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Abstract: This comprehensive study investigates the micro-milling of a Mg13Sn alloy, a material of
considerable interest in various high-precision applications, such as biomedical implants. The main
objective of the study was to explore the optimizations of variable feed per tooth (fz), cutting speed
(Ve), and depth of cut (ap) parameters on the key outcomes of the micro-milling process. A unique

check for experimental setup was employed, employing a spindle capable of achieving up to 60,000 revolutions

updates per minute. Additionally, the study leveraged linear slides backed by micro-step motors to facilitate
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were accurately captured by a mini dynamometer and subsequently evaluated based on the peak
to valley values for Fx (tangential force) and Fy (feed force). The study results revealed a clear
and complex interplay between the varied cutting parameters and their subsequent impacts on
Parameters to Minimize Cutting the cutting forces and surface roughness. An increase in feed rate and depth of cut significantly
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increased the cutting forces. However, the cutting forces were found to decrease noticeably with the
elevation of cutting speed. Intriguingly, the tangential force (Fx) was consistently higher than the feed
force (Fy). Simultaneously, the study determined that the surface roughness, denoted by Sa values,
increased in direct proportion to the feed rate. It was also found that the Sa surface roughness values

decreased with the increase in cutting speed. This study recommends a parameter combination of
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fz =5 um/tooth feed rate, Vc = 62.8 m/min cutting speed, and ap =400 pm depth of cut to maintain
a Sa surface roughness value of less than 1 pum while ensuring an optimal material removal rate and
machining time. The results derived from this study offer vital insights into the micro-milling of
Mg13Sn alloys and contribute to the current body of knowledge on the topic.

Keywords: micro-milling; cutting forces; feed rate; surface roughness; ploughing; material removal
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s _ 1. Introduction
This article is an open access article

Magnesium (Mg) alloys are a class of lightweight materials that have been increasingly
used in a variety of applications, particularly in the automotive and aerospace industries
because of their high strength-to-weight ratio [1]. These alloys are composed primarily of
magnesium, the lightest structural metal, combined with other elements such as aluminum,
40/). zing, silicon, copper, or rare earth elements to improve its properties [2,3]. Mg alloys are
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approximately 33% lighter than aluminum, 60% lighter than titanium, and 75% lighter
than steel [4]. This lightness, combined with adequate strength, makes them attractive for
industries where weight reduction is a priority [5].

In the world of biomedical science, magnesium (Mg) alloys have come into the spot-
light as an attractive material option. This growing interest is predominantly due to their
unique properties of biocompatibility and bioresorbability [6]. The ability of these alloys
to interact safely with biological systems without causing adverse reactions makes them
an excellent choice for use within the human body [7,8]. Furthermore, their bioresorbable
nature, which allows them to degrade and be absorbed by the body over time, provides a
significant advantage for certain medical applications [6,9].

Specifically, the slow degradation of Mg alloys in the physiological environment has
catalyzed extensive research in their potential use for temporary implantable devices [10-12].
Examples of such devices are screws employed for the fixation of bone fractures [13,14].
The premise here is to harness the bioresorbability of Mg alloys to create implants that
can naturally dissolve in the body over a specified period. This process eliminates the
requirement for these implants to be surgically removed, therefore reducing the need for
additional surgeries. The potential to minimize the risks, costs, and discomfort associated
with secondary surgeries represents a significant advancement in patient care [15-17].

Despite these promising attributes, there are challenges to consider when it comes to
the manufacturing of these biomedical Mg alloys. Given that many of these implants, such
as fracture fixation screws, are relatively small in size, their fabrication calls for precision
and intricacy [18-20]. This necessity places micromachining into an essential role in the
fabrication process of these biomedical Mg alloys [21,22].

The Mg13Sn alloy has garnered substantial attention in the biomedical field, particu-
larly in the context of implants [23]. The alloy’s unique mechanical properties, combined
with its high biocompatibility and excellent biodegradability, make it an ideal candidate for
orthopedic and other types of implants [24]. A significant area of research regarding this
alloy is its machining properties, including milling [25-27]. Machining processes, such as
milling, play a critical role in the manufacture of implants, shaping the alloy into precise
geometries necessary for various applications [28].

Micro-machining technologies based on tools, including micro-milling, micro-turning,
micro-grinding, and micro-drilling, operate on principles similar to those of traditional
machining processes [29-32]. Mechanical micro-machining processes provide flexibility,
making it possible to fabricate miniature components with intricate geometries, regardless
of the material’s nature. The process thus promises versatility and precision in crafting
micro-components for biomedical applications [31].

