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ABSTRACT

Micro milling is a highly precise machining technique that uses high-speed, miniature cutting tools to create
intricate geometries, achieve fine tolerances, and deliver excellent surface finishes. This process is especially
valuable in industries that work with lightweight aluminum alloys. These materials are not only favored for their
low weight but also for their impressive strength-to-weight ratios and resistance to corrosion. However, machin-
ing aluminum alloys presents several challenges, including rapid tool wear, material buildup on tool surfaces, and
poor heat dissipation. These issues can significantly impact tool life and compromise surface quality. Tungsten
carbide tools have become the go-to choice for micro milling due to their hardness, wear resistance, and thermal
stability. While untreated tungsten carbide tools are commonly used, they often face limitations such as abrasive
wear, thermal cracking, and reduced performance in high-speed machining environments. To address these chal-
lenges, researchers have explored solutions like applying thin-film coatings and surface treatments to improve
wear resistance, reduce friction, and extend tool life. More recently, cryogenic treatment has gained attention as
a promising method to enhance the mechanical properties of tungsten carbide tools. This process can refine the
material’s structure and improve its thermal conductivity, potentially making the tools more durable and efficient.
This review will bring together and critically evaluate existing studies that focus on the performance of untreated,
coated, and cryogenically treated tungsten carbide tools during micro milling of aluminum alloys. By comparing
the results of different tool treatments, the review aims to provide insights into optimizing tool configurations to
enhance machining efficiency and extend tool life.
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INTRODUCTION

Micro milling uses high-speed cutting tools
with diameters in the micrometer range, allow-
ing much more complex geometries, very fine
tolerances, and superior surface finishes to those
demanded in modern manufacturing [2]. Such
features are such and hence are among the most
widely used materials as it has lightweight prop-
erties, high strength-to-weight ratios, and good
thermal conductivity [10]. Machining aluminium
alloys involves then, mysterious problems such as
the adhesion of metal to the cutting tool, rapid tool
wear, and ineffective evacuation of heat, which all
are harmful to tool life, good surface quality, and
productivity [19].
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The incredible hardness, wear resistance, and
thermal stability that tungsten carbide possesses
often make it the choice material for fabricating
cutting tools for micro-milling applications. This
is because these tools are clearly able to structur-
ally withstand high machining conditions. How-
ever, despite obtaining some advantages, the un-
treated tungsten carbide tools still have unfavour-
able characteristics while machining aluminium
alloys. For example, Notably, the abrasive nature
of aluminium-based materials coupled with the
high temperatures at the tool-workpiece interface
leads to rapid wear and deformation of tools [12].
Consequently, in order to enable improvement
in tungsten carbide tool performance, advanced
treatment processes must be adopted.
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Surface coatings have been the subject of in-
tense study to resolve these issues. This includes
coatings such as titanium nitride (TiN), titanium
aluminium nitride (TiAIN), and diamond-like
carbon (DLC), which improve wear resistance
lower friction & dissipate heat more effectively.
All of these properties extend tool life and better
cutting performance in high-speed micro-milling
operations [18]. Nonetheless, the effectiveness of
coatings is limited by delamination and brittle-
ness of coatings, especially at high cutting forces
or during long machining.

Cryogenic treatment is an up-to-date technol-
ogy that can also be added to surface coatings
for the performance enhancement of tungsten
carbide-cutting tools. The tools are subjected to
cryogenic treatment at extremely low tempera-
tures, usually below -150 °C. This will lead to
microstructural changes that improve hardness,
toughness, and wear resistance. The cryogenic
treatment provides better thermal stability, lesser
wear, and improved surface finishes on tools over
their untreated and purely coated counterparts
[13]. Cryogenic treatment integrated with sur-
face coatings has shown optimistic indications for
synergism in performance enhancement and has
thus gained attention in current studies.

Thus, this review aims to give a thorough
analysis of the performance generated by un-
treated, coated, and cryogenically treated tools in
micro-milling operations, especially concerning
machining aluminium alloys. With the synthesis
of findings available from extant literature, the
study aims to identify ideal tool treatments for
enhanced efficiencies in machining, tool life, and
sustainability in precision manufacturing.

