wm, (b) 10 pm, (c) 5 pm, (d) 3 pm.

polishing pressure was also smaller, and the surface of the
sample was not obviously scratched, but the original
defects of the sample surface were not removed obviously.
Consequently, the surface-roughness value slowly declined.

When the particle size was 20, 10, 5, 3 um, the material-
removal rate was 4.19, 3.59, 3.29 and 2.88 nm/min,
respectively, and the adjacent difference was 0.6, 0.3, and

0.41 nm/min, respectively. Obviously, the size of wear
particle greatly influenced the material-removal rate. In
the mechanical removal mechanism of magnetorheolog-
ical polishing, under certain load conditions, the abrasive
particles were rubbed and plowed to remove the material.
A greater abrasive-particle diameter corresponded with a
greater height of the abrasive particles exposed on the
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Fig. 6. Surface roughness (R,) and material-removal rate under different polishing forces.

magnetorheological polishing pad. A deeper pressure
corresponded with more obvious ploughing effect and
higher material-removal rate. As the size of the abrasive
particle decreased, the height of the abrasive particle
decreased, and the material-removal rate was reduced.

Combined with the microappearance in Figure 5, when
the wear particle size was large (Fig. 5a), some original
defects on the sample surface were obviously removed. No
obvious continuous melting-path defect was found, and the
melting-path area was small. Signs of convergence were
found (Figs. 5b,5¢). However, the surface of the sample
with large grain size had obvious scratches, whereas that
with small grain size had no scratches. The original defects
on the surface of the sample were not effectively removed,
and internal spheroidising particles were also clearly visible
(shown in Fig. 5d).

Based on the above analysis, we can conclude that
under other process parameters, with decreased particle
size, the polishing pressure decreased and the material-
removal rate decreased. Under the condition of small
abrasive-particle size, a better polishing effect can be
obtained by improving the surface quality before polishing
and prolonging the processing time.

4.2 Effect of polishing pressure on surface roughness
and material-removal rate

The polishing speed was 50 rpm, the polishing time was 1 h
and the abrasive particle size was 20 wm, with increased
polishing pressure from 5 N to 15 N. As shown in Figure 6,
the sample surface-roughness values were 291.8, 262.5, and
249.8 nm, and the adjacent difference was 29.3 and
12.7 nm, respectively. The surface-roughness value
decreased to some extent with increased polishing pressure
to 20 N. The surface-roughness value was 142.8 nm, which
was about 107 nm lower than that of 15 N, and the rate of
decrease was about 42.8%. The surface quality obviously
improved, but when the polishing pressure was 25 N, the
difference between the surface roughness and the former
was not large, but it still increased because the polishing

pressure was too large to lead to poor polishing effect. In a
certain range, with increased the polishing pressure, the
rubbing and ploughing of the abrasive grains on the surface
of the sample increased, the grinding effect was enhanced,
and the surface-roughness value initially decreased and
then increased.

When the polishing pressure was 5 N, the material-
removal rate was 1.19 nm/min. With increased polishing
pressure, the material-removal rate also increased. When
the polishing pressure was 25 N, the material-removal
rate was 8.68 nm/min, which was 2.99 nm/min higher than
5.69 nm/min at 20 N, the increase rate was 52.5%.
A greater polishing pressure induced deeper pressing of the
abrasive onto the sample surface, which increased the
cutting and material-removal rate.

Combined with the microscopic appearance in Figure 7,
when the polishing pressure was small (shown in
Figs. 7a,7b,7c), the abrasive particles were primarily
scratched and elastic deformation occurred to remove
surface defects. Although the polishing effect was relatively
limited, it did not cause obvious scratches. With increased
polishing pressure, the abrasive particles entered the
plough cutting state. Owing to the pressing of the abrasive
particles, the surface materials of the sample were extruded
on both sides in contact with the abrasive particles to form
a certain bulge. When the damage limit of the material was
reached, it broke and formed obvious scratches. This was
very evident in Figures 7d,7e. On one hand, the original
defects on the surface can be removed; on the other hand,
some abrasive particles formed deep scratches, resulting in
surface damage. Consequently, the polishing quality
decreased.

