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A B S T R A C T

The Ti–6Al–4V (TC4) alloy is extensively utilized in the medical industry. However, untreated TC4 alloy exhibits 
a high degree of roughness, significantly impeding its performance. Enhancing the polishing efficiency of TC4 
has thus become a critical focus. This study investigates the feasibility of magnetic field-assisted mass polishing 
(MAMP) for medical TC4 alloy. A comprehensive series of experimental studies were conducted to evaluate and 
analyze the surface integrity before and after the polishing process. The empirical results demonstrate the 
effectiveness of the proposed method for mass polishing TC4 alloy. The polished samples achieved a minimum 
surface roughness (Sa) of 6.9 nm after 20 min of treatment, with a material removal rate (MRR) of 55.8 nm/min. 
Post-polishing, the mechanical properties and surface Post-polishing after MAMP, the TC4 samples do not exhibit 
any significant changes in elemental weight% or phase transformation when compared to the initial samples. 
Having a smaller surface roughness is advantageous for achieving a higher flexural strength and hardness and 
improving surface wettability showed slight improvement, with no significant chemical reactions or phase 
changes observed. This research provides pivotal insights and recommendations for the ultra-precision mass 
polishing of medical TC4 alloys, potentially offering an optimal solution for polishing various medical compo
nents. Furthermore, this study presents straightforward and practical advice that significantly contributes to the 
advancement of manufacturing processes for medical parts and surface finishing methods.

1. Introduction

Titanium alloy Ti–6Al–4V (TC4) is frequently utilized in a variety of 
medical applications thanks to its superior biocompatibility and me
chanical features [1–3]. These applications include ventricular assist 
device [4], dental implants [5,6], orthopedic implants [7–10] and so on. 
Notably, the surface quality of TC4 is crucial for its performance in these 
applications [11]. When TC4 is used for intestine surgical tools, an in
crease in surface roughness leads to a decrease in corrosion resistance 
[12], which can result in a shortened lifespan for the tool [13]. However, 
TC4 is a challenging material to machine with due to its high strength 
and hardness [14,15], making it difficult to polish. Therefore, achieving 
precise and efficient finishing of medical TC4 alloys with accurate form 
and nanometric surface roughness is an important area of research.

Up to now, previous research has established that mechanical pol
ishing (MP) [16–18], chemical mechanical polishing (CMP) [19–21], 
plasma electrochemical polishing (PEP) [22–24] and laser polishing 
(LP) [25–27] are the primary techniques for obtaining precision surfaces 
of TC4 alloys. Through the optimization of process parameters in belt 
polishing, Chen et al. [28] focused on enhancing the material removal 
rate and maintaining superior surface quality of TC4 alloys. DiFelice 
et al. [29] used a commercial polishing wheel with alumina abrasives 
and achieved an arithmetic average surface roughness Ra of 300 nm. 
However, mechanical polishing is inefficient and time-consuming. To 
decrease surface roughness, Zhang et al. [30] proposed a novel CMP 
slurry for polishing TC4 alloys, and the polishing slurry included silica, 
deionized water, malic acid and hydrogen peroxide (H2O2). In addition, 
one study by Ozdemir et al. [31] reported that the roughness Ra of the 
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polished TC4 alloys using CMP was around 128 nm under optimal 
process conditions. In a study conducted by Bezuidenhout et al. [32], 
they compared the polishing results of TC4 alloys produced through 
additive manufacturing, utilizing HF–HNO3 chemical polishing liquid at 
varying ratios. Compared to the as-built condition, the polished 

specimens displayed greater fatigue strengths and a reduced number of 
surface crack initiation sites. Despite being a self-passivating material, 
TC4 alloy has the capability to quickly establish a protective passive 
layer. This occurrence can potentially lead to a reduced-efficiency CMP 
[33]. In terms of electrochemical polishing, Guilherme et al. [34] 

Fig. 1. Schematic diagram of MAMP technique.