Despite the potential applications and benefits, the micro-milling of biomedical Mg-Sn
alloys remains significantly understudied, leaving a gap in knowledge that is crucial for
refining the fabrication process [33,34]. This deficit could be hindering the full exploration
of Mg-Sn alloys’ capabilities and their extensive use in the biomedical field [35-37].

To address this gap, our study delves into an investigation of optimum cutting pa-
rameters for the micro-milling of Mg13Sn alloys. We apply different cutting speeds, feed
rates, and depths of cut parameters to understand how these factors can impact the effi-
cacy and roughness parameters of micro-milled surfaces. In this article, we will provide
insights into our investigation and discuss potential implications and improvements for
the micromachining of biomedical Mg-5Sn alloys.

2. Materials and Methods

In this study, Mg13Sn alloy produced by the spark plasma sintering method was
used as the workpiece material. The detailed fabrication process for the production and
characterization of the alloy by spark plasma sintering is available in [38]. The compositions
and properties of Mg135n alloy is given in Table 1.
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Table 1. The compositions and properties of Mg13Sn alloy [38].
Cfnli;I:;iC;:m Density Hardness Tensile Strength
.em—3
(Wt%) (g-cm—3) (HV) (MPa)
87 wt% Mg
13 wit% Sn 1.898 73.3 157.2

Figure 1 introduces a micro-milling experimental arrangement, close-up view of the
cutting test zone, and a schematic depiction of the cutting test zone, conceived for executing
micro-machining at elevated cutting speeds. Capable of achieving up to 60,000 revolutions
per minute, the spindle’s revolution settings can be finely tuned with the aid of computer
software specially designed for this purpose. The spindle, which also sets the cut’s depth,
moves along the z axis. The fixture housing the workpiece is mounted over a mini dy-
namometer (Kistler-9119A A1), responsible for capturing cutting force data and conveying
it to the computer system. Axis movements have been facilitated by linear slides backed by
micro step motors. The feed direction of the workpiece has been designated as the x axis.
Each axis in the experimental configuration maintains a resolution accuracy of 0.1 pm.

Workpiece
_-—-—> Holder

_- - Workpiece

_~—=>Micro Tool

Figure 1. (a) Micro-milling experimental setup; (b) close-up view of the cutting test zone; and
(c) schematic presentation of cutting test zone.

Figure 2 showcases the variation in chip cross-section during the micro milling process
and includes a schematic diagram illustrating the impact of minimum chip thickness.
This experimental setup, akin to a horizontal machining center in its design, leverages
pneumatic air pressure to affix the micro cutting tool to the spindle. For the study, two-flute
end mills with diameters of 508 um were employed. In the experiments, uncoated cutting
tools obtained from Performance Micro Tool company were used. The edge radius of the
cutting tool in the micro milling procedure was identified through SEM analysis, employing
the LEO 1430 VP model. Measurement outcomes revealed the edge radius to be roughly
1.45 um (edge radius in Figure 2). General properties of the cutting tool are given in Table 2.
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In the micro-milling experiments, the feed per tooth (fz), cutting speed (Vc), and depth
of cut (ap) were taken as variable to determine the effects of the cutting parameters. The
cutting tests have been carried out with different parameters of feed rate, cutting speed,
and depth of cut (Table 3). For each application of the feed rate parameter, a constant
value was assigned to the cutting speed and depth of cut parameters, as detailed in Table 3.
Once a given test was concluded, the subsequent parameter of cutting speed was applied.
After the implementation of all the cutting speed parameters, the same procedures were
reiterated for the depth of cut, as ap =400 um.

Formation

Min chip
thickness

Workpiece

L .
~ 7 TEffect of min chip thickness Edge Radius

Figure 2. (a) Micro-milling process; (b) cutting tool; (c) the variation in chip cross-section; (d) effect of
min chip thickness; and (e) edge radius.

Table 2. The properties the of cutting tool.

Geometrical Properties Characteristic Properties
Shaft .
diameter 3.2 Helix length 2.3 Coating type Uncoated
(mm)
(mm)
Tool diameter Helix angle, Hardness
(mm) 0.508 0 () 30 (HV 0.05) 1680
Rake angle, « Cutting edge
Length (mm) 38.3 ©) 15 radius ( m) 1-1.5
Flute number 5 Relief angloe, 6 Chen'u'cal 92 wt{;; WC +
v (°) composition 8 wt% Co
Table 3. Cutting parameters applied in the micro-milling experiments.
. Feed, fz Cutting Speed, Vc Depth of Cut, ap
Experiment No (um/Tooth) (m/min) (um)
1,2;3;4 1
5,6,7,8 2.5 ) ) )
9:10; 11, 12 5 7.9;15.7;,31.4;62.8 200
13; 14; 15; 16 10
17;18; 19; 20 1
21;22;23;24 2.5 . . .
25, 26, 27+ 28 5 7.9;15.7;31.4; 62.8 400

