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ABSTRACT

Advancements in micromilling, tool treatments, and ultra-precision machining centers have significantly enhanced
the fabrication of micro-scale components across various industries. This paper provides a comprehensive review
of recent developments in these areas, focusing on the impact of tool material innovations, surface treatments, and
state-of-the-art machining centers on machining accuracy, surface finish, and tool longevity. The integration of ad-
vanced tool treatments and ultra-precision machining technologies has led to improved performance and expanded
applications in fields such as biomedical engineering, electronics, and aerospace. The study discussed the need and
advantages of tool coating, and cryogenic treatment on tools for efficient machining and enhancement of tool life.
Future research directions were also discussed, emphasizing the need for continued innovation to meet the growing

demand for high-precision micro-manufacturing.
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INTRODUCTION

Micro-milling has been described as a preci-
sion machining process characterized by machining
tools measuring typically less than 1 millimeter in
diameter, capable of producing very complex micro
geometries and fine surface finishes on parts. The
technology finds applications in industries that re-
quire high-precision parts, such as aerospace, medi-
cal devices, and microelectronics. The technology
calls for the use of miniature tools for fabrication
applications that involve complex features reaching
micrometer tolerances. A particular aspect of mi-
cromilling that makes this process unique is that it
can machine parts, small or large, usually resulting
in microfeatures smaller than 1 mm, irrespective of
the overall dimensions of the workpiece [1].

Micro-milling has an edge over other tech-
niques like micro-turning or EDM (electrical dis-
charge machining) with its superior high material
removal rates and surface quality. It is capable
of producing small parts with very good dimen-
sional accuracy and a surface texture fine enough
to meet stringent requirements dictated primarily

by sectors such as medical, acrospace, and micro-
electronics industries. The development of ultra-
precision high-speed machining canters has fur-
ther magnified the contributions of micro milling
toward superior accuracy of machining, hence
making it one of the major micro-manufacturing
processes. The material selection component in
the cutting tool makes a significant impact on the
performance and efficiency of micro-milling pro-
cesses. One of the most often used materials for
micro tools is tungsten carbide (WC); this is part-
ly due to its hardness, and features such as high
wear resistance and ability to keep a cutting edge
sharp at high temperatures. Its high tolerance
when applied in hard, abrasive materials enables
it to endure normal stress conditions imposed in
micro milling operations [2, 3].

Due to this feature, tungsten carbide is wear-
resistant, which is significant to high-speed and
high-precision processes like micro milling, in
which the tool undergoes rapid wearing and risk
of damage. Furthermore, the property of tungsten
carbide, which proves its high thermal stabil-
ity, guarantees that the cutting edges of tools at
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elevated temperatures are maintained, therefore
prolonging the useful life of a tool and involving
consistency in operation through long machin-
ing periods[5]. Recent investigation studies have
found that tungsten carbide tools are nonetheless
durable, exhibiting wear when subjected to ma-
chining difficult materials, like aluminum alloys.
Thus, the development of tungsten carbide tools,
including cryogenic treatments and coating appli-
cations, has undoubtedly increased the life of the
tool and improved machining performance [3].

Cold treatments and other surface treatments
have been well-researched and successfully em-
ployed. This involves subjecting the tool material
to cryogenic temperatures — in this case, tungsten
carbide, which accounts for improvements in
hardness and wear resistance. The changes made
by cryogenic treatment cause structural changes
to the tool material, which has proven to have
better toughness and reduced chances of cracks,
thereby prolonging tool life and enhancing stabil-
ity during machining. It is mainly effective in im-
proving the performance of tungsten carbide tools
within heavy-duty operations, such as micromill-
ing hard metals and alloys [5].

Further, coating technologies have received
major consideration in the literature as one of the
ways to enhance the surface properties of cutting
tools. Titanium-nitride (TiN), titanium-aluminum-
nitride (TiAIN), and diamond-like carbon (DLC)
are typically specified to tungsten carbide tools to
reduce friction, increase thermal stabilities, and
improve wear resistance. The coatings reduce heat
from generation at the cutting edge, increase tool
life, and improve surface finish quality by making
it possible for tools to retain sharp edges. For ex-
ample, TiAIN coatings significantly increase the
wear resistance of tungsten carbide tools, making
them well-suited for precision micro-milling ap-
plications at high speed and precision [3, 4].

Cryogenic treatment and coating not only in-
crease the durability of tools but also add to the
efficiency of the entire micro-milling operation
with reduced tool changes and increased machin-
ing accuracy. When the treatments are combined,
they can many times greatly extend the life of
the tools and further improve the economics of
micro-milling activities.

Purpose of the review

This review attempts at conducting a detailed
assessment of the performance characteristics of
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micro milling operations in machining aluminum
alloys using untreated, cryo-treated, and coated
tungsten carbide tools. The review merged find-
ings from different experimental studies to reveal
how different treatments on tools affect important
machining aspects such as surface roughness,
cutting forces, and tool wear.

It further dealt with how input parameters like
spindle speed, feed rate, and cutting depth affect
machining performance and tool life in micro-
milling applications. In addition, the paper ad-
dressed the importance of Ultra-Precision High-
Speed Micro Machining Canters in achieving the
extremely high spindle speeds required for effi-
cient micro-manufacturing while providing a dy-
namic and stable platform for the high-precision
micro-milling operation.

On the margins of this review, gaps in ongo-
ing research were identified to cash-fund sugges-
tions for future work such as developing novel
coatings and treatments for tungsten carbide tools
that could further boost performance levels in
micro-manufacturing [6].

THEORETICAL BACKGROUND

Tungsten carbide tools

Cutting tools are machined mostly with the
tungsten carbide (WC) material due to its very
high durability and, in particular, it has become
a preference among high-precision and high-
performance applications such as micro milling.
Tungsten carbide is a compound created from
tungsten and carbon to form a very hard, dense,
and wear-resistant material. Because of the hard-
ness of tungsten carbide, it finds its place among
the most preferred materials for cutting tools,
because it withstands the extremes of forces and
temperatures involved in machining operations,
with the hardness usually being in the range of
8.5 to 9.0 on the Mohs scale. Long-term inves-
tigations of tungsten carbide have proven that it
retains its cutting edge at speeds, which becomes
important under micro milling conditions where
tool performance is hampered in that instance
by high cutting speeds coupled together with de-
mands on small-scale machining [5].