Fig. 2. MAMP system. (a) Photograph of experimental setup. (b) Photograph of the chamber with two magnetic brushes. (c) SEM image of magnetic brush. (d) 
Internal structure photograph of the MAMP. (e) Magnified view of the cap. (f) Polished area and measurement positions.
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evaluated its feasibility on TC4 alloy polishing and analyzed the influ
ence of surface roughness on corrosion-fatigue strength. In a follow-up 
study, Wang et al. [35] examined how various electrochemical polish
ing parameters affected the surface roughness of TC4 alloys. Despite 
their ability to reduce surface roughness, both chemical and electro
chemical polishing techniques remain relatively costly and intricate. 
Additionally, the electrolyte utilized in this procedure consists of a 
potent acid or alkali solution that is extremely toxic. This poses a dual 
threat as it endangers the health of the operators and contributes to 
pollution in the environment. Ma et al. [36] have shown that fiber laser 
technology could be used as an environmentally friendly method for 
polishing the rough surface of additive manufactured TC4 alloys. They 
were able to achieve a smoothness of 0.375 μm roughness Sa from an 
initial roughness of 5.226 μm. Similarly, TC4 alloys were polished using 
a nanosecond pulse laser that emits a wavelength of 1064 nm, resulting 
in a surface roughness reduction from 5 μm to 2.758 μm [37]. However, 
the laser polishing process can lead to surface cracking and the forma
tion of metal oxides [38,39], making it challenging to achieve nanoscale 

roughness.
Compared with the above-mentioned methods, magnetic field- 

assisted finishing (MAF) has attracted much attention as a promising 
method for polishing TC4 alloys because of its good flexibility and easy 
controllability [40–42]. Barman et al. [43,44] reported an MAF tool 
utilized for producing nano-finished TC4 alloys through the use of 
magnetorheological (MR) fluids. The obtained surface roughness Ra was 
10 nm following 6.3 h of polishing. Fan et al. [45] also developed an 
MAF tool that contains four permanent magnets. This tool was capable 
of achieving a surface roughness Ra of 46 nm within 35 min of polishing, 
starting from an initial value of 1.121 μm. In their study, Parameswari 
et al. [40] created a machining tool specifically for polishing TC4 alloy 
flat discs. After dedicating 30 min to polishing, they successfully reduced 
the initial roughness of 400 nm to a minimum surface roughness Ra of 
95 nm, marking a significant improvement. Nevertheless, there remains 
a pressing issue concerning the efficiency of polishing. These approaches 
have a drawback: they can only polish samples individually, and it 
typically takes several tens of minutes to process each sample.

In 2020, our research team successfully developed an innovative 

Table 1 
MAMP experimental parameters.

Items (unit) Values

Rotation speed (rpm) 600, 900, 1200, 1500, 2000
Weight of magnetic abrasive (g) 60
Polishing time (min) 5, 10, 15, 20
Impinging angle (degree) 15

Fig. 3. Schematic diagram of the three-point bending test.

Fig. 4. 3D topography images of the TC4 alloy under various rotation speed. (a) As-received. (b) 600 rpm. (c) 900 rpm. (d) 1200 rpm. (e) 1500 rpm. (f) 2000 rpm.

Fig. 5. The relationship between rotation speed and surface roughness with a 
polishing time of 10 min.
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technique called magnetic field-assisted mass polishing (MAMP). This 
technique has the capability to simultaneously polish a batch of work
pieces and achieve nanometric surface roughness [46]. Meanwhile, this 
approach has been successfully applied in the polishing of 304 stainless 
steel and dental ceramics [47–49]. Nonetheless, the feasibility on TC4 
has not been validated, and our understanding of its material removal 
mechanism is still far from complete. Furthermore, the potential of 
MAMP to enhance the polishing efficiency of TC4 alloys has not been 
demonstrated.

In our current study, we aimed to improve the polishing efficiency of 
TC4 alloy surfaces by using the MAMP technique. We also sought to 
achieve nanometric surface roughness and uniform material removal. 
The rest of this paper is structured as follows. The working principle of 
the MAMP technique is introduced in Section 2. Section 3 presents the 
MAMP system and experimental design. In Section 4, the polishing 
performance of TC4 alloys is analyzed and compared. The proposed 
polishing process is finally validated by evaluating the polishing 

performance of an intestine surgical tool made of TC4 alloy.

2. Methodology

Fig. 1 illustrates the working principle of the MAMP technique. In 
particular, the rotary table is equipped with two pairs of permanent 
magnets to produce a magnetic field that rotates. This magnetic field 
shapes the magnetic polishing media into two brushes, which are made 
up of micrometer magnetic particles and polishing slurry containing 
nanometer-scale abrasives. Additionally, a group of samples is securely 
held in place on the lid using the fixtures located inside the chamber. 
Throughout the polishing process, the magnetic brush continuously 
impacts the sample, resulting in the removal of micro-nano metric ma
terials in order to achieve the desired polishing outcome.