29;30; 31; 32 10
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To mitigate the impact of wear on the cutting tool, each test utilized a fresh tool. The
cutting force signals were amplified and transduced into force measurements, subsequently
recorded to a computer using Dynoware software. Given that the sampling rate for the
dynamic cutting force under measurement was 7 kHz, the cutting force signals underwent
bandpass filtering within the 300 Hz-7 kHz range. The cutting forces were evaluated based
on the peak to valley values for Fx, Fy, and Fz (Figure 3), a common practice in micro-milling
cutting tests. These values refer to the amplitudes between the maximum and minimum
values. As for the cutting force measurements, the cutting distance was set at 30 mm. A
Nanovea-5T400 3D Optical profilometer was employed to measure surface roughness. By
performing surface scan along the width of the slot, the areal surface roughness (Sa) of the
slot was acquired.

s .
T
L : :
Time [s] ﬁ 1.5 §
705 i': 1.0 4 IE] %
-10 =] S 3
> 0 ~
15 - L o VU VY Yrmes &L

-20

2.0

JANE

U0V U i

-os 4~ o oooo-eol.

Peak to Valle

Figure 3. Measurement of cutting forces (a) peak to valley for Fx; (b) peak to valley for Fy; and
(c) peak to valley for Fz.

3. Results and Discussion
3.1. Cutting Forces

The Fx, Fy, and Fz forces resulting from the micro-milling parameters applied at
200 um and 400 pm depth of cut are given in Figures 4 and 5, respectively. When
Figures 4 and 5 are analyzed together, it is seen that increasing feed rate and depth of
cut significantly increase the cutting forces Fx and Fy. When the feed and depth of cut
are increased, the tool engages with more material during each revolution or pass. This
requires more force, which, in turn, increases the cutting forces. In essence, increasing the
feed rate and depth of cut makes the tool cut more material in the same amount of time,
thereby increasing the load on the tool.

However, in contrast to this situation, there is a significant decrease in cutting forces
in micro-milling experiments where the cutting speed increases. Cutting speed denotes
the velocity at which the cutting edge of the tool engages the workpiece. Elevated cutting
speeds can lead to a rise in temperature within the cutting zone, which, in turn, induces
thermal softening of the workpiece [39,40]. The heat produced in this zone can play a
role in further diminishing the cutting forces. This effect is especially pronounced during
micro-milling operations, given that the cross-section of the chip is exceedingly small. In a
study of Saglam et al. [41], it was observed that cutting speed and cutting forces share an
inverse relationship; an increase in the cutting speed results in a reduction in the cutting
force. However, this increased speed also resulted in a higher temperature at the tool tip.
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Figure 4. Cutting forces obtained at different feed rates and 200 pum depth of cut: (a) Fx; (b) Fy; and
(c) Fz.
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Figure 5. Cutting forces obtained at different feed rates and 400 pm depth of cut: (a) Fx; (b) Fy; and
(c) Fz.
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Fx/Fy Ratios
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An additional outcome emerged from our studies; the Fx cutting force values obtained
in the application of the micro milling process at both 200 pum and 400 um depth of cut
were higher than the Fy cutting forces. Fx is typically larger because it is aligned with
the primary direction of material removal. It has to overcome the shear strength of the
material being cut, which requires significant force. On the other hand, the Fy is typically
smaller, as it is primarily overcoming friction between the tool and the material rather than
directly causing material deformation or removal. In Figure 6, the Fx/Fy ratio decreases
with both increasing feed rate and increasing cutting speed. For the tests with 200 pm
depth of cut parameter, the max and min Fx/Fy ratios were 1.48 and 0.98, respectively
(Figure 6a). For the tests where a 400 pm depth of cut parameter was applied, the max and
min Fx/Fy ratios were 1.45 and 0.95, respectively (Figure 6b). When the feed rate increased,
the thickness of the chip also increased, causing an increase in both Fx and Fy. However,
the Fy force generally increased more rapidly than the Fx cutting force. This was because
a larger feed rate meant more material was engaged per tool revolution, which result in
a larger feed force. The minimum cutting force value was obtained at a depth of cut of
200 pm, a feed rate of 1 pm/tooth, and a cutting speed of 62.8 m/min. The maximum
cutting force value was obtained at 400 pum, 10 pm/tooth feed rate, and 7.9 m/min

cutting speed.
- - 3.0 - -
Cutting speed (m/min) ap: 200 pm Cutting speed (m/min) ap: 400 um
H79 ®157 ®E31.4 @628 254 H79 ®m157 BE31.4 @628

& 2.0 1
=
=2
)
B
e
=

1 2.5 5 10 1 245 5 10

Feed (um/tooth) Feed (um/tooth)
(a) (b)

Figure 6. Fx/Fy ratios for (a) 200 pm depth of cut and (b) 400 pm depth of cut.