Its superior hardness is complemented by
high thermal conductivity through which cutting
heat is dissipated effectively to minimize the oc-
currence of thermal deformation. Apart from this,
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the wear resistance attributes of tungsten carbide
in the event of the use of such tools for an extend-
ed period produce consistent performance. Such
tools are quite useful in micro-manufacturing ap-
plications, where tool life is crucial to maintain-
ing precision [8]. However, even though there are
all these benefits, tungsten carbide tools cannot
avoid wear during the machining of difficult-to-
cut materials such as aluminum alloys [5]. Hence,
several efforts have been documented to modify
the performance of tungsten carbide, such as
cryogenic treatment, coating, etc.

Cryogenic treatment of tungsten carbide
tools

Cryogenic treatment is essentially the process
of bringing the tool material to very low tempera-
tures, generally below -150 °C, which is capable
of inducing phase transformation to enhance the
material mechanical properties. It is evident in
tungsten carbide where the changed carbide phase
during cryogenic treatment converts the retained
austenite in the tool microstructure to martensite.
This phase transformation significantly improves
hardness, wear resistance, and toughness, thus
raising the efficiency of the tool, especially in the
field of high-precision micro-milling applications.

Much research has been done on cryogeni-
cally treated tungsten carbide tools, which tend
to perform better than untreated tools. It has been
established that cryogenic treatment increases
tool life through a reduction in the wear of tools
and the generation of cracks and micro-chipping
as a result of machining. Furthermore, it has been
established that cryogenic treatment improves the
stability of cutting edges at high spindle speeds
for machining small features in micromilling [9].

Moreover, the cryogenic treatment also reduc-
es the tool friction coefficient, resulting in reduced
cutting forces and better surface finishes in micro-
milling operations. It has been successfully used
in machining ferrous and nonferrous materials.
Therefore, this is a suitable improvement for tools
intended to produce compact components that re-
quire accurate tolerances in their manufacture.

Coating techniques for tungsten carbide
tools

Surface coatings are usually applied in addi-
tion to cryogenic treatment. These coatings con-
fer further performance enhancements to tungsten

carbide tools. For example, Titanium Nitride, Ti-
tanium Aluminium Nitride, and Diamond-Like
Carbon coatings have all been studied extensively
with reference to their use in wear resistance im-
provement, friction reduction, and life extension
of tools (Zhao et al., 2022). These coatings create
a surface layer on the tool, further supplementing
its wear and tear protection against the friction
developed by the tool and workpiece [3, 4].

TiN is often employed because of its inher-
ent high hardness, good thermal stability, and
resistance to wear. However, the high friction-
reducing quality of this coating during cutting
really minimizes the heat generation for better
wear resistance as compared to others. For high-
speed machining, TiAIN coatings are favorable
due to their improved high-temperature features
in comparison to TiN. These considerations help
to enhance the heat withstand capability of the
tool during high cutting temperatures, hence im-
proving the overall performance and efficiency of
micro milling processes where heat dissipation is
a major concern [3, 6].

Diamond-like carbon (DLC) coatings are
another category of coatings attracting attention
because of their very low friction and very high
hardness capable of conferring tool wear reduc-
tion besides improvement in surface finish quality
by providing a very smooth hard surface that min-
imizes material transfer while machining. These
coatings are being evaluated favorably under mi-
cro-manufacturing applications, which are very
sensitive to surface finish as well as tool life mea-
surements. A demonstrated that a combination of
cryogenic treatment and a coating (for instance,
TiAIN) would synergistically enhance perfor-
mance by increasing wear resistance as well as
thermal stability, thereby making the tools apt for
high-precision operations like micro milling [4].

Studies are available that discuss the adhe-
sion and mechanical properties of TiAIN and
AITiN coatings deposited thicknesses 4—5 um on
a DMLS (Direct Metal Laser Sintered) titanium
alloy substrate, that is commonly used in medi-
cal field. Titanium is prone to wear and reduced
durability, leading to revision surgeries. To ad-
dress this, surface modifications with coatings
using PVD (Physical Vapor Deposition) technol-
ogy have shown promise in increasing abrasion
resistance. Both coatings exhibited smooth and
dense structures with low surface roughness val-
ues The coatings demonstrated significantly high-
er hardness and elastic modulus compared to the
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substrate. TIAIN outperformed AITiN with 21%
higher elastic modulus and 16% higher hardness.
[10]. Performance of surface coatings to improve
wear resistance and reduce friction in industrial
applications. The PVD coatings of TiN, TiCN,
and TiAIN are usually used on cutting tools. It
was found that TiN exhibited the lowest friction
coefficient is 0.144 and the least wear, making it
the most effective for applications requiring mini-
mal wear and friction. TiCN showed higher fric-
tion but demonstrated significant durability, while
TiAIN, despite excellent thermal stability, exhib-
ited substantial wear under the same conditions.
The study emphasizes the importance of choosing
coatings based on specific operational needs, such
as high-temperature environments or long-lasting
tool performance [11]. There is a study stating the
importance of multilayer deposition that exam-
ines the effect of nitriding AISI H13 steel before
applying four multilayer PVD coatings of AICrN,
ZrN, TiSiN, and TiCrN at ambient and high tem-
peratures between 20 °C and 700 °C. Nitriding
significantly improved coating adhesion and wear
resistance by creating a diffusion layer. Among the
coatings, AICrN showed the best wear resistance
and lowest friction at ambient temperatures, while
ZrN-based coatings (AITiZrN + ZrN) performed
exceptionally well at elevated temperatures with a
friction coefficient as low as 0.12. TiSiN and Ti-
CrN were less effective due to weaker resistance
to high-temperature wear and oxidation. The find-
ings suggest that combining nitriding with ap-
propriate coatings can significantly enhance the
lifespan and performance of industrial tools un-
der varying conditions, especially in high-stress,
high-temperature applications like forging dies
and automotive molds [12].