Fig. 6. Surface roughness changing with the rotation speed at three positions 
with a polishing time of 10 min.

Fig. 7. 3D topography images of TC4 alloys under various polishing times. (a) Initial surface. (b) 5 min. (c) 10 min. (d) 15 min. (e) 20 min. (f) Profile before and 
after MAMP.

Fig. 8. The relationship between polishing time and surface roughness with a 
rotation speed of 1500 rpm.
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3. Experimental

3.1. Sample preparation

TC4 alloys with a specified chemical composition were used in this 
study. The TC4 alloy was initially forged and rolled into plates. These 
plates were then cut into substrates measuring 14 mm × 6 mm × 1 mm 
using a wire electrical discharge machine. A manual polishing kit was 
employed to prepare the surface of the samples, resulting in an initial 
surface roughness Sa of approximately 50 nm.

3.2. Design of experiment

In accordance with the working principle, a corresponding experi
mental setup was devised, depicted in Fig. 2. The MAMP system com
prises a chamber, magnets, a rotary table, and a motor. During the 
polishing process, the chamber, which is situated over the magnets, 
stays in a fixed position. The polishing media is then poured into the 
chamber. The media is comprised of carbonyl iron powder (CIP) aver
aging about 3 μm in size (75 wt%) and alumina abrasives averaging 
around 150 nm in size (25 wt%), mixed with the carrying fluid as shown 
in Fig. 2(c). The carried fluid was water. Two sets of permanent magnets 
are positioned around the chamber, as illustrated in Fig. 2(d). Samples 
are held in place by a fixture attached to the cap, as seen in Fig. 2(e). To 
validate the consistency of the experiments and minimize errors, four 
samples are polished simultaneously under each condition. The size of 
the polished area, as depicted in Fig. 2(f), measures 11 mm × 6 mm. As 
stated in our previous research [47–49], the magnetic field strength of 
the polishing device used in this study is around 0.4–0.5 T, and addi
tional experimental conditions are listed in Table 1. The samples un
derwent cleaning for 5 min using an ultrasonic cleaning machine after 
conducting experiments.

3.3. Surface tests

The surface roughness was measured using a white light interfer
ometer (WLI, NewView, Zygo) to analyze and compare surface topog
raphy under different polishing conditions. Surface roughness was 
evaluated using Sa and Sz, where Sa represents the average arithmetic 
height of the measured regions and Sz represents the sum of the highest 
peak height value and the deepest pit depth value within the measured 
area. The measured region of surface roughness was 213 μm × 213 μm. 
The calculations for Sa and Sz were carried out using Eqs. (1) and (2) 

Fig. 9. Surface roughness changing with the polishing time at three positions 
with a rotation speed of 1500 rpm.

Fig. 10. Polishing performance on TC4 alloy.
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[50,51]. Three measurements of surface roughness were taken at 
different positions for each polished sample, as depicted in Fig. 2(e). 
Each position was tested three times to ensure accuracy and repeat
ability. The average values and standard deviations were determined. 
Prior to and after polishing, the surface microtopography and elemental 

composition were inspected using a scanning electron microscope (SEM, 
TM3000). The sample surface material composition was evaluated with 
using a Thermo Scientific Apreo 2 SEM equipped with energy-dispersive 
X-ray spectroscopy (EDS). The phase composition of the TC4 alloys, both 
polished and unpolished, was analyzed using X-ray diffraction (XRD, 
Smartlab, Rigaku). The samples were scanned from 10◦ to 90◦ with a 
step size of 0.06◦, at a scanning rate of 8◦/min. 

Sa=
1
A

∫∫

A

|z(x, y)|dxdy (1) 

where A represents the region being measured, with x and y indicating 
the boundaries of the measurement region, z(x,y) represents the height 
of the machined surface within this region. 

Sz= Sp + Sv (2) 

where Sp is the peak and Sv is the valley.

3.4. In-Vito tests

Furthermore, a flexural strength test was conducted on each sample 
in order to examine the influence of surface finishing. The test followed 
the ISO 6872 standards for TC4 alloys and employed a universal testing 
machine. The schematic diagram of the three-point bending test can be 
seen in Fig. 3. The three-point testing was performed until 6 mm of 
deflection. To determine the flexural strength, the load applied by a 
cross-head with a feed rate of 5 mm/min was recorded. To minimize 
experimental errors, each condition was repeated three times. The 
flexural strength was calculated using Eq. (3) [47]. 