Our examination has led to another significant result. When the cutting forces for the
fz =1 pum/tooth feed parameter in Figure 5a are analyzed, it is possible to say that the
increase in cutting speed has no significant effect on the cutting forces. At low feed rates,
the tool did not remove much material with each revolution (the chip load is low). This
means that even though the tool is interacting with the workpiece more times per unit time
(because of the increased cutting speed), the amount of material being removed in each
interaction is minimal. As a result, the cutting forces do not increase significantly. The
mechanics underlying chip formation in the micro-machining process differ from those in
conventional machining. This distinction is due to various factors such as the size effect,
tool run-out, and elastic recovery of the workpiece material. Therefore, the phenomenon in
the present study is more likely to occur when milling soft materials that do not require
significant force to cut, like soft plastics or certain soft metals [42—44].

By increasing the depth of cut from 200 pum to 400 pm, there was a natural increase in
all cutting forces (Figures 4 and 5). Increasing the depth of cut meant that more material
was engaged with the tool during each pass. As such, a larger volume of material was
being deformed and removed, which generally required more force [45]. In experiments
where the cutting speed was low and the feed rate was high, the cutting forces Fx and
Fy could increase by about 3—4 times (Figure 5a,b). Therefore, a minimum cutting speed
of 31.4 m/min was more appropriate in terms of the cutting forces obtained. In order to
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minimize the machining time, the maximum depth of cut ap = 400 um was more suitable.
It was better to select the feed rate as high as possible and determine the optimum feed
rate fz according to the surface roughness results.

3.2. Surface Roughness

Comparative surface roughness values of 200 um and 400 pm depth of cut are given
in Figure 7. Three-dimensional profilometer images for 200 um and 400 um depth of cuts
are given in Figures 8 and 9, respectively. Sa surface roughness values for 200 pm depth
of cut increase proportionally with the feed rate. These increases were more noticeable at
intermediate parameters with a cutting depth of 200 pm and a cutting speed of 62.8 m/min.
However, with all cutting parameters where a cutting depth of 400 pm was applied, Sa
surface roughness values significantly increased along with the increasing feed rate. It was
thought that the primary reason behind the increase in Sa surface roughness values with an
increase in feed was due to the higher material removal rate. Studies have reported that an
increase in feed rate directly correlates with an elevation in surface roughness, concluding
that this effect is due to a corresponding rise in the material removal rate, which ultimately
enhances the surface roughness [46—48]. When the feed rate (the rate at which material is
fed into the cutting tool) is increased, it leads to a larger volume of material being cut away
per unit of time. This increased removal rate causes more fluctuations on the surface profile,
resulting in higher surface roughness. In contrast to the effect of feed rate, it is possible to
say that Sa surface roughness values decreased significantly with increasing cutting speed
(Figure 7). The observed decrease in Sa surface roughness values as cutting speed increases
can be largely attributed to the corresponding decrease in the formation of built-up edges
(BUESs) [49]. Therefore, a decrease in BUE formation due to higher cutting speeds translates
into a smoother surface finish and, consequently, lower Sa surface roughness values. This
phenomenon is of utmost importance in precision machining, where achieving low surface
roughness is often a key objective.

The surface images clearly exhibit the effects of ploughing when feeds per tooth for
both depth of cut parameters were applied at the lowest cutting speed (fz=1 pum/tooth,
Ve = 7.9 m/min parameters in Figures 8 and 9). These irregular cutting marks are a
consequence of the tool’s sharp edge endeavoring to sever the chip during the subsequent
revolution when it failed to do so in the previous one. As the feed value escalates, there is
a noticeable reduction in the irregular marks on the machined surface, and the disparity
between the peak and trough narrows. The topography scale provided aptly demonstrates
this trend [32].

In the biomedical field where Mg alloys are used for implants such as screws or plates,
a smooth surface finish is usually desirable. This is to prevent the adhesion of bacteria and
to ensure compatibility with body tissues. In such cases, a surface roughness of less than
1 um is often targeted. Minimizing the machining time is possible by applying the cutting
speed, feed rate, and depth of cut parameters as much as possible. When the column bars
with a Sa value below 1 micron, a depth of cut value of ap = 400 um, and a minimum
cutting speed of 31.4 m/min are examined, it is seen that the fz =5 pm/tooth feed rate
is the most appropriate. Therefore, upon analyzing Figure 7, it becomes apparent that a
parameter combination of fz =5 um/tooth feed rate, Vc = 62.8 m/min cutting speed, and
ap =400 pm depth of cut is highly effective. This specific set of parameters minimizes
micro-milling time, maximizes the material removal rate (MRR) within a shorter timeframe,
and maintains a Sa surface roughness value of less than 1 um.
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Figure 7. Comparing the surface roughness values of 200 pum and 400 um depth of cut.
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Figure 9. Three-dimensional profilometer images for 400 pm depth of cut.