Micromilling process overview

Micromilling is another very complex ma-
chining process that gives a better understanding
of the interaction between the cutting tools and
workpieces from machining parameters. In mi-
cromilling, one must try to remove the material as
much as possible with less wear on the tool and at
high precision and surface quality. These generally
include the following parameters: spindle speed,
feed rate, depth of cut, cutting tool geometry, and
so forth, all affecting part quality (Figure 1).

This diagram illustrates the sequence of steps
involved in micromilling, including tool engage-
ment, material removal, chip formation, and
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surface finishing. Arrows connect the different
steps, with tool parameters like speed, feed rate,
and depth of cut labelled [5].

Spindle speed is the most critical parameter
in micromilling, because high-speed rotations are
needed in the process to overcome resistance in
cutting small features. It also helps to minimize
cutting forces, reduces the risk of tool deflection,
and encourages good surface finish. Feed rate
determines the speed at which the tool advances
through the material and feeds it into the work-
piece while causing tool wear when cutting mate-
rial. The rate at which the tool advances through
the material must therefore also be very carefully
controlled while considering removal rate versus
wear on tools. Cutting depth is among the most
important parameters that affect tool wear and sur-
face finish. In general, micromilling can be said to
be traditionally practiced at shallow depths of cut
to minimize tool forces and thereby the chances
of tool breakage. However, deeper cuts could be
necessary, depending on the part geometry and
the material being machined [5].

Summary of tool performance enhancement

The jointly complementing cryogenic treat-
ment and coating technologies are promising
in improving performance by tungsten carbide
tools during micro-milling. This treatment subse-
quently enhances the mechanical properties of the
tools, rendering them efficient to withstand great-
er cutting forces and temperatures while enabling
tool life and machining precision to be achieved.
The influence of the cutting parameters, such as
spindle speed, feed rate and cutting depth can also

Tool — Work Piece Interaction

High Speed Rotation of tool

Contact forms heat generation zone due to friction

Shear Zone heat due to material removal

Build Up Edge Formation

Abrasive wear that leads to high force, and
decorates overall surface quality

Figure 1. Micromilling process flow
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not be overstated; they are crucial for the optimi-
zation of the micromilling process [5].

The advancement of these technologies en-
sures that tungsten carbide tools can meet the de-
mands of modern micromilling operations, where
high precision and efficiency are paramount.

EFFECTS OF TOOL TREATMENTS ON
MICROMILLING PERFORMANCE

Untreated tungsten carbide tools

Such tools are usually made out of untreated
tungsten carbide in micromilling operations be-
cause of their high hardness and wear-resistance
properties. Unfortunately, the use of these tools
is often limited, because they wear out and de-
grade thermally when tasked with high-speed
high-precision machining. The cutting forces in-
volved in micro-milling operations are large, and
untreated tungsten carbide tools experience rapid
wear, especially while manufacturing parts out of
aluminum alloys [5, 13]. The effect of such wear
is characterized by tool-chipping, rough surface
finish, and premature failure of the cutting tools,
thereby negatively affecting both the quality of the
component produced and the life of the tool [9].

The major drawback of untreated tools in mi-
cromilling is rapid degradation due to the high
stress and high temperature or heat developed
while machining. Untreated tungsten carbide
tools failed to show very little wear and defor-
mation after a relatively short machining cycle,
which was not favorable for surface finish as well
as machining accuracy. Moreover, such untreated
tools require frequent replacement, leading to
considerable operational costs and downtimes
in the manufacturing process. Thus, even though
untreated tungsten carbide tools are good initial
options for micro milling, their lack of wear re-
sistance and part heat management limits their
use, which calls for modelling the tool for perfor-
mance improvements.

Cryo-treated tungsten carbide tools

Cryogenic treatment of tungsten carbide tools
has a very well-established process to enhance the
performance and life of precision cutting tools in
micro-milling. Cryogenic treatment means such
tools are subjected and maintained at very low tem-
peratures (typically lower than -150 °C), resulting

in the microstructure of tungsten carbide transform-
ing, thus converting retained austenite into stable
and harder martensite. Thus, performance-wise it
affects the hardness, wear resistance, and tough-
ness of the tool and it enables proper functioning
under very rigorous micromilling conditions.

The positive effects of cryogenic treatment on
the micro-milling performance of tungsten car-
bide tools have had many studies. Cryogenically-
treated tungsten carbide tools had a lifetime in-
crease of up to 30% as compared to the untreated
ones in the machining of aluminum alloys [5, 13].
The treatment showed less micro-chipping, lesser
wear, and superior surface quality of the work-
piece. The treated tools were also shown to re-
duce the coefficient of friction between the tool
and the workpiece: this, in effect would lower
cutting forces and increase the efficiency of the
overall micro-milling process.

The tools treated through cryogenic technol-
ogy sustain their sharpness for a long time im-
portant in micromilling applications where pre-
cision is of paramount importance. Improved
wear resistance, together with the thermal stabi-
lization of cryo-treated tools, enables the use of
higher spindle speeds without losing cutting ef-
ficiency, which makes them very convenient for
high-speed micromilling operations. Therefore,
cryogenic treatment extends tool life but also im-
proves the surface finish and dimensional accu-
racy of the machined part.

Coated tungsten carbide tools

The titanium nitride (TiN), titanium alumi-
num nitride (TiAIN), and diamond-like carbon
(DLC) coatings are frequently applied onto tung-
sten carbide tools in order to further enhance their
performance concerning micromilling. The coat-
ing creates a protective layer on the tool surface
that makes it more wear-resistant, less frictional,
thermally stable, and thus applicable in high-
speed, high-precision machining operations [6].

Among the well-known coatings, TiN is re-
nowned for its hardness and high resistance to
wear, besides improving the tool performance
by lowering both friction and thermal conductiv-
ity. Research demonstrated that TiN-coated tools
possess superior properties over untreated tung-
sten carbide in terms of resistance to wear and
cutting force reduction. TiAIN coating, being one
of the most effective at high temperatures, is ex-
tensively used in micro-milling operations where
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elevated cutting temperatures are obvious. Under
severe conditions, these coatings maintain the
sharpness of the tool, thereby prolonging its lifes-
pan and increasing efficiency in machining [3, 4].