In micro milling, tool performance is so im-
portant that the quality and processing of sur-
faces, as well as the dimensional accuracy, cannot
remain unaffected. The untreated tungsten carbide
tools give an entry-level performance, but the
very low wear resistance paired with insufficient
thermal management usually calls for frequent
replacement of tools. This leads to high down-
times and operating costs, as mentioned by [12].
To solve the issues mentioned previously, coating
technologies such as TiN, TiAIN, and DLC were
adopted widely. Their function includes acting
as protective barriers that reduce friction at the
tool-workpiece while enhancing abrasive wear
resistance. Nonetheless, coated tools have their
drawbacks, as coating delaminates under high
mechanical stresses can cause tool failure during

lengthy machining cycles or high-speed opera-
tions [40]. Cryogenic treatment is emerging as a
new progressive alternative to coatings, or com-
plementary to these, in improving the mechani-
cal properties of tungsten carbide tools. The in-
novative cryogenic treatment, or extremely low-
temperature treatment, involves very low tem-
peratures such that retained austenite has come to
convert to martensite to improve hardness besides
size stability [13]. Additionally, this process inter-
nalizes the stresses found in the material, leading
to increased toughness and ultimately reducing
chipping during machining operations. This treat-
ment with cryogen has an enormous promise, es-
pecially in combination with coatings for perfor-
mance improvements such as reduced tool wear,
better thermal stability, and a longer tool life [10].

Though it does not form treatment with a type
of isolation-uncoated, coated, and cryogenic treat-
ment indeed combined effects will also contribute
to the micro milling performance. A picture of these
findings clearly delineates the relative benefits and
disadvantages of employing each method and their
potential applications in the context of machining
aluminium alloys, which are considered unique in
the machinability and tool interaction paradigms.
The study focuses on important aspects of perfor-
mance, such as tool wear, cutting forces, surface
quality, and thermal management, to provide some
within the scope of the review and actionable in-
sights for researchers and industry practitioners to-
ward optimized micro-milling operations.

MICROMILLING ON ALUMINIUM ALLOYS:
CHALLENGES AND REQUIREMENTS

Micromilling is a greatly effective process for
high-precision machining nowadays. This par-
ticular method has found applications in many in-
dustries demanding small or complex geometries
and close tolerances in the aerospace, automotive,
and electronic fields. It enables the manufacture of
miniature components that are capable of achiev-
ing excellent surface finishes as well as maximum
dimensional accuracy, making it integral to mod-
ern manufacturing [2]. Of materials machined
by this process; aluminium alloys figure highly
among them because they are very light yet at the
same time have a high strength-to-weight ratio &
excellent thermal conductivity. This makes alumin-
ium alloys applicable where weight reduction and
durability are both critical considerations [19].
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However, the greatest challenges in micro-milling
operations originate from aluminium alloys. For
instance, the most common problem that these
alloys cause is built-up edge (BUE) formation.
BUE changes the geometry of the tool, resulting
in bad finishes and dimensional inaccuracies [12].
Furthermore, some aluminium alloys, especially
those containing silicon, become abrasive and
hence enhance tool wear leads to a reduction in
tool life & thus increase in the cost of machining
[10]. The high thermal conductivity of aluminium
alloys helps dissipate heat from the workpiece but
usually generates high heat at the tool-workpiece
interface, resulting in softening of the cutting tool
material, thus increasing the wear of the tool [40].

Aluminum alloys offer several advantages
for micro milling but also come with challenges.
Their lightweight nature reduces tool load, mak-
ing machining smoother, but it can also cause
vibration and deflection in small tools, affecting
precision. Their high strength-to-weight ratio
makes them ideal for aerospace and automotive
parts, though it can lead to faster tool wear, re-
quiring durable coatings or treatments. With high
thermal conductivity, these alloys dissipate heat
effectively, preventing deformation. However,
it can result in localized heating at the tool tip,
causing thermal softening and reducing tool life.
Their ductility supports machining of complex
geometries, but it also increases the risk of BUE
formation, where material sticks to the tool, af-
fecting surface finish. Alloys with silicon content
improve wear resistance of machined parts but
are highly abrasive, leading to faster tool wear. To
address these challenges, advanced coatings and
cryogenic treatments can enhance tool perfor-
mance, ensuring better machining results (Fig. 1).

In fact, very narrow tolerances and super-
smooth finishes have been quite indispensable parts
of the application of micro milling. This will mean
cutting with relatively small-diameter tools, which
can tend to be very deficient in rigidity and very
susceptible to deflection and vibration when cut-
ting. Such dynamic instability can produce chatter
marks on the machined surface and deviations in
the dimensions from those intended [2]. Advanced
micromilled products usually have thin walls and
small features which increase the risk of breaking
a tool. The microstructure and mechanical proper-
ties of aluminium alloys are the factors affecting
their machinability. At the specific aspect of the
grain size, alloy composition, or differences in the
hardness of the alloy itself; it creates a variation of
cutting force and material removal rate [19]. For
instance, the harder aluminium alloys with high
silicon contents tend to be more difficult to cut. It
leads to increased tool wear and decreased efficien-
cy in the process of machining; these all emphasize
the urgent need for optimal cutting tools and ma-
chining methods to meet the specific problems of
micro milling with aluminium alloys.