4. Conclusions

This comprehensive study, conducted on the micro-milling of Mg13Sn alloys, has
revealed significant insights into the effects of varied cutting parameters on the performance
and outcomes of this process. The results underscore the complex interplay between cutting
parameters such as feed rate, cutting speed, and depth of cut and their subsequent impacts
on cutting forces and surface roughness.

The study unequivocally established that an increase in feed rate and depth of cut led
to a corresponding escalation in cutting forces (Fx and Fy) and surface roughness values.
Interestingly, the application of the cutting speed together with the parameter minimum
feed fz =1 pm did not have a significant effect on the cutting forces. Additionally, the
tangential cutting force (Fx) values in micro-cutting experiments at both 200 pum and
400 pum depth of cut exceeded those of feed forces (Fy). This observation underscores the
unique dynamics of micro-machining compared to conventional machining.

Surface roughness, denoted by Sa values, increased with the feed rate. For applications
like biomedical implants from Mg alloys, it is suggested that a parameter combination of
fz =5 pum/tooth feed rate, Vc = 62.8 m/min cutting speed, and ap = 400 um depth of
cut to maintain a Sa value of less than 1 um while optimizing machining time and MRR.
Additionally, the specified parameters are also suitable in that the cutting forces are not
too high.

The observations derived from this study not only contribute to the current body of
knowledge on micro-milling of Mg135n alloys but also provide insights for improving
micro-machining processes. Further research may help optimize the use of Mg alloys in
the biomedical sector, potentially unlocking new ways to use these promising materials.
Additionally, a mathematical processing of the experimental results in future work would
allow obtaining some empirical mathematical models, with the revelation of new aspects
regarding the intensity of the influence exerted by the input factors in the micro-milling
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process on the size of the cutting force and the roughness of the surface generated by
micro-milling.

Author Contributions: Conceptualization, A.E., K.A. and 0.0, methodology, A.E., K.A. and 0.0,
validation, A.E., K.A. and 0.0, investigation, A.E., K.A., 0.0, M.P. and M.P.G.C..; resources, A.E.,
K.A. and O.0.; data curation, A.E. and K.A; Writing—Original draft preparation, A.E., K.A,, 0.0,
M.P. and M.P.G.C.; Writing—Review and editing, A.E., K.A., 0.0., M.P. and M.P.G.C.; visualization,
AE., KA. 0.0. and M.P; funding acquisition, A.E., K.A. and M.P.G.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Madhuri, N.; Jayakumar, V.; Sathishkumar, M. Recent developments and challenges accompanying with wire arc additive
manufacturing of Mg alloys: A review. Mater. Today Proc. 2021, 46, 8573-8577. [CrossRef]

2. Kapinos, D.; Augustyn, B.; Szymanek, M. Methods of introducing alloying elements into liquid magnesium. Metall. Foundry Eng.
2014, 40, 141-160. [CrossRef]

3.  Ghazanfari, H ; Hasanizadeh, S.; Eskandarinezhad, S.; Hassani, S.; Sheibani, M.; Torkamani, A.D.; Faki¢, B. Recent progress in
materials used towards corrosion protection of Mg and its alloys. J. Compos. Compd. 2020, 2, 205-214. [CrossRef]

4. Ercetin, A Ozgﬁn, O.; Aslantas, K; Der, O.; Yalcin, B.; Simsir, E.; Aamir, M. Microstructural and Mechanical Behavior
Investigations of Nb-Reinforced Mg-Sn—Al-Zn-Mn Matrix Magnesium Composites. Metals 2023, 13, 1097. [CrossRef]

5. Czerwinski, F. Current Trends in Automotive Lightweighting Strategies and Materials. Materials 2021, 14, 6631. [CrossRef]

6.  Tsakiris, V.; Tardei, C.; Clicinschi, EM. Biodegradable Mg alloys for orthopedic implants—A review. |. Magnes. Alloys 2021, 9,
1884-1905. [CrossRef]

7. Kim, J,; Pan, H. Effects of magnesium alloy corrosion on biological response-Perspectives of metal-cell interaction. Prog. Mater.
Sci. 2022, 133, 101039. [CrossRef]