DLC coatings also find an application for
the improvement of tungsten carbide tools. Due
to their extremely low friction coefficient, these
coatings help reduce tool wear while improving
surface quality through limiting material transfer
between the tool and workpiece. In the applica-
tions using high-speed micromilling, tungsten
carbide tools coated with DLC have significant-
ly enhanced surface finish and accuracy of ma-
chined parts. Because of the high hardness and
smoothness of DLC coatings, they can be used in
working with delicate materials, where a precise
surface finish is very important [5].

The beneficial aspects become more vivid
when cryogenic treatment and coating are used
jointly. The best performances of tools would be
recorded when both treatments were applied, im-
proved cryogenic treatment and TiAIN coating.
Such treatment will impart enhanced wear resis-
tance and thermal stability to tungsten carbide tools
for micro-milling applications in the machining of
aluminum alloys. Consequently, the tools require
less frequent changing, and consequently, this
means that it reduces tool downtime and makes
micromilling processes quite cost-effective [5].

Comparison of tool treatments

The effectiveness of untreated, cryo-treated,
and coated tungsten carbide tools was analyzed
in micromilling. The cryogenic treatment and
coating both go a long way to enhance the per-
formance of the tools. Initially, untreated tools
work, but after some time, while wearing quickly,
cutting force increases, and surface finish goes
down; cryo-treated tools show an improvement
in hardness, resistance to wear, and time, which
makes them ideal for high-performance micro
milling (Table 1).

Among these are the differences between
the coatings: coated tools with TiAIN and DLC
showed superior wear resistance, lower fric-
tion, and higher thermal stability to accommo-
date high-speed micro milling work. Coatings,
together with cryogenic treatments, are further
optimization techniques to ensure improved per-
formance for micromilling operations where ac-
curacy and tool life are prime issues. This would
greatly depend on the machining needs, such as
the material to be machined, the complexity of
the part, and the required surface quality (Table
2, Figure 2) [6]. This bar chart compares the per-
formance of untreated, cryo-treated, and coated
tungsten carbide tools on key metrics like wear
resistance, surface roughness, and tool life

B Wear Resistance
| — Surface Roughness
B Tool Life

120 4

100
80 1
60
w0
20 1

Values

|

Untreated

Cryo-Treated
Tool Treatments

Coated

Figure 2. Tool treatment comparison (wear resistance, surface roughness, tool life) [5]

Table 1. Comparison of tool treatments in micromilling [15]

Tool treatment Wear resistance Surfacz:?nu)ghness Tool life (hours) Cutting force (N)
Untreated tungsten carbide Moderate 1.2 100 High
Cryo-treated tungsten carbide High 0.5 150 Low
Coated tungsten carbide (TiN, TiAIN) Very High 0.6 140 Moderate

246




Advances in Science and Technology Research Journal 2025, 19(4), 241-257

Table 2. Tool performance enhancement with coatings and cryogenic treatment [16]

Treatment combination Wear resistance Surface finish Tool life Cutting force
reduction
Untreated tungsten carbide Moderate Moderate 100 hrs None
Cryogenic treatment High Improved 150 hrs Moderate
Coated tools (TIAIN, DLC) + cryogenic Very high Excellent 180 hrs Significant
treatment

Summary of tool treatment effects on
micromilling performance

Untreated tungsten carbide tools: Effective,
but limited in terms of wear resistance and ther-
mal stability, requiring frequent replacements.

Cryo-treated tungsten carbide tools: Signifi-
cant improvement in wear resistance, tool life,
and surface quality, especially in high-speed mi-
cro-milling applications. Coated tungsten carbide
tools: Superior wear resistance, reduced friction,
and improved thermal stability, making them ide-
al for demanding micro-milling operations.

Integration of cryogenic treatment with coat-
ings will enhance the performance of tungsten
carbide tools. This would be a total answer re-
garding the obstacles in micro-milling. It not only
helps in lowering the costs of machining but also
increases tool life as well as improves surface fin-
ish and precision.

INFLUENCE OF CUTTING PARAMETERS
ON MICROMILLING

Spindle speed and cutting forces

Spindle speed is really important in micro-
milling as it creates direct effects in terms of
cutting forces and tool life. This is where it be-
comes more important in micro-manufacturing
processes where high speeds are necessary to
overcome the resistance due to the small cut-
ting edges and also effective material removal.
Studies have shown lower cutting forces and
increased surface finish with a decrease in tool
deflection at higher spindle speeds. For example,
they reduced radial cutting forces of increased
spindle speed and almost completely eliminated
burr formations, which are quite common in mi-
cro-machining operations [17, 18].

On the other hand, high spindle speed de-
creases the cutting force and increases the ther-
mal load in the cutting tool. Hence, heat genera-
tion control becomes vital to avoid tool wear and

failure. To solve the problem, cryogenic treated
or coated tools are used to enhance the thermal
stability of the tool, keeping sharp edges even at
high speeds. Thus, not only is it important for the
cooling system to ensure optimum temperature
during high-speed micromilling, but also that the
forces cut and life of tools is further minimized.

Moreover, it is better in finer surface qual-
ity because there are good impacts reduced from
vibrations and tool chatter. Micromilling is sen-
sitive to those small tool motion chatter; thus,
high-speed rotation helps maintain the precision
required for fine features with the least amount of
surface roughness.

Feed rate and cutting depth

The manipulation of feed rate as well as cut-
ting depth amounts to other essential parameters
toward material removal rates, wear of the tool,
and surface finish-in micromilling operations.
Feed rate is the speed with which a tool follows
across the workpiece whereas a cutting depth is
defined as the thickness of material removed at
one pass [22].