Major efforts have indeed been put into cutting
tool technology, machining strategy, and process
optimization to counter the challenges posed by the
micromilling of aluminium alloys. Cutting tool ma-
terial and geometry are the most important factors
that influence machining. Sharp-edged tools with
optimized rake angles are preferred for aluminium
alloys, as they reduce cutting forces, relieve mate-
rial adhesion, and improve surface finishes [18].
They, however, make the tools very susceptible to
chipping and wear, hence the need for innovations
in tool materials and treatments (Table 1). Surface
coatings like titanium aluminium nitride (TiAIN),

Unireated, Coated, Gryogenically Treated Variants

Tungsten Carbide Tool

pEdg

P
ool Wear (Adnesion, Abrasion)

A minum Alloy Workpiece

Cutling Direction

Figure 1. Schematic representation of the micro milling process for aluminium alloys, showing tool-workpiece
interaction, heat generation zones, and mechanisms like BUE formation and wear
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Table 1. Key properties of aluminium alloys and their machining challenges

Property

Benefit in machining

Challenge in machining

Lightweight Reduced tool load

Increased deflection and vibration of small tools

High strength: Weight ratio

Suitable for aerospace & automotive components | Enhanced wear on cutting tools

High thermal conductivity

Efficient heat dissipation from the workpiece

Localized tool heating, leading to thermal
softening

Ductility Allows intricate geometries

Tendency for built-up edge (BUE) formation

Silicon content (in Alloys)

Improves wear resistance of the machined part

Highly abrasive, increases tool wear

diamond-like carbon (DLC), and polytetrafiuo-
roethylene (PTFE) were other answers to aug-
mentation of tool performance. These coatings
minimize friction at the tool-workpiece interface to
avoid BUE formation and enhance thermal man-
agement [13]. Coating technology also proved
quite efficient in keeping the tool substrate pro-
tected from abrasive wear which extends tool life.
Of course, here we do have limitations with these
coatings as they may fail under high stress or with
prolonged exposure to elevated temperatures, es-
pecially in the high-speed machining context.

An alternative successful method is the use of
tools that underwent cryogenic treatment. It has
been proven that cryogenic treatments affect the
hardness and wear resistance of tungsten carbide
tools due to microstructural refinement and the
martensite transformation of the retained austen-
ite [10]. The treatment also induces a reduction
in residual stresses in the tool material, increas-
ing the toughness and resistance against chipping
while micro milling at high speeds. Furthermore,
tools treated cryogenically seem to perform better
in relation to heat dissipation, which is important
for maintaining tool integrity when machining
aluminium alloys with high thermal conductivity.

The process optimizations: modification of cut-
ting parameters and tool paths also assists micro-
milling. For instance, decreasing cutting speeds
and feed rates is good for reducing heat and wear of
tools. However, this goes with a reduction in pro-
ductivity, thus revealing the always-existent trad-
eoffs in micro-milling aluminium alloys [12]. The
advent of process monitoring and control systems
coupled with the integration of sensors and data
analytics opened up real-time action on the machin-
ing conditions optimization benefits that include
extremely high precision with tool life extension.

Also, the use of lubricants and coolants, such
as MQL and cryogenic cooling, can be largely
effective for machined outcome enhancement.
The friction and heat generated are considerably
reduced, resulting in smoother operations and a

better surface finish [19]. Nonetheless, these
practices about their environmental impacts and
cost signal scrutiny in applications at any level
of production scaling. In spite of having techno-
logical and process developments, there are many
gaps in knowledge, especially when it comes to
understanding the effects of the combination of
tool treatments, coatings, and process parameters
on micro milling performance. Experimental re-
search and computational modeling to address
these gaps are essential if machinability improve-
ments of aluminium alloys are to be made.

Drilling and cutting is a process wherein this
review is multidisciplinary challenges of micro-
milling aluminium alloys. As a result, higher pre-
cision, efficiency, and sustainability in manufac-
turing practices can be achieved by the integration
of advances in tool materials, surface treatments,
and process optimizations.

UNTREATED TUNGSTEN CARBIDE TOOLS
(FIRST HALF)

Due to their superior hardness and resistance
to wear and heat, tools made from tungsten car-
bide (WC) have come to be synonymous with
micromilling for almost any tough material, alu-
minium alloys included. Untreated tungsten car-
bide tools, therefore, rely only on their internal
material properties under high stresses, high tem-
peratures, and damaging wear mechanisms, thus
making them less at par with treated tools that
are considered to be the stand-by tools for use
in micro milling. Although they are quite popu-
lar, these untreated tools have several limitations
once exposed to the adverse effects under which
micromilling for aluminium alloys takes place.