σ =
3PL
2wb2 (3) 

where σ and P denote the flexural strength (MPa) and the load (N) 
respectively. The distance (mm) between two supports is represented by 
L and has a fixed value of 12 mm. The thickness (mm) and width (mm) of 
each sample are denoted by b and w. The Vickers hardness (Wilson 
Hardness, USA) test was employed to evaluate the micro-hardness of the 
polished samples. The test followed the ASTM T.1 standards. The 
indentation experiments were conducted using a load of 300 gf applied 
for a duration of 10 s. In addition, the dimension of all the samples was 
about 14 mm in length, 6 mm in width, and 1 mm in thickness for the 
three-point bending test and Vickers hardness test.

Fig. 11. EDS maps of TC4 alloy after polishing. (a) SE− SEM image. (b) Elemental mapping. (c) Ti. (d) Al. (e) V.

Fig. 12. Location and results of EDS analysis of polished and unpolished 
TC4 alloy.

Fig. 13. XRD pattern of polished and unpolished TC4 alloy.
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3.5. Material removal rate

To determine the MRR during the polishing of TC4 alloy, a meth
odology involving Vickers indentation was employed. To investigate the 
polishing uniformity, three points were indented with a load of 100g at 
each position, as illustrated in Fig. 2(f). Additionally, the profile of the 
Vickers indentation before and after polishing the TC4 alloy was 
measured using a white light interferometer (WLI, NewView, Zygo). 
Based on the experimental results, the optimal parameters were iden
tified. The polishing time and impinging angle were set to 30 min and 
15◦, respectively.

3.6. Surface wettability test

The water contact angle (WCA) measurement was conducted to 

evaluate the wettability of the sample surfaces. An optical video-based 
contact angle meter (Sindatek, 100SB) was employed to measure the 
static contact angles at room temperature. A droplet of deionized water 
(approximately 5 μL) was carefully placed on the surface using a pre
cision syringe. The contact angle was determined by analyzing the shape 
of the droplet with image analysis software. Each measurement was 
repeated three times at different locations on the sample to ensure 
reproducibility and accuracy. The average contact angle values were 
then calculated.

4. Results and discussions

4.1. Effect of rotation speed

Fig. 4 presents the 3D topography images of TC4 alloys at various 

Fig. 14. Three-point bending and hardness test results. (a) Load-deflection curves. (b) Flexural strength and hardness.

Fig. 15. Material remove test results. (a) Cross-sectional profiles of the Vickers indentation before and after polishing at position A. (b) MRR at three positions.

Fig. 16. WCA (a) before and (b) after MAMP at a polishing time of 20 min and a rotation speed of 1500 rpm. (c) Statistics of WCA.

R. Gao et al.                                                                                                                                                                                                                                     Journal of Materials Research and Technology 34 (2025) 1068–1079 

1074 



rotation speeds, with a constant polishing time of 10 min. The specific 
test position selected is position B. As depicted in Fig. 4(a), the surface of 
the as-received sample exhibits uneven machining marks due to rough 
lapping, resulting in significant surface height waviness. To mitigate 
these tool marks and surface height waviness, the polishing direction 
was oriented perpendicular to the machining marks. The graph dem
onstrates a notable reduction in surface roughness as the rotation speed 
increases, up to 1500 rpm. Under these conditions, the values for Sa and 
Sz are 10 nm and 92 nm, respectively, indicating a substantial decrease 

in surface waviness. However, as shown in Fig. 4(f), the surface 
roughness increases when the rotation speed is further elevated to 2000 
rpm.

Fig. 5 provides the effect of rotation speed on surface roughness, 
specifically Sa and Sz, at a polishing time of 10 min. The surface 
roughness of TC4 alloys gradually decreased as the rotation speed 
increased, until it reached 1500 rpm. Starting from 51.2 nm before 
polishing, the average value of Sa steadily decreased to 35.8 nm, 29.4 
nm, 15.7 nm, and finally 10.9 nm at a rotation speed of 1500 rpm. 
Similarly, Sz showed a gradual decrease from 600 rpm to 1500 rpm. 
However, when the rotation speed reached 2000 rpm, there was a sharp 

Fig. 17. Polishing performance on TC4 intestine surgical tool at a polishing time of 10 min and a rotation speed of 1500 rpm. (a) Concave. (b) Convex. (c) Groove. (d) 
Edge. The corresponding positions have been pointed out by the red dot.