It can be said that by simply increasing the
feed rate, the material removal rate also increas-
es, but the downside is raising the cutting force
requirement which in turn results in tool wear.
A high feed rate, for instance, might place an
excessive load on the cutting tool and damage
the tool itself. It can happen when using untreat-
ed tungsten carbide tools. Lower feed rates, on
the other hand, help prevent these high cutting
forces from acting on the tool and result in finer
surface finishes with prolonged tool lives; how-
ever, decreased material removal rates result
from such feed rates. Hence, the balance is what
would ensure efficiency in material removal rate
with an effective tool [23].

Cutting depth can be defined as the amount
of material removed in each pass directly. Most
of the time in micro milling, shallow depths are
preferred for cutting, and this is because shallow
depth will cause smaller cutting forces and also
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reduce tool deflection. Sometimes, deeper cuts
may be required due to a particular shape or a
larger feature on the sample being worked on. In
such a situation, it becomes very important that
other parameters, like feed rate, spindle speed,
etc., be altered considering the increased cutting
force created so that tool wear can be reduced.
Cutting depth and feed rate control can work to-
gether to minimize tool wear and damage while
still accomplishing a reasonable material removal
rate. They have identified synergetic optimiza-
tions of cutting depth and feed rate parameters
that could be paired with a suitable tool treatment
such as cryogenic or coating treatment, which can
greatly improve machining efficiency and even
reduce operation costs [25].

Role of tool geometry in cutting performance

The geometry of cutting tools is perhaps the
most critical factor in efficient micro-milling
operations. Unlike conventional milling, micro-
milling relies on extremely small diameter tools,
S0 even minor variations in cutter geometry might
result in significant changes in forces imposed on
the surface, surface quality, and tool life. The dif-
ferent geometries of the tools include diameters,
rake angles, clearance angles, and edge radii.

For micromilling, small cutting-edge radii are
preferred to facilitate high precision and fine sur-
face finishes. However, if the cutting-edge radius
is small, then it causes severe tool wear, due to
increased stress concentration at the cutting edge.
Hence, a compromise has to be achieved between

precision and tool durability, which is the reason
why tungsten carbide tools are the most preferred
ones since they are treated with coatings or cryo-
genically treated for edge sharpness preservation
while bringing no compromise on tool life [6].

Rake angle also influences the cutting forces
and chip formation, as it is stated that the posi-
tive rake angle can decrease reductions in cutting
forces associated with the chip removal process
and thus improve the surface finish. On the other
hand, it gives higher values of induced cutting
forces, leading to tool deflection or bad surface
quality. Tool geometry should be optimized with
parameters such as spindle speed, feed rate, and
cutting depth to achieve optimum results in mi-
cromilling operations (Figure 3) [9]. This graph
shows the relationship between cutting force and
tool life, comparing untreated, cryo-treated, and
coated tools [5].

Effect of tool wear on cutting parameters

Tool wear is a normal fact that happens natu-
rally with machining and is mainly the result of
the continuous contact of the cutting tool and
workpiece. As the tool continuously wears away,
its cutting efficiency is reduced, thereby resulting
in high cutting forces, poor surface finish, and in-
creased tool wear. The wear is a major influence
of several factors, such as cutting parameters, tool
material and type of coating or treatment done on
the tool [26].

Micromilling tool wear is even more criti-
cal, because the tools have small cutting edges,

140 4
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100 4

Tool Life (hours)

80 ~

60 A

40

—&— Untreated
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—8— Coated

T
60 80 100

T T T T T
120 140 160 180 200

Cutting Force (N)

Figure 3. Tool life vs cutting force:
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and therefore even minor wear could alter the
performance in machining. Many investigations
show that with higher spindle speeds and ag-
gressive cutting parameters, the rate of tool wear
is increased especially when untreated tools are
used. In contrast, cryogenically treated and coat-
ed tools exhibit much slower wear rates, allow-
ing for longer machining cycles and more con-
sistent results (Figure 4). This line graph shows
tool wear progression over time for untreated,
cryo-treated, and coated tools, highlighting how
each treatment affects tool longevity [5].

It is necessary that tool wear should be pe-
riodically monitored in micromilling operations,
since excessive wear might give rise to part de-
fects and escalation in operational costs. By using
advanced tool treatments and optimizing cutting
parameters, tool wear could also be reduced, thus

improving the efficiency and productivity of the
micro-milling process (Table 3, 4).

Summary of cutting parameter effects

Spindle speed — higher spindle speeds reduce
cutting forces and improve surface finish but can
increase tool wear due to higher temperatures.
Cryogenic treatment and coatings help mitigate
thermal load and extend tool life.

Feed rate and cutting depth: a higher feed rate
increases material removal but also leads to high-
er cutting forces and tool wear. Shallow cutting
depths help reduce cutting forces, while deep cuts
require careful adjustment of parameters to avoid
excessive wear.

Tool geometry — tool geometry significantly
affects cutting forces, surface finish, and tool life.

2.5 —e— Unfreated
—e— Cryo-Treated
—8— Coated

Tool Wear (microns)

0 25 50 75

T T T T T
100 125 150 175 200

Time (hours)

Table 3. Effect of spindle speed on micromilling performance [6]

Figure 4. Tool wear comparison over time

Spindle speed (RPM) Cutting force (N) Surface(J?nu)ghness Tool wear rate (um/hr) Materi(iln:?/r:lnci)r:/)al rate
10.000 High 1.2 High Low
20.000 Moderate 0.8 Moderate Moderate
50.000 Low 0.5 Low High

Table 4. Feed rate and cutting depth impact on tool wear and surface finish [7]

Feed rate (mm/min) Cutting depth (mm) Tool wear (um) Surfacez;&u)ghness Materi(e;lnzflwq?r\]/? | rate
10 0.05 Low High Low
20 0.1 Moderate Moderate Moderate
40 0.2 High Low High
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A balance must be achieved to ensure high preci-
sion while minimizing wear.

Tool wear: tool wear is inevitable, but by op-
timizing cutting parameters and employing ad-
vanced treatments such as cryogenic treatment or
coatings, tool life can be extended and machining
performance improved.

The careful optimization of these cutting pa-
rameters is deemed essential for performing ef-
ficient, high-precision micromilling operations.
Manufacturers can reduce tool wear and operation-
al costs, while producing superior surface finishes
and dimensional accuracies by altering spindle
speed, feed rate, cutting depth, and tool geometry.