Properties of untreated tungsten carbide tools

Tungsten carbide thus formed is a compos-
ite, generally comprising tungsten carbide grains
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bonded in a cobalt binder matrix. The coarse frac-
tion of precipitation generally accounts for the
bulk of the hardness property due to the presence
of tungsten carbide, whereas the cobaltic binder
imparts to the tool the toughness and resistance
to fracture. Therefore, untreated tungsten carbide
tools can find numerous applications and are usu-
ally versatile in that one can use them for different
machining operations [2]. With WC having high
thermal conductivity, it dissipates heat into the
cutting zones, making it superior to aluminium
alloys because of their high expansion rates.

Performance in micromilling aluminium alloys

Micro milling requires that tools with very
small diameters and revolutions speed at which
they rotate are utilized. Their individual use puts
tools under enormous pressure. Untreated tungsten
carbide tools can reach generally acceptable per-
formance standards in specific low-demand situ-
ations; however, such tools lose potency if forced
to perform longer or operate in highspeed condi-
tions. One of the primary issues with untreated
tools is their susceptibility to rapid wear when
machining abrasive aluminium alloys, particu-
larly those with high silicon content. The abrasive
particles in the alloy induce flank wear and the
consequent deterioration in the tool contours and
quality of surface finish [10].

Moreover, untreated tools elicit adhesion of
the work material when machining operations
on aluminium alloys are conducted. As the cut-
ting edge of the tool is approached by aluminium,
built-up edge formation is created when its cutting
angle geometry is altered, upgrading the forces in
every cutting process. The BUE weakens surface
conditions and causes chipping of the tools and
early failure as a result of stress distribution being
uneven [19]. Along with this comes difficulty re-
sulting from the sticky nature of aluminium alloys
and the high temperatures occurring at the tool-
workpiece interface, which reduce the adhesion
resistance of the material.

Limitations in thermal management and tool
life

Untreated tools have good thermal conductiv-
ity, but they often fail in heat management at high-
speed micro milling due to the combined effect of
rapid heat generation at the cutting zone and insuf-
ficient heat dissipation, which leads to localized
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thermal softening of the tool material. This type
of softening speeds up wear mechanisms such as
abrasion, adhesion, and diffusion, contributing
to the short life of the tool [12]. In addition, un-
treated tools have no surface treatments or coat-
ings, which makes the cobalt binder phase prone
to degradation by both heat and chemical action
when machining aluminium alloys at extremely
high cutting temperatures.

Tool wear mechanisms in untreated tungsten
carbide tools

Tool wear would also be a major restriction
in micro-milling using untreated tungsten carbide
tools. The main wear modes are abrasion, adhe-
sion, and diffusion. Abrasive wear is produced
when hard aluminium alloy particles such as sili-
con carbide rub against the cutting edge and cause
micro-grooving and removal of material from the
surface of the tool [38]. On the other hand, adhe-
sive wear occurs due to the transfer of material
from the workpiece to the tool during machining,
resulting in the formation of a bond that destroys
the cutting edge. In micro milling, diffusion wear
is uncommon, but at high temperatures, the ma-
terial will interact with that of the workpiece and
tool surface, leading to collectible loss of some
major tool components such as cobalt from the
binder phase [39].

Eventually, through time, the mechanisms of
wear degrade the tool geometry and reduce the
cutting efficiency of that tool. For instance, the
wear of the flank surface only increases the cutting
forces and vibrations involved, which deteriorate
the surface quality of the machined aluminium al-
loy component. Furthermore, loss of sharpness on
the cutting-edge increased energy consumption
while machining, making the process unsustain-
able[41]. Therefore, these limitations severely
compromise tool life and raise manufacturing
cost consequences especially important for high-
speed or long- duration machining operations not
applying any extra protective treatment.

Surface integrity and machining outcomes

The cutting tool performance massively in-
fluences the surface integrity of machined parts.
Usually, untreated tungsten carbide tools fail to
produce high surface finishes consistently while
machining aluminium alloys, especially at high
cutting speeds. Formation of BUE is a common
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Table 2. Comparison of tungsten carbide tool treatments

Treatment type Advantages Limitations Key applications
Cost-effective, high thermal Rapid wear, poor heat Low-speed and short- duration
Untreated o . e
conductivity management, BUE issues machining
Reduced friction, better wear Coating delamination, brittleness | High-speed machining of
Coated ) . :
resistance at stresses lightweight alloys
Cryogenically | Enhanced toughness, lower wear, | Requires precise control, process | High-precision and abrasive
treated improved thermal stability variability environments

failure mode associated with untreated tools. This
not only deteriorates the surface finish but also
leads to micro-cracks and subsurface deformation
on the workpiece. BUE formation becomes merri-
ly pronounced and very costly in terms of failure
in aerospace and automotive components, for sur-
face quality matters more in these manufacturing
processes [1]. Tool deflection resulting from wear
or from material adhesion can also cause dimen-
sional inaccuracies, adversely affecting the tighter
tolerances of micro-milling applications [43].