Fig. 18. Summary of average surface roughness on each surface of the intestine 
surgical tool before polishing and after polishing (polishing time 10 min, 
rotation speed 1500 rpm).

Table 2 
General comparison between different polishing methods.

Method Source Number of 
samples

Surface 
roughness

Polishing 
efficiency

Polishing 
cost

MP Ref 
[16]

1 Ra = 400 nm Low Medium

Ref 
[51]

1 Ra = 200 nm Low Medium

LP Ref 
[22]

1 Ra = 77 nm Medium High

Ref 
[52]

1 Sa = 1127 
nm

Medium High

CMP Ref 
[26]

1 Ra = 0.68 
nm

Low Medium

Ref 
[53]

1 Ra = 1.90 
nm

Low Medium

MAMP Our 
work

≤4 Sa = 6.9 nm High Low
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increase in the average values of Sa and Sz, reaching 43.3 nm and 
1051.2 nm, respectively. This increase in surface roughness can be 
attributed to the centrifugal force, which becomes stronger with an in
crease in rotation speed, leading to an increase in the frictional force 
exerted on each abrasive [52]. Despite the magnetic force, the frictional 
force cannot be overcome, resulting in irregular jumbling of the mag
netic abrasives. This irregular jumbling causes aggressive impact on the 
workpiece surface, thus affecting the surface integrity. Wang et al. [49] 
also reported a similar phenomenon.

Fig. 6 shows the summary statistics for surface roughness Sa 
changing with the rotation speed in three different positions. It can be 
obviously seen that the average value of Sa declines sharply with in
crease of the rotation speed for all the positions. What stands out in this 
figure is that average values of Sa in position A, B and C at rotation speed 
of 1500 rpm are 10.7 nm, 10.3 nm and 11.7 nm, respectively. It indicates 
that the whole surface exhibits quite uniform polishing performance.

4.2. Effect of polishing time

Fig. 7 illustrates the 3D topography images of TC4 alloys at different 
polishing times, maintaining a constant rotation speed of 1500 rpm. All 
images correspond to test position B. Initially, the surface of the TC4 
alloy exhibits numerous uneven machining marks, as shown in Fig. 7(a). 
However, with increasing polishing time, the height of these machining 
marks significantly decreases. After 5, 10, and 15 min of polishing, the 
surface roughness is reduced to 20 nm, 10 nm, and 7 nm, respectively. 
Notably, after 20 min of polishing, some areas, highlighted by a black 
circle in Fig. 7(e), show complete removal of machining marks, resulting 
in a smoother workpiece surface. The measurements of Sa and Sz after 
polishing are 4 nm and 54 nm, respectively, indicating that machining 
marks can be effectively eliminated using MAMP.

The relationship between surface roughness and polishing time at 
the rotation speed of 1500 rpm can be seen in Fig. 8. Similar to the 
experiment results in Section 4.1, the average values of surface rough
ness drop significantly as the polishing time increases. Firstly, starting 
from 51.2 nm, the average value of Sa plunges to 9.9 nm after 10 min of 
polishing and is followed by another moderate decrease to 6.9 after 20 
min of polishing. Meanwhile, the same trend can also be observed in Sz. 
After 20 min of polishing, the average value of Sz is 100.6 nm.

As shown in Fig. 9, the summary statistics for surface roughness Sa 
are presented in relation to the polishing time at three different posi
tions. At position A, the average Sa value significantly reduces from an 
initial 48.0 nm–15.0 nm after 5 min of polishing. Conversely, there is a 
minor decrease in the average Sa value at positions B and C. After pol
ishing for 20 min, the average Sa values at these three positions are 7.0 
nm, 8.0 nm, and 5.7 nm, respectively.

Fig. 10(a) provides the photographs of the TC4 alloy samples before 
and after a 20 min-polishing process at a rotation speed of 1500 rpm. 
The desired mirror effect is successfully achieved for all the samples. 
Furthermore, SEM images of TC4 alloy at three varied positions, both 
before and after a 20-min MAMP polishing, are illustrated in Fig. 10
(b–c). Prior to polishing, clear machining marks resulting from shaping 
and manual lapping are evident at all three positions for the as-received 
samples. However, after 20 min of MAMP, Fig. 10(c) clearly illustrates a 
smooth surface with minimal micro-defects. This demonstrates the 
precise batch polishing capability of the proposed technique utilized in 
this study for TC4 alloys.