ROLE OF ULTRA-PRECISION HIGH-SPEED
MICRO MACHINING CENTERS

Overview of ultra-precision high-speed micro
machining centers

Ultra-precision high-speed micro machin-
ing centers are machines that operate in micro-
machining processes that call for the levels of
precision achieved in micromilling. These ma-
chines would be able to maintain high stabil-
ity in operations and accuracy and repeatability
during highly dynamic operations while machin-
ing small, complex parts with geometries very
specific to them. It is characterized by a spindle
speed; precision motor control; and an advanced
feedback system that allows the tool to retain
its exact position during machining, even when
subjected to dynamic loads [27].

This machine has high-speed spindles capable
of working beyond speeds of 100,000 revolutions/
min and can perform very highly efficient micro-
machining processes. The maintenance of such a
high speed is important in performing micromill-
ing operations, where the diameters of the cutting
edge are small, and the prevention of sharp edges
at higher speeds is imperative to give a smooth
surface and very precise features. Ultra-precision
machining centers also often come with advanced
thermal management systems that subsist to lessen
the heat generated by higher spindle speeds, which
is vital in tool life and tool wear aspects [30].

These machines have very advanced features
with respect to direct drives and high-precision
encoders, further providing an unrivalled accuracy
in positioning and movement. This is marked as
high-precision control, which consequently allows
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for the uniform generation of soft details from the
most challenging materials. Hence, such centers
become ever more important when dealing with
industries like aerospace, medical devices, and mi-
croelectronics, where part geometries very often
require tolerances down to the micron range.

Advantages of micromilling

Ultra-precision high-speed machining centers
offer several key advantages for micromilling op-
erations [5]:

e higher spindle speeds: one of the prime ad-
vantages of these machines is that they can
attain extremely high spindle speeds. It has
already been discussed that the spindle speed
is highly important in reducing cutting forces
and improving surface finish in micromilling.
Ultra-precision machines make possible the
achievement of micro-components with very
small surface roughness at very high spindle
speeds, a critical requirement in many micro-
manufacturing methods.

e dynamic stability: these machining centers
are equipped with specific design features to
tackle vibrations and minimize tool deflection
in high-speed machining processes, with an
effect on micromilling. Even a small vibration
can dramatically affect the quality of the fin-
ished product and create dimensional inaccu-
racies and poor surfaces for the product. High-
speed micromachining centers are built with
vibration-damping systems and rigid struc-
tures to maintain dynamic stability to provide
consistent and accurate machining at even a
very high cutting speed.

e improved surface finish and precision: ultra-
precision machining centers have the capacity
to produce parts with extremely fine surface
finishes, often in the range of nanometers. This
is highly relevant in micro-manufacturing,
where surface integrity and smoothness are
crucial to the overall functionality, especially
in applications such as biomedical implants
and microelectronics. The improvements in
precision also mean that final part dimensions
comply with required tolerances, and fewer
secondary operations are required.

e enhanced tool life: these high-speed machin-
ing centers generally have good cooling and
lubrication systems for the reduction of ther-
mal loading on the cutting tools. Hence, tool
wear is reduced, especially when machining
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materials that produce considerable amounts
of heat in cutting. Such machines are thereby
capable of holding a steady and cooler envi-
ronment and, therefore, prolonged life for
cutting tools, which is especially beneficial in
micromilling, considering frequent changes
of tools would normally result in high costs
and increased downtime due to the frequent
changes required.

flexibility in complex geometries: ultra-pre-
cision machining centers, having high preci-
sion and stability, make it a perfect choice for
machining complex part geometries exhibit-
ing tighter tolerances. They can also produce
the elaborate profiles and the delicate features

needed for micro-manufacturing, e.g., those are
found in the applications of medical devices,
sensors, and microelectronics, where conven-
tional methods are not as useful. (Table 5 and 6).

This plot shows the relationship between cut-
ting speed and surface roughness for different tool
treatments, highlighting how increasing spindle
speed can improve surface finish (Figure 5).

Integration of advanced tool materials with
ultra-precision machining centers

Significant improvement in machining per-
formance can be achieved through high-speed

Table 5. Key advantages of ultra-precision high-speed micro machining centers [6, 7]

Feature Description

Benefits

Reduced cutting forces, improved surface finish, faster

High spindle speeds

Spindle speeds up to 100,000 rpm or more

processing

Dynamic stability

Advanced vibration damping and rigid
structure

Improved machining precision and reduced tool
deflection

Thermal management
systems

Integrated cooling systems for heat
dissipation

Reduced tool wear, and maintained cutting efficiency at
high speeds

Precision control

High-resolution encoders and feedback
systems

High accuracy and repeatability in machining
operations

Table 6. Comparison of tool performance with ultra-precision machining centers [6, 7]

Spindle speed Tool life Surface roughness Material removal rate
Tool treatment -
(rpm) (hours) (Mm) (cm?/min)
Untreated tungsten carbide 10,000-50,000 100 1.2 Low
Cryo-treated tungsten carbide 20,000-60,000 150 0.5 Moderate
Coated tungsten carbide 50,000+ 140 0.6 High

Surface Roughness (um)

1.2 4

1.0

0.8

0.6

0.4+

—8— Untreated
—e— Cryo-Treated
—8— Coated

T
10 20 30

40 50 60

Cutting Speed {m/min)

Figure 5. Micromilling surface roughness vs cutting speed [5]

251



Advances in Science and Technology Research Journal 2025, 19(4), 241-257

ultra-precision micro machining centers com-
bined with appropriate tool materials, especially
cryogenically treated or coated tungsten carbide
tools. High spindle speeds and accuracy show
a realising potential for advanced tool materi-
als. High tungsten carbide cryogenically treated
with high-speed machining centers has dynamic
stability and higher speeds to mitigate the wear
and thermal degradation found in most high-
speed operations [33].