Untreated tungsten carbide tools are predis-
posed to catastrophic failures under dynamic
loads, including chatter and vibration, during
machining operations. The nonexistence of sur-
face treatments or coatings predisposes the cobalt
binder phase to mechanical as well as thermal fa-
tigue. Such failures not only disrupt production
but also damage the workpiece and other com-
ponents. Thus, incurring extra cost and time of
downtimes and overheads.

When it comes to micromilling aluminum al-
loys, selecting the right tool treatment is crucial
for achieving precision, efficiency, and durability.
Each treatment type offers unique benefits and is
suited for specific applications. Untreated tools
are the most basic option, made from raw tung-
sten carbide. They are cost-effective and conduct
heat well, making them suitable for low-speed and
short-duration machining tasks. However, they
wear out quickly and struggle with heat manage-
ment, leading to issues like BUE, where material
sticks to the tool and impacts accuracy (Table 2).

Coated tools, on the other hand, are enhanced
with a protective layer that reduces friction and
improves wear resistance. This makes them more
durable and efficient, particularly in high-speed
machining of lightweight materials like aluminum
alloys. However, their coatings can delaminate
under high stress, and they may become brittle
in extreme conditions. Despite these limitations,
coated tools are an excellent choice when smooth
operation and extended tool life are required.

Cryogenically treated tools represent the pre-
mium option, offering enhanced toughness, lower
wear, and improved thermal stability. These tools
undergo a freezing process that strengthens their
internal structure, allowing them to handle chal-
lenging tasks like abrasive materials or high-pre-
cision machining. While they are highly durable
and heat-resistant, the cryogenic process requires
precise control and can introduce slight perfor-
mance variability. These tools are best suited
for demanding, precision-focused environments
where reliability and durability are critical. Un-
treated tools are a practical choice for budget-
conscious, short-term projects. Coated tools
strike a balance between performance and cost
for high-speed machining, while cryogenically
treated tools provide unmatched durability and
precision for complex or abrasive applications.
By understanding the strengths and limitations of
each treatment type, you can select the best op-
tion to meet your specific micromilling needs.

Opportunities for performance improvement

The limitations of untreated tungsten carbide
tools create a necessity for performance improve-
ment strategies. In short-term applications or low-
speed operations, they are inexpensive options;
however, they are unsuitable for more modern
high-precision and faster micro-milling applica-
tions. Research shows minor improvements such
as edge preparation or micro-polishing the tool
surface boost wear resistance and minimize BUE
formation [24]. These approaches improve the in-
teraction of the tool with the workpiece, provid-
ing better surface quality and increased tool life.

Another improvement option would be to
include advanced coatings or surface treatments
such as TiAIN or DLC. Coatings are protective
layers that reduce friction and heat due to genera-
tion and prevent the adhesion of materials, thus
mitigating most of the disadvantages of untreated
tools. Besides, cryogenic treatment has become
a relevant technique to increase the mechanical
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properties of tungsten carbide tools. Cryogenic
treatment refines the microstructure of the tool,
resulting in hardness, toughness, and thermal sta-
bility more attractive in demanding applications.

Conclusion on untreated tools

As it is, these untreated tungsten carbide tools
have a performance baseline that suffices for cer-
tain requirements; however, they fail on aspects
of wear resistance, heat management, and surface
integrity and so cannot be used in high-speed,
precision micro-milling of aluminium alloys. Ad-
vanced treatments and coatings have to be devel-
oped to address these critical challenges that man-
ufacturing is currently facing. The knowledge
acquired on these untreated tools also forms the
basis from which hybrid solutions can be devel-
oped by combining different treatment processes
for improved performance.

COATED TUNGSTEN CARBIDE TOOLS

Introduction to coated tungsten carbide tools

Applications for high-speed, precision ma-
chining will find unimproved tungsten carbide
tools to be sharply limited in capability. Accord-
ingly, coatings have been increasingly adopted
so that a tool can perform better. The coatings on
tungsten carbide tools lay an additional protective
layer against many common problems such as
wear, friction, and thermal degradation. Coatings
can improve significantly the durability, cutting
performance, and the final machining output of a
tool by altering its surface properties and can do so
with more solid evidence when used in demand-
ing applications like micro- milling aluminium
alloys [32]. These tools are manufactured with
high-performance tungsten carbide to allow the
succeeding tool to offer resistance to adverse ma-
chining conditions such as increased wear rates,
reduced material adhesion, and enhanced heat-
dissipation capabilities. Such tools are relevant to
micro-milling applications due to the small tool
sizes and extremely high cutting speeds that they
must operate under, where challenges such as rap-
id temperature rise and increased cutting forces
are common. Coatings are barriers that limit the
contact area between the workpiece and tool sub-
strate and help save tool edges while enhancing
the quality of machined surfaces [21].
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Types of coatings and their mechanisms

For tungsten carbide tools, different coat-
ings have been developed, each boasting its own
specific advantages based on the application of
the tool and the material which it machines. The
most popular among the coatings applied are TiN,
TiAIN, DLC, and nanocomposite coatings. The
coatings work mainly by reducing friction and
increasing hardness along with thermal stability,
which greatly appears to be appropriate for mi-
cromilling aluminium alloys.