4.3. EDS and XRD analysis

In order to examine whether there were any changes in material and 
phase transformation before and after polishing, EDS and XRD tests were 
conducted. For the polished sample in this section, the polishing time 
and rotation speed were 20 min and 1500 rpm, respectively. The TC4 
material used in this study primarily consists of Al, Ti, and V, and the 
surface elemental composition remains essentially unchanged after 

polishing, as shown in Figs. 11 and 12. This discovery was also reported 
by Ke et al. [53]. Additionally, there is a slight increase of about 1% in 
the weight% of Al after polishing, while the weight% of V decreases by 
approximately 1%. As for the Ti element, there is a moderate fluctuation 
observed in its weight%.

The XRD pattern (seen in Fig. 13) clearly illustrates the phase 
constitution of the (α+β) dual phases in the TC4 alloy, with α-Ti being 
the main phase. Furthermore, the XRD patterns of the polished samples 
exhibit a similar pattern of main and minor peaks. However, there is a 
slight increase in peak strength in comparison to the unpolished sam
ples. This could potentially be due to alterations in surface roughness, 
which may be attributed to changes in surface roughness. Overall, these 
findings indicate that there are no significant alterations in the material 
and phase composition following MABP polishing. This may be due to 
the absence of mechanical load-induced grain refinement, high tem
peratures, or chemical reactions during the process.

4.4. Flexural strength and hardness tests

In Fig. 14(a), the load-deflection curves of the unpolished and pol
ished samples are present. The polishing time and rotation speed were 
20 min and 1500 rpm, respectively. These curves can be categorized into 
three stages: linear stage, nonlinear stage, and stable stage, with minor 
differences observed in these stages. The average flexural strength and 
Vickers hardness value for both polished and unpolished samples is 
illustrated in Fig. 14(b). It is worth mentioning that the flexural strength 
(1895.47 MPa) and hardness (651.6 MPa) of the polished samples are 
slightly larger than those (1859.80 MPa and 650.6 MPa) of the unpo
lished samples. This can be attributed to the visible scratches on the 
surface (Fig. 10), which have the potential to generate unexpected 
cracks [54].

4.5. MRR tests

To elucidate the MRR in the context of MAMP for TC4 alloy, the 
material removal test results are presented in Fig. 15. The rotation speed 
is set at 1500 rpm. Fig. 15(a) illustrates the cross-sectional profiles of the 
Vickers indentation before and after polishing at position A. It can be 
observed that MAMP achieves a maximum material removal depth of 
approximately 1.8 μm. Furthermore, the average MRR values at the 
three positions are 55.9 nm/min, 57.1 nm/min, and 54.5 nm/min, 
respectively as shown in Fig. 15(b). This indicates that the entire surface 
exhibits a highly uniform polishing performance.

4.6. Wettability test

Surface wettability testing of medical TC4 is crucial for evaluating its 
biocompatibility [55]. A surface with optimal wettability can promote 
better cell attachment and proliferation, thereby enhancing its perfor
mance in medical applications such as implants and prosthetics [56]. 
Improved wettability can lead to reduced inflammation and faster 
healing, ultimately contributing to the overall success of medical devices 
made from TC4. Fig. 16(a–b) illustrate the optical images of water 
contact angle (WCA) on medical TC4 before and after polishing. The 
polished sample is prepared using optimal parameters: a rotational 
speed of 1500 rpm and a polishing time of 20 min. It can be observed 
that the WCA decreases after MAMP treatment, with the average values 
of WCA before and after polishing being 65.3◦and 58.2◦as shown in 
Fig. 16(c), respectively. This indicates that the hydrophilicity of the 
MAMP-processed TC4 improves.

4.7. Verification test on TC4 intestine surgical tool

To test the feasibility of MAMP, an experiment was conducted on the 
intestine surgical tool made from TC4 alloy. It was initially forged to 
achieve the desired shape. The forged blank was then cut and milled into 
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the form of the surgical tool. The machined tool underwent heat treat
ment processes to enhance its mechanical properties and toughness. The 
rotation speed used was 1500 rpm, and all other experimental param
eters remained the same as stated in Table 1. To evaluate the polishing 
performance, four specific surfaces of the intestine surgical tool were 
chosen: concave, convex, groove, and edge. The ZYGO Nexview white 
light interferometer was used to measure the surface roughness Sa. An 
average surface roughness was determined by measuring three separate 
positions on each surface. The results of the experiment, shown in 
Fig. 17, demonstrate the polishing performance of MAMP on the TC4 
intestine surgical tool. It can be observed that the polished workpiece 
reflects a much clearer image compared to the unpolished one on all four 
surfaces, leading to an overall improvement in surface roughness.