8. Xing, F; Li, S; Yin, D.; Xie, J.; Rommens, PM.; Xiang, Z.; Liu, M.; Ritz, U. Recent progress in Mg-based alloys as a novel
bioabsorbable biomaterials for orthopedic applications. . Magnes. Alloys 2022, 10, 1428-1456. [CrossRef]

9.  Moravej, M.; Mantovani, D. Biodegradable Metals for Cardiovascular Stent Application: Interests and New Opportunities. Int. J.
Mol. Sci. 2011, 12, 4250-4270. [CrossRef]

10. Li, X,; Liu, X;; Wu, S.; Yeung, KW.K.; Zheng, Y.; Chu, PK. Design of magnesium alloys with controllable degradation for
biomedical implants: From bulk to surface. Acta Biomater. 2016, 45, 2-30. [CrossRef]

11.  Xu, L; Liu, X;; Sun, K;; Fu, R.; Wang, G. Corrosion Behavior in Magnesium-Based Alloys for Biomedical Applications. Materials
2022, 15, 2613. [CrossRef]

12. Hornberger, H.; Virtanen, S.; Boccaccini, A.R. Biomedical coatings on magnesium alloys—a review. Acta Biomater. 2012, 8,
2442-2455. [CrossRef] [PubMed]

13. Chaya, A.; Yoshizawa, S.; Verdelis, K.; Myers, N.; Costello, B.].; Chou, D.T.; Pal, S.; Maiti, S.; Kumta, PN.; Sfeir, C. In vivo study of
magnesium plate and screw degradation and bone fracture healing. Acta Biomater. 2015, 18, 262-269. [CrossRef] [PubMed]

14. Yu, Y,; Lu, H; Sun, J. Long-term in vivo evolution of high-purity Mg screw degradation—Local and systemic effects of Mg
degradation products. Acta Biomater. 2018, 71, 215-224. [CrossRef]

15.  Sukotjo, C.; Lima-Neto, T.J.; Santiago Junior, J.F,; Faverani, L.P.; Miloro, M. Is There a Role for Absorbable Metals in Surgery? A
Systematic Review and Meta-Analysis of Mg/Mg Alloy Based Implants. Materials 2020, 13, 3914. [CrossRef] [PubMed]

16. Rider, P; Kagarevi¢, Z.P; Elad, A.; Rothamel, D.; Sauer, G.; Bornert, F.; Windisch, P,; Hangyasi, D.; Molnar, B.; Hesse, B.; et al.
Biodegradation of a Magnesium Alloy Fixation Screw Used in a Guided Bone Regeneration Model in Beagle Dogs. Materials 2022,
15, 4111. [CrossRef]

17.  Rahim, M.I; Ullah, S.; Mueller, P.P. Advances and Challenges of Biodegradable Implant Materials with a Focus on Magnesium-
Alloys and Bacterial Infections. Metals 2018, 8, 532. [CrossRef]

18.  Abdudeen, A.; Abu Qudeiri, J.E.; Kareem, A.; Valappil, A.K. Latest Developments and Insights of Orthopedic Implants in
Biomaterials Using Additive Manufacturing Technologies. ]. Manuf. Mater. Process. 2022, 6, 162. [CrossRef]

19. Mian, S.H.; Moiduddin, K ; Elseufy, S.M.; Alkhalefah, H. Adaptive Mechanism for Designing a Personalized Cranial Implant and
Its 3D Printing Using PEEK. Polymers 2022, 14, 1266. [CrossRef]

20. Dorozhkin, S.V. Calcium Orthophosphate-Based Bioceramics. Materials 2013, 6, 3840-3942. [CrossRef]

21. Jiang, W.; Zhao, W.; Zhou, T.; Wang, L.; Qiu, T. A Review on Manufacturing and Post-Processing Technology of Vascular Stents.
Micromachines 2022, 13, 140. [CrossRef]

22.  Chen, C; Karshalev, E.; Guan, J.; Wang, ]. Magnesium-based micromotors: Water-powered propulsion, multifunctionality, and

biomedical and environmental applications. Small 2018, 14, 1704252. [CrossRef]