4.3 Effect of polishing time on surface roughness and
material-removal rate

As shown in Figure 8, the polishing speed was 50 rpm, the
polishing pressure was 5 N and the abrasive particle size
was 5 pm, with increased polishing time, the surface-
roughness value after polishing continued to decline. At the



8 Z. Bao et al.: Mechanics & Industry 23, 12 (2022)

500

|—m— Surface roughness Ra 140
|—#— Material removal rate
=43.5 ~
__ 400 | .8
g £
—43.0 £
s

S s
v 300 | H42.5 &
5 =~
=
| 1.0
2 =
2 200 5]
5 —41.5 5
= g
E Lo B
w2 " 1. 1=
100 =

—H0.5

0 0.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 4.5 50 5.5
Polishing time (h)

Fig. 8. Surface roughness (R,) and material-removal rate under different polishing times.

initial stage of polishing, the difference in surface roughness
obviously changed. After 2 h of polishing, the difference
value was 207.9 nm, and the decline rate was 56%. After 4 h
of polishing, the surface roughness tended to be flat. We
observed the corresponding material-removal rate under
different polishing times. When the polishing time was
0.5 h, the maximum material-removal rate was 3.04 nm/
min. With continuously extended polishing time, the
material-removal rate decreased. After polishing for 2 h,
the material-removal rate decreased to 1.39 nm/min.
When it was further extended to 4.5 h, the material-
removal rate was only 0.29 nm/min. At the initial stage of
polishing, owing to the local overheated metal powder and
slag falling on both sides of the melting path during the
additive moulding of the sample itself and some unmelted
powder, it was easy to be polished and removed. Thus, the
material-removal rate was high in the early stage. With
extended polishing time, after some defects on the surface
were easily and continuously removed, the moulding

quality of the lower matrix area and the removal difficulty
both increased. This phenomenon caused a decrease in
material-removal rate. These findings indicated the
necessity of the current research on the magnetorheological
polishing of additive molded parts.

By observing the microscopic appearance in Figure 9,
we found that at the initial stage of polishing, the main
defects on the surface of the sample were characterised by
discontinuous and irregular weld path gap (Figs. 9a,9b).
Spheroidisation phenomenon was clearly visible at the
bottom of the weld path. With continuous polishing
(shown in Figs. 9¢,9d,9¢), the irregular weld-path defects
on the surface began to converge and become quasi-
circular, that is, weld-path defects were further removed
and reduced. Furthermore, with continuous polishing as
shown in Figures 9f,9g, it gradually reached the bottom end
of the melting channel, exposing the small holes between
the lower ends of the powder layer. At this time,
when polishing was continued, “comet-tail” defects were
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Fig. 9. Microscopic appearance under different polishing times: (a) 0.5 h, (b) 1 h, (¢) 1.5 h, (d) 2h, (e) 2.5h, (a) 3k, (b) 3.5h, (¢) 4 h,

(d) 4.5 h, (e) 5 h.

generated. Unidirectional fine grooves formed with the pore
as the initial direction primarily because small polishing-
abrasive particles easily accumulated at the edge of the
hole, resulting in the different material-removal rates
between the hole area and the areas on both sides of the
scratch. The comet-tail defects then occurred in the
original defect area (Fig. 9h). Therefore, in the polishing
process, we should pay attention to appropriately reducing
the loading pressure, prevent rapid removal, and obtain the
ideal polishing surface whilst avoiding the “comet-tail”
defect. When polished for 4.5 h as shown in Figure 9i, the
surface defects typical of the Ti6Al4V by LPBF additive
molding had been completely removed, and extending the
polishing time to 5 h (Fig. 9j) showed no sign of further
improvement in the surface quality.

It can be seen from the above analysis that, different
from traditional castings or forgings, the internal defects of
LPBF Ti6Al4V parts include pores, poor fusion and
cracking, and the hole morphology is regular spherical, and
the distribution is random. The fusion on both sides of the
weld channel is poor and irregular. Therefore, it is very
necessary to carry out magnetorheological polishing to
explore the evolution law of surface material removal.

Magnetorheological polishing the surface quality of
Ti6Al4V was affected by several process parameters, such
as abrasive particle size, polishing pressure, and polishing
time. The optimal process was achieved using a 5 pm Al,O3
abrasive particle size and polishing pressure of 5 N for 4.5 h,
surface roughness decreased from the initial 368 + 13.2 nm
to 19.77 £ 1.14 nm, and the surface became smooth. The
comparison before and after polishing is shown in Figure 10.

Fig. 10. Comparison before and after polishing: (a) before,
(b) after.

5 Conclusion

In this paper, magnetorheological polishing experiments
were carried out on LPBF Ti6Al4V samples, and the
influence of process parameters (abrasive particle size,
polishing pressure, polishing time) on the surface roughness
and material removal rate of the samples in the magneto-
rheological polishing technology was studied. The magne-
torheological polishing technology can effectively remove
the typical surface defects of LPBF additively formed
Ti6Al4V, and meet the requirements of medical implant
surface roughness below R, 0.1 pm. It provides a new way
for surface treatment of additive molding pieces of medical
Ti alloy.
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The present research in this paper can be used in
academic research and industry, but it also has some
limitations, which are also the focus of future work.

At present, the removal efficiency of materials by
magnetorheological polishing is low, and ultrasonic
technology can be introduced in the future to form
ultrasonic magnetorheological compound polishing tech-
nology to study the effect of ultrasonic frequency on
material removal.
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