The average surface roughness of each surface was summarized in 
Fig. 18, both before polishing and after 10 min of polishing. Examining 
the results of the experiment, it was observed that the surface roughness 
of convex, concave, and edge surfaces experienced a significant 
decrease. Among them, convex surface exhibited the lowest surface 
roughness value of 3.3 nm. However, the groove surface was not fully 
polished, with the surface roughness reducing from Sa 136.0 nm to Sa 
51.7 nm.

4.8. Discussion

Currently, a significant proportion of biomedical devices are fabri
cated from the TC4 alloy, with their operational performance being 
substantially influenced by surface quality [8,57]. Consequently, there 
is an urgent need to identify an efficient polishing method for the TC4 
alloy to enhance surface quality. In this study, we have demonstrated 
that the proposed MAMP method can facilitate precision batch polishing 
of medical TC4 alloy, with the potential to achieve a minimum average 
surface roughness of Sa 6.9 nm at a polishing time of 20 min and a 
rotation speed of 1500 rpm. Various existing polishing methods have 
been used on the TC4 alloy. In this study, we compare the results of our 
method with other techniques such as MP [16,58], PEP, LP [59,60], and 
CMP [30,61], as detailed in Table 2. This comparison evaluates the 
performance of these methods on TC4 based on surface roughness, 
polishing efficiency, and cost. The CMP method achieves the lowest 
roughness value, followed by our proposed method and laser polishing. 
However, CMP has suboptimal efficiency and a relatively high cost [62,
63]. Additionally, mechanical polishing does not meet the required 
surface roughness standard. In contrast, MAMP is able to successfully 
batch polish the TC4 alloy, achieving nanometric surface roughness. As 
a result, MAMP is a potentially appealing polishing method that can 
reduce polishing time and achieve lower surface roughness.

Although there are promising results, there are still certain limita
tions to this method. One main concern is the uneven surface roughness 
on the polished TC4 intestine surgical tool, as shown in Fig. 17(c). This 
discrepancy needs to be improved in future studies. During the polishing 
process, adjusting the motion of the magnetic brush is a potential so
lution. Additionally, it is important to gain a more thorough under
standing of this new process, as it could offer more valuable insights for 
practical polishing applications.

5. Conclusion

This research examines the viability of employing magnetic field- 
assisted mass polishing (MAMP) for medical-grade TC4 alloy. Specif
ically, our current study aims to enhance the polishing efficiency of TC4 
alloy surfaces through the application of the MAMP technique. The key 
findings from the investigation are as follows. 

(1) MAMP emerges as an effective strategy for polishing medical TC4 
alloy, achieving nanometric surface roughness within a minimal 
time frame. Moreover, MAMP enables the simultaneous polishing 

of multiple TC4 components, ensuring excellent polishing 
uniformity.

(2) The surface roughness Sa of the polished samples exhibits a 
progressive reduction as the polishing time extends. Moreover, 
there is an initial decrease in roughness when the rotation speed 
increases, but it eventually increases again, suggesting that the 
optimal rotation speed is 1500 rpm.

(3) A polishing duration and rotation speed of 20 min and 1500 rpm, 
respectively, yield the minimum average surface roughness, 
reaching Sa 6.9 nm. The MRR of the MAMP in TC4 polishing is 
around 55.8 nm/min.

(4) Post-polishing after MAMP, the TC4 samples do not exhibit any 
significant changes in elemental weight% or phase trans
formation when compared to the initial samples. Having a 
smaller surface roughness is advantageous for achieving a higher 
flexural strength and hardness and improving surface wettability.

(5) The MAMP-processed TC4 intestine surgical tool demonstrates an 
average surface roughness (Sa) of 3.3 nm on convex regions, 8.3 
nm on concave regions, 10.3 nm on edges, and 51.7 nm on 
grooves following a 10-min MAMP treatment.

These results highlight the promise of MAMP as a technique that can 
improve the surface quality of medical TC4 alloys, thereby contributing 
to the advancement of medical component manufacturing processes.
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