https://doi.org/10.1016/j.matpr.2021.03.548
https://doi.org/10.7494/mafe.2014.40.3.141
https://doi.org/10.29252/jcc.2.4.5
https://doi.org/10.3390/met13061097
https://doi.org/10.3390/ma14216631
https://doi.org/10.1016/j.jma.2021.06.024
https://doi.org/10.1016/j.pmatsci.2022.101039
https://doi.org/10.1016/j.jma.2022.02.013
https://doi.org/10.3390/ijms12074250
https://doi.org/10.1016/j.actbio.2016.09.005
https://doi.org/10.3390/ma15072613
https://doi.org/10.1016/j.actbio.2012.04.012
https://www.ncbi.nlm.nih.gov/pubmed/22510401
https://doi.org/10.1016/j.actbio.2015.02.010
https://www.ncbi.nlm.nih.gov/pubmed/25712384
https://doi.org/10.1016/j.actbio.2018.02.023
https://doi.org/10.3390/ma13183914
https://www.ncbi.nlm.nih.gov/pubmed/32899725
https://doi.org/10.3390/ma15124111
https://doi.org/10.3390/met8070532
https://doi.org/10.3390/jmmp6060162
https://doi.org/10.3390/polym14061266
https://doi.org/10.3390/ma6093840
https://doi.org/10.3390/mi13010140
https://doi.org/10.1002/smll.201704252

Micromachines 2023, 14, 1590 12 of 12

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Gabalcova, Z.; Gogola, P.; Gerhatova, Z.; Palcut, M. Corrosion Behavior of an Mg, Sn Alloy. Materials 2022, 15, 2025. [CrossRef]
Seetharaman, S.; Sankaranarayanan, D.; Gupta, M. Magnesium-Based Temporary Implants: Potential, Current Status, Applica-
tions, and Challenges. J. Funct. Biomater. 2023, 14, 324. [CrossRef] [PubMed]

Kumar, R.; Katyal, P; Kumar, K.; Sharma, N. Investigating machining characteristics and degradation rate of biodegradable ZM21
magnesium alloy in end milling process. Int. J. Lightweight Mater. Manuf. 2022, 5, 102-112. [CrossRef]

Zagorski, I.; Korpysa, J. Surface Quality Assessment after Milling AZ91D Magnesium Alloy Using PCD Tool. Materials 2020, 13,
617. [CrossRef] [PubMed]

Zagorski, I.; Kulisz, M.; Klonica, M.; Matuszak, J. Trochoidal Milling and Neural Networks Simulation of Magnesium Alloys.
Materials 2019, 12, 2070. [CrossRef]

Takale, A.M.; Chougule, N.K. Effect of wire electro discharge machining process parameters on surface integrity of Ti49. 4Ni50. 6
shape memory alloy for orthopedic implant application. Mater. Sci. Eng. C 2019, 97, 264-274. [CrossRef]

Bolat, C.; Karakiling, U.; Yalcin, B.; Oz, Y.; Yavas, C.; Ergene, B.; Ercetin, A.; Akkoyun, F. Effect of Drilling Parameters and Tool
Geometry on the Thrust Force and Surface Roughness of Aerospace Grade Laminate Composites. Micromachines 2023, 14, 1427.
[CrossRef]

Akkoyun, E; Ercetin, A.; Aslantas, K.; Pimenov, D.Y.; Giasin, K.; Lakshmikanthan, A.; Aamir, M. Measurement of Micro Burr and
Slot Widths through Image Processing: Comparison of Manual and Automated Measurements in Micro-Milling. Sensors 2021, 21,
4432. [CrossRef]

Mallick, P.S.; Pratap, A.; Patra, K. Review on cryogenic assisted micro-machining of soft polymer: An emphasis on molecular
physics, chamber design, performance analysis and sustainability. J. Manuf. Process. 2022, 80, 930-957. [CrossRef]

Karakiling, U.; Ergene, B; Yal¢in, B.; Aslantas, K.; Ercetin, A. Comparative Analysis of Minimum Chip Thickness, Surface Quality
and Burr Formation in Micro-Milling of Wrought and Selective Laser Melted Ti64. Micromachines 2023, 14, 1160. [CrossRef]
O'Toole, L.; Kang, C.W.; Fang, F.Z. Precision micro-milling process: State of the art. Adv. Manuf. 2021, 9, 173-205. [CrossRef]
Teng, X.; Huo, D.; Wong, E.; Meenashisundaram, G.; Gupta, M. Micro-machinability of nanoparticle-reinforced Mg-based MMCs:
An experimental investigation. Int. |. Adv. Manuf. Technol. 2016, 87, 2165-2178. [CrossRef]

Ercetin, A.; C)zgiin, 0O.; Aslantas, K.; Aykutoglu, G. The microstructure, degradation behavior and cytotoxicity effect of Mg-Sn—Zn
alloys in vitro tests. SN Appl. Sci. 2020, 2, 173. [CrossRef]

Zheng, Y.F; Gu, X.N.; Witte, F. Biodegradable metals. Mater. Sci. Eng. R Rep. 2014, 77, 1-34. [CrossRef]

Zhao, C.; Pan, E; Zhao, S.; Pan, H.; Song, K.; Tang, A. Microstructure, corrosion behavior and cytotoxicity of biodegradable
Mg-Sn implant alloys prepared by sub-rapid solidification. Mater. Sci. Eng. C 2015, 54, 245-251. [CrossRef] [PubMed]

Ozgun, O.; Aslantas, K.; Ercetin, A. Powder metallurgy Mg-Sn alloys: Production and characterization. Sci. Iran. 2020, 27,
1255-1265.