Coated tools in general, especially TiAIN and
DLC coatings, perform quite well when combined
with high-speed micro machining centers. These
coatings enhance the ability of the tools to with-
stand the high temperature and friction forces de-
veloped at increased spindle speeds, thereby ensur-
ing longer tool life with subsequently high perfor-
mance in machining. Such a combination of high-
speed, high-precision machining with advanced
tool materials provides a truly promising basis for
attaining micro milling high performance [3].

Challenges and considerations

Ultra-precision high-speed micromachining
centers have many advantages. However, these
centers certainly have their challenges. One of
the most important ones is related to machines
being very expensive, which is a considerable
investment for manufacturers. In addition, set-
ting up and maintaining machines requires
highly specialized knowledge and skills related
to complex control systems and advanced pro-
gramming techniques.

High spindle speeds and tight tolerances for
micromachining mean that tool wear and ma-
chine stability have to be monitored very closely.
A cut of just a few millimeters in setup or tool se-
lection could result in contamination of the prod-
uct. Therefore, the operator must possess good
knowledge about the process being machined and
maintain regular checks on machine conditions
for excellent performance [36].

Summary of the role of ultra-precision high-
speed micro machining centers

Ultra-precision high-speed micromachining
centers dramatically enhance the performance
capabilities and efficiencies of micromilling op-
erations. These machines excel at achieving very
high spindle speeds, while at the same time main-
taining dynamic stability and surface finishes that
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ensure their suitability for micro components
with very tight tolerances and very intricate ge-
ometries. Modern tool materials, such as cryo-
genically treated or coated tungsten carbide tools,
promote even more capability by ensuring longer
tool life, as well as enhanced machining accura-
cy. These machines are nevertheless not without
problems; however, their exactness of measures,
speeds, and efficiencies is why they are often
viewed as unavoidable elements in modern mi-
cro-manufacturing applications.

FUTURE DIRECTIONS AND RESEARCH
GAPS

Potential areas for further study

Most of these developments in the technolo-
gies of micromilling and treatments of cutting
tools have left many topics for future research
in order to enhance the process. One of the areas
that will require more research is the provision of
advanced coating materials and cutting tools. Al-
though Ti-Al-N and DLC coatings have been suc-
cessful in terms of longevity and wear resistance,
newer coatings with more advanced properties,
especially for high-speed micro-milling, can be
explored. Coating such as one or two would be
with high thermal stability, low friction, and wear
resistance would offer better performance under
extreme conditions pushing the current micro
milling capabilities [5].

The result is a hybrid process that would go
into more studies,because it becomes micro mill-
ing with other techniques such as laser-assisted
micro milling or electrochemical micro milling.
These hybrid processes promise to add the capa-
bility of reducing cutting forces, improving sur-
face finish, and machining complex or tougher
materials with minimal tool wear at large. In this
way, for example, laser-assisted methods will re-
duce the thermal load on the tool mainly during
high-speed cutting, increasing tool life and im-
proving precision.

Moreover, there is a gap in research into op-
timizing the process parameters in micromill-
ing for specific industries. While there may be
general guidelines on how to control parameters
like feed rate, spindle speed, and cutting depth,
the specific applications for example, aerospace
or medical implants or electronics manufactur-
ing require further studies. These studies may
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consider different materials and requirements on
tolerances and surface quality needed in each ap-
plication. Optimization of the micromilling pro-
cesses would involve, for instance machining of
medical implants using biocompatible material or
the machining of microcomponents for electronic
circuits that have high-principled precisions, and
that would provide an excellent capacity of ad-
vancement in manufacture (Table 7) [38].

Advances in tool materials and treatments

Further development of advanced tool ma-
terials, especially incorporating nanostructured
features and composites, is a great potential
area for future research. For instance, the carbon
nanotube-reinforced tungsten carbide or nano-
crystalline diamond tools should offer excellent
hardness, wear resistance, and thermal stabil-
ity, being suitable for micro-milling operations.
These new materials should potentially elimi-
nate the limitations of tungsten carbide tools,
which are susceptible to damage and wear due
to thermal effects during high-speed machining
of tough materials.

The other area for research lies in the devel-
opment of multi-step or multi-stage treatment
procedures for cryogenic processing. While it
has been established that normal cryogenic treat-
ment improves tool properties, more gains in
wear life and accuracy of machining may be ob-
tained by investigating the effects of prolonged
or multi-step cryogenic treatment. Apart from
this, the combination of cryogenic treatment
with other techniques such as plasma nitriding
or shot peening may open entirely new possibili-
ties for extending tool lives and optimizing ma-
chining performance in micromilling. Moreover
testing multi coated and cryogenic treated and
coated are still under study.

Improved measurement and monitoring
techniques

An area where much can still be done is the
development of improved measurement and mon-
itoring techniques for micromilling. For more
efficient and precise micromilling operations,
one can think of real-time monitoring of cut-
ting forces, tool wear, and surface quality by ad-
vanced sensors and machine learning algorithms.
Integrated systems designed to include machine
vision force and temperature sensors would give
valuable feedback, which enables real-time auto-
matic adjustments to cut parameters using acous-
tics. Optimization becomes continuous, thereby
reducing tool wear, improving surface finish, and
minimizing operational downtime [36].

In addition, the fusion of digital twins that
mirror the machining process basically virtual
models of machining where real-world condi-
tions are recreated would facilitate more reliable
predictions about tool performance and machin-
ing outcomes. This will help manufacturers ad-
just cutting parameters for optimizing their op-
erations, forecast tool failure before it happens,
and thereby have higher efficiency in the process.
As the digital curve continues maturing, imple-
mentation in micromilling will redefine the future
state of this precision machining, where adapt-
ability and reliability become the qualities ex-
pected (Table 8).