Titanium Nitride (TiN): TiN is one of the
earliest and most widely used coatings for cut-
ting tools. It provides a hard, wear-resistant sur-
face that reduces friction and minimizes adhesive
wear. TiN-coated tools are particularly effective in
preventing BUE formation, a common challenge
when machining aluminium alloys. However, the
thermal stability of TiN is limited, making it less
suitable for high-speed machining [17].

Titanium Aluminium Nitride (TiAIN): TiAIN
coatings offer superior thermal stability and oxida-
tion resistance compared to TiN. The aluminium
content in TiAIN forms a protective aluminium
oxide layer at high temperatures, which helps dis-
sipate heat and reduce tool wear. This makes TiAIN-
coated tools ideal for high-speed machining applica-
tions, where heat generation is a major concern [40].

Diamond-Like Carbon (DLC): DLC coatings
are known for their exceptional hardness and low
friction coefficient. These properties make DLC-
coated tools highly effective in machining alu-
minium alloys, as they reduce material adhesion
and improve surface finish quality. Additionally,
the low friction of DLC minimizes cutting forces,
which is particularly advantageous in micro-mill-
ing operations [23].

Nanocomposite Coatings: Recent advance-
ments in coating technology have led to the de-
velopment of nanocomposite coatings, which
combine multiple materials at the nanoscale to
achieve a balance of hardness, toughness, and
thermal stability. These coatings are designed
to provide superior performance in challenging
machining conditions, including micromilling of
high-silicon aluminium alloys [31] (Fig. 2).

Advantages of coatings in micromilling
aluminium alloys

Coated tungsten carbide tools have sev-
eral advantages that meet the requirements for
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Coating Layers on Tungsten Carbide Tools

A

Alumindm Alloy Workpiece

Heat and Fridtion Reduction by Coating

Figure 2. Diagram showing the coating layer (e.g., TiN, TiAIN, DLC) on tungsten carbide tools, reducing friction
and heat while interacting with aluminium alloys

micro-milling of aluminium alloys. One of the
key benefits is the reduction in friction at the tool-
workpiece interface. This would cause a reduc-
tion in cutting forces and enhance surface finish
quality by minimizing the formation of BUE and
chatter marks [44]. An additional plus for this
application is that the wear- resistant properties
of the coatings provide additional tool life, thus
decreasing downtime and costs for replacement
tools in industrial applications.

Thermal stability provided by advanced coat-
ings such as TIAIN and nanocomposites becomes
extremely important for micro milling applica-
tions, where high energy generation through cut-
ting speeds induces relatively hot cutters. Coat-
ings act as a thermal barrier, thermally softening
the tool substrate, which helps avoid tool defor-
mation [8]. This ensures consistent performance
and dimensional accuracy, which are essential in
precision manufacturing.

Challenges and limitations of coatings

However, even with all the advantages, there
are still problems and limitations associated with
coated tungsten carbide tools. One of the most
common is delamination of the coating, where-
by the coating separates from the tool substrate

during machining. It is caused mostly by high
mechanical stresses or thermal cycling or, some-
times, poor adhesive interaction between the
coating and the substrate. In this case, the tool is
suddenly exposed to contact with the workpiece,
leading to rapid wear and sudden performance
degradation [36].

Another problem is that some coatings be-
come brittle, for example, TIAIN. All these things
contribute to excellent hardness and thermal resis-
tance. However, they are brittle under high-impact
or vibrational conditions found in micromilling.
The cracks created on the coating may propagate
into the substrate and result in the failure of a tool
[26]. It may also be that, at times, applying coat-
ings adds to the thickness of tools and changes
the tool geometry, thereby causing a loss of tool
preciseness in micro-milling operations, where di-
mensional accuracy in all aspects is critical.

Another determinant in the performance of
coated tools is the compatibility of the coating ma-
terial with the workpiece. For instance, alumini-
um alloys with high proportions of silicon will
quickly wear away at some of the coatings from
abrasive contacts. In the case of aluminium, it will
also produce some chemical reactivity with some
coating materials, thus aggravating adhesive wear
and defeating the purpose of the coating [22].
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Recent advances in coating technologies

To improve adhesion, toughness, and thermal
stability, have incorporated various multilayered
coatings with different materials as alternately
stacked layers. For example, TiAIN/TiN or TiCN/
AITiN coatings have been combined to afford a
combination of hardness, toughness, and thermal
resistance, rendering them superior in regard to
enhanced endurance in conditions of high stress
[30]. Some of the advantages of such coatings are
fine wear resistance by retarding crack propaga-
tion and reducing delamination risks.