Kadirgama, K.; Abou-El-Hossein, K.A.; Noor, M.M.; Sharma, K.V.; Mohammad, B. Tool life and wear mechanism when machining
Hastelloy C-22HS. Wear 2011, 270, 258-268. [CrossRef]

Sima, M.; Ozel, T. Modified material constitutive models for serrated chip formation simulations and experimental validation in
machining of titanium alloy Ti-6Al-4V. Int. |. Mach. Tools Manuf. 2010, 50, 943-960. [CrossRef]

Saglam, H.; Yaldiz, S.; Unsacar, F. The effect of tool geometry and cutting speed on main cutting force and tool tip temperature.
Mater. Des. 2007, 28, 101-111. [CrossRef]

Kopf, A.; Feistritzer, S.; Udier, K. Diamond coated cutting tools for machining of non-ferrous metals and fibre reinforced polymers.
Int. ]. Refract. Met. Hard Mater. 2006, 24, 354-359. [CrossRef]

Malekian, M.; Park, S.S.; Jun, M.B. Tool wear monitoring of micro-milling operations. ]J. Mater. Process. Technol. 2009, 209,
4903-4914. [CrossRef]

Bao, W.Y,; Tansel, I.N. Tansel Modeling micro-end-milling operations. Part I: Analytical cutting force model. Int. ]. Mach. Tool
Manuf. 2000, 40, 2155-2173. [CrossRef]

Chae, J.; Park, S.S.; Freiheit, T. Investigation of micro-cutting operations. Int. . Mach. Tools Manuf. 2006, 46, 313-332. [CrossRef]
Dinesh, S.; Antony, A.G.; Rajaguru, K.; Vijayan, V. Experimental investigation and optimization of material removal rate and
surface roughness in centerless grinding of magnesium alloy using grey relational analysis. Mech. Mech. Eng. 2017, 21, 17-28.
Gupta, M.; Kumar, S. Investigation of surface roughness and MRR for turning of UD-GFRP using PCA and Taguchi method. Eng.
Sci. Technol. Int. ]. 2015, 18, 70-81. [CrossRef]

Uhlmann, E.; Lypovka, P.; Hochschild, L.; Schréer, N. Influence of rail grinding process parameters on rail surface roughness and
surface layer hardness. Wear 2016, 366, 287-293. [CrossRef]

Ergetin, A.; Aslantas, K.; Ozgiin, O. Micro-end milling of biomedical TZ54 magnesium alloy produced through powder metallurgy.
Mach. Sci. Technol. 2020, 24, 924-947. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ma15062025
https://doi.org/10.3390/jfb14060324
https://www.ncbi.nlm.nih.gov/pubmed/37367288
https://doi.org/10.1016/j.ijlmm.2021.11.002
https://doi.org/10.3390/ma13030617
https://www.ncbi.nlm.nih.gov/pubmed/32019163
https://doi.org/10.3390/ma12132070
https://doi.org/10.1016/j.msec.2018.12.029
https://doi.org/10.3390/mi14071427
https://doi.org/10.3390/s21134432
https://doi.org/10.1016/j.jmapro.2022.06.035
https://doi.org/10.3390/mi14061160
https://doi.org/10.1007/s40436-020-00323-0
https://doi.org/10.1007/s00170-016-8611-7
https://doi.org/10.1007/s42452-020-1988-9
https://doi.org/10.1016/j.mser.2014.01.001
https://doi.org/10.1016/j.msec.2015.05.042
https://www.ncbi.nlm.nih.gov/pubmed/26046288
https://doi.org/10.1016/j.wear.2010.10.067
https://doi.org/10.1016/j.ijmachtools.2010.08.004
https://doi.org/10.1016/j.matdes.2005.05.015
https://doi.org/10.1016/j.ijrmhm.2005.11.013
https://doi.org/10.1016/j.jmatprotec.2009.01.013
https://doi.org/10.1016/S0890-6955(00)00054-7
https://doi.org/10.1016/j.ijmachtools.2005.05.015
https://doi.org/10.1016/j.jestch.2014.09.006
https://doi.org/10.1016/j.wear.2016.03.023
https://doi.org/10.1080/10910344.2020.1771572

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Cutting Forces 
	Surface Roughness 

	Conclusions 
	References