Sustainability in micromilling

A significant improvement in sustainability in
the micro-manufacturing operations would come
from investigating the various ways of: reducing en-
ergy consumption, minimizing material waste, and
improving recycling in the cutting fluids used during
micro milling. One area that requires a worthwhile

Table 7. Potential areas for further study in micromilling [5, 20]

Area of research Description

Potential outcomes

Advanced tool materials
and coatings

Exploration of new materials and coatings for enhanced | Improved tool life, reduced wear, and
tool wear resistance and thermal stability

better surface finishes

Hybrid machining
processes

Combining micro milling with techniques like laser-
assisted machining or electrochemical machining

Higher efficiency, reduced cutting forces,
improved precision

Process optimization for
specific industries

Optimizing micromilling for industries such as
aerospace, medical devices, and electronics

Improved machining performance for
specific applications

Real-time monitoring and
digital twins

Developing systems for real-time monitoring of cutting
forces, tool wear, and surface quality, as well as the use
of digital twins for predictive maintenance

Enhanced process efficiency, reduced
downtime, and predictive maintenance

Sustainability in
micromilling

Exploring eco-friendly lubricants, recycling of cutting
fluids, and hybrid additive-subtractive processes

Reduced environmental impact, improved
sustainability, and reduced material waste
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Table 8. Advanced tool materials and treatments for micromilling [15]

Material/technique Description

Expected benefits

Carbon nanotube-
reinforced tungsten
carbide

Tungsten carbide tools are reinforced with carbon
nanotubes for enhanced hardness and wear resistance

Improved tool life, and enhanced
resistance to thermal degradation and
wear

Nanocrystalline diamond
tools

Tools made from nanocrystalline diamond materials
offer superior hardness and wear resistance

Extended tool life, reduced cutting
forces, and high precision in micro-
milling

Plasma nitriding +
cryogenic treatment

Combination of plasma nitriding and cryogenic treatment | Increased tool lifespan, reduced wear
to enhance surface hardness and fatigue resistance

rates, and higher

Table 9. Summary of research gaps in micromilling [5]

Research gap

Potential research focus

Expected outcomes

Development of new tool
materials

Exploration of materials like carbon nanotube-reinforced
tungsten carbide and nanocrystalline diamond

Enhanced tool performance, longer tool
life, and better precision in micro milling

Hybrid machining

techniques electrochemical techniques

Combining micro milling with laser-assisted or

Improved cutting efficiency, reduced
cutting forces, and expanded material
capabilities

Optimization for specific

Tailored research for micromilling in aerospace, medical

Industry-specific process optimizations

industries devices, and electronics industries and advancements
Real-time monitoring Use of real-time sensors, machine vision, and digital Improved process control, predictive
integration twin technology for continuous process optimization maintenance, and enhanced tool life

Sustainability in

manufacturing processes, and recycling methods

Development of eco-friendly lubricants, energy-efficient

Reduced environmental impact, more
sustainable manufacturing processes,
and lower operational costs

amount of research initiative is the formulation of
green lubricants and coolants for efficient cooling
that does not harm the environment [5].

Another promising area in this context could
be the combination of additive manufacturing
techniques with micro milling. The synergism of
additive and micromachining could be the door
for the production of quite complex micro-com-
ponents with very limited material wastage, thus
reducing the carbon footprint of the manufactur-
ing process. It is expected that this hybrid appli-
cation of the additive and subtractive methods-
potential hybrid manufacturing systems might
overtake the traditional system in producing
richly customized, complex parts by focusing on
sustainability [36].

Summary of research gaps

Advanced tool materials and coatings: contin-
ued development of cutting-edge tool materials
and coatings to enhance wear resistance, thermal
stability, and overall tool performance. Hybrid
machining processes: exploration of hybrid pro-
cesses, such as laser-assisted micromilling, to fur-
ther improve tool life and machining efficiency.

Process optimization for specific industries:
Focus on optimizing micromilling processes for
applications in aerospace, medical devices, and
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electronics. Measurement and monitoring: de-
velopment of real-time monitoring systems and
digital twin technology to optimize machining
performance and predict tool failure.

Sustainability in micromilling: research into
eco-friendly lubricants, sustainable machining
practices, and the integration of additive manu-
facturing with micromilling to reduce material
waste and energy consumption (Table 9).

Further research is needed to bridge these
gaps, which will definitely contribute towards
improving micro-manufacturing as a whole. The
advancement in tool materials and machining
techniques along with the monitoring systems
will enable the manufacturers to eliminate the
current challenges and obtain greater precision,
efficiency, and sustainability in future microma-
chining operations.

CONCLUSIONS

Advancements in micro-milling have sig-
nificantly improved precision and efficiency in
producing micro-scale components, particularly
through innovations in tool treatments like cryo-
genic methods and coatings.

Tungsten carbide tools treated cryogenical-
ly exhibit up to 30% longer lifespan, improved
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surface finishes (reducing surface roughness to
0.5 um from 1.2 pm), and better thermal stabil-
ity compared to untreated tools. Coated tools
with cryogenic treatment achieve 180 hours lifes-
pan, outperforming cryogenic treatment alone
(150 hours) and untreated tungsten carbide (100
hours), with excellent wear resistance and signifi-
cant durability improvements.

Coated tools, especially with materials like
TiAIN and DLC, provide very high wear resistance
and a tool life of approximately 140—-180 hours,
depending on the combination of treatments.

Surface modifications using PVD coatings,
such as TiAIN and AITiN, significantly enhance
the wear resistance, hardness, and elastic modulus
of titanium alloys used in medical applications,
with TiAIN demonstrating superior mechanical
properties and durability over AITiN.

The effectiveness of PVD coatings in indus-
trial applications depends on specific operational
needs, with TiN providing the lowest friction
coefficient, TiICN offering high durability, and
TiAIN excelling in thermal stability but showing
more wear under similar conditions.

Multilayer deposition techniques, particu-
larly when combined with nitriding, significantly
improve coating adhesion, wear resistance, and
performance across varying temperatures, with
coatings like AICrN and ZrN-based layers per-
forming exceptionally well in high-temperature,
high-stress industrial environments.

High-speed machining centers amplify these
benefits, achieving spindle speeds above 50,000
RPM, which lowers cutting forces while enhanc-
ing surface finish and tool durability.

Additionally, optimizing cutting parameters
like spindle speed, feed rate, and depth of cut can
significantly reduce tool wear and operational
costs, achieving balance between material re-
moval rate and tool longevity. Moreover, further
research is required in the field of coated cryo-
genically treated tungsten carbide tool and mixed
type coated tools.
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