Another innovative coating approach is nano-
structured coatings. Little manipulation in the
grain size of coating material at the nanoscale
has brought about a modern achievement in coat-
ings that exhibit mechanical and thermal proper-
ties improvement. For example, nanostructured
TiAIN coatings are much harder and more oxida-
tion-resistant than conventional TiAIN coatings,
making them effective for micromilling alumin-
um alloys [27].

The other interesting research area for im-
proving tool performance is functionally graded
coatings. These coatings have a gradient change
of composition and properties from the substrate
to the outer surface, which leads to better adhe-
sion and lower internal stresses. The functionally
graded TiAIN coating performed excellently in
high-speed machining applications in terms of
thermal and mechanical fatigue.

Performance comparison with untreated tools

Parcoating tools, especially with tungsten car-
bide, are of significant performance improvement
as compared to untreated ones. This includes
increased tool life, decreased cutting forces,
and surface finish quality. Studies among others
by [17] exhibit over 300% increased tool life of
TiAIN-coated tools compared to the untreated va-
riety when micro-milling aluminium alloys under
similar conditions. Reduced friction and heat gen-
eration improvements have also increased energy
efficiency in tools and made them more efficient
and sustainable in industrial applications.

In fact, coated tools always produce a sig-
nificantly smoother surface compared with un-
treated ones. Under this light, it can be said that
DLC-coated ones provide much better perfor-
mance concerning reduced material adhesion to
obtain fewer defective surfaces. This correlation
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is important for industries such as aerospace and
electronics. Engineering, among others, since
surface integrity is a major quality control param-
eter [44]. The improved thermal stability of the
coatings also permits higher speeds in the cutting
process, resulting in a higher productivity rate that
does not compromise the performance of the tool.

Future directions for coated tools

Research work is still an advanced specialty,
apparently requiring micro-milling applications
into optimized coated tools. Self-lubricated coat-
ings development was among the more often dis-
cussed areas of research and contained solubiliz-
ing materials like molybdenum disulfide (MoS:)
or graphite, which reduces friction during machin-
ing activities. These coatings were expected to
achieve even greater results through the elimina-
tion of external lubricants, thus having a reduced
impact on the environment and operational costs.

Another area of interest is that of intelligent
coatings, which include embedded sensors or adap-
tive materials for monitoring wear and changing
properties while operating. Such coatings would
provide useful feedback to the operators for doing
prognosis and life extension for tools. Moreover,
some other interesting aspects may be through a
hybrid of coating with cryogenic treatment or ad-
vanced edge preparation, which may create syner-
gistic improvements in performance [§].

Coated tungsten carbide tools include ad-
vancements in machining technology with higher
performance and longer life than untreated tools.
Coatings have become as such essential for the
precision and efficiency of micro milling in alu-
minium alloys to mitigate challenges such as
wear, friction, and thermal degradation. Continu-
ous innovations in available coating materials and
their application methods will make up for known
limitations to keep pace with the rapidly changing
demands of modern manufacturing.

CRYOGENICTREATMENT OF TUNGSTEN
CARBIDETOOLS (FIRST HALF)
INTRODUCTION TO CRYOGENIC
TREATMENT

Cryogenic treatment is a process that metal
workers deploy at very low temperatures orbit-
ing below — 150 °C to bring improvements in the
mechanical, and physical properties of the treated
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materials. This treatment, mostly done post-pro-
duction, yields several advantages such as higher
wear resistance, less residual stresses, and greater
dimensional stability, usually suitable for metal-
lic cutting tools. In the cryogenic treatment of
tungsten carbide tools, acquired microstructural
changes that enhance the robustness and reliabil-
ity of the material under micro milling operations
conditions [13].

One of the reasons that make cryogenic thera-
py has grown very fast now in machining applica-
tions is that it imparts itself under the tool without
changing the very essence of the geometry of the
tool and its coatings; cryogenic treatment would
modify, with respect to structure, the internal part
of the substrate of the tool. It would cost less
than regular hardening and coating and would be
friendly to the environment [25].

Mechanisms of cryogenic treatment in
tungsten carbide tools

Cryogenic treatment has been proven to alter
the microstructure inside tungsten carbide tools,
which is what makes it effective. This is done
through the transformation of retained austenite
into martensite, which is a phase of higher hard-
ness and wear resistance. This retained austenite is
usually found in the cobalt binder phase within the
tungsten carbide tool and has an unstable nature
and distorts under high-stress conditions. Cryo-
genic treatment strengthens the ability of tools to
withstand mechanical and thermal loads by re-
moving or reducing the retained austenite [43].

In addition to that, cryogenic treatment re-
fines the grain structure of tungsten carbide and
cobalt matrix, so they improve the toughness and
chipping resistance. The refining process increas-
es the density distribution of carbide particles in
the tool, thus resulting in a more wear-resistant
and uniform surface. Moreover, it helps relieve
residual stresses encountered due to the manufac-
turing process under which the tool may lose its
integrity under high speeds.

Cryogenic treatment offers a game-changing
enhancement to tungsten carbide tools, making
them far more durable and effective than un-
treated or coated tools. One of the key benefits
of cryogenic treatment is the refinement of the
tool’s microstructure, which includes processes
like martensite transformation and the formation
of fine carbides. In untreated tools, some of the
material remains in a softer phase called retained

austenite, which reduces the tool’s hardness and
wear resistance. Coated tools may improve sur-
face wear resistance, but they don’t address the
underlying material structure, so their durability
can still be limited. Cryogenic treatment, howev-
er, exposes tools to extremely low temperatures
(often below -196 °C), completing the martens-
ite transformation and turning the softer austenite
into much harder martensite. This makes cryo-
genically treated tools significantly harder and
better equipped to resist wear, especially in chal-
lenging machining operations, compared to both
untreated and coated tools.

Another major advantage of cryogenic treat-
ment is the precipitation of fine carbides within
the tool material. In untreated and coated tools,
the microstructure often lacks the reinforcement
provided by these tiny, evenly distributed carbide
particles. While coatings can help protect the
surface, they may wear off over time, especially
under high-stress conditions. Cryogenic treat-
ment, on the other hand, causes fine carbides to
form and spread throughout the material, making
the tool tougher and more resistant to cracking
or chipping during heavy use. This gives cryo-
genically treated tools an edge over coated tools,
which might start to lose their effectiveness after
repeated use, especially under high stress or ex-
treme temperatures.

Beyond refining and strengthening the mate-
rial, cryogenic treatment also stabilizes the mi-
crostructure, ensuring the tool remains consistent
over time. When retained austenite is converted
to martensite and fine carbides are formed, the
material becomes more stable and uniform. This
stability helps prevent unwanted changes in the
tool’s shape or size during machining, which can
be a problem with untreated tools. Coated tools,
while resistant to surface wear, can suffer from
coating breakdown or delamination under tough
conditions, leading to performance issues. Cryo-
genically treated tools, however, maintain their
integrity and performance throughout the ma-
chining process, ensuring longer tool life and
fewer failures. In precision applications like mi-
cromilling, where tools face extreme forces, high
temperatures, and rapid thermal cycling, the im-
proved microstructure of cryogenically treated
tools really shines. Materials like aluminum al-
loys, which have high thermal conductivity, can
generate a lot of heat, causing premature wear in
untreated tools. Coated tools may resist wear on
the surface, but they can still break down over

331



Advances in Science and Technology Research Journal 2025, 19(3), 322-340

time. Cryogenically treated tools dissipate heat
more effectively and maintain their cutting power
even under intense conditions. This means they
can keep performing consistently, without losing
precision, and help create high-quality parts with
tight tolerances.

Thermal and mechanical benefits

Cryogenic treatment is one of the most effec-
tive treatments for thermal stability. It is already
well known that the micro milling process gen-
erates huge heat volumes at the tool-workpiece
interface as untreated tools are subjected to heat
for a long time degrading tool life. The cryogeni-
cally treated tungsten carbide tools exhibit higher
thermal conductivity through which better dissi-
pation of heat occurs preventing the thermal soft-
ening due to high heat generation during cutting.
Such thermal stability assumes more importance
in machining aluminium alloys because some-
times very high thermal expansion coefficients of
aluminium alloys cause serious problems of heat-
related tool wearing.

From a mechanical point of view, the hardness
and wear resistance of tungsten carbide tools are
improved under cryogenic treatment, which gives
the tools enough durability in an abrasive envi-
ronment. Studies proved that cryogenic-treated
tools have a significantly lower amount of flank
wear and crater wear using micromilling when
compared to non-treated tools for high-silicon
aluminium alloys. Increased toughness has further
resulted in the decreased probability of cataclys-
mic failure through chipping/cracking to assure

Thermal Stability Analysis
T

performance consistency for the entire lifetime of
a tool [7].

Cryogenic treatment is considered one of the
most effective ways to enhance the thermal stabil-
ity of tungsten carbide tools. During micromill-
ing, the process generates significant heat at the
tool-workpiece interface due to the high speeds
and friction involved. This heat buildup can be
especially problematic when using untreated
tools, as prolonged exposure to such high tem-
peratures can severely degrade their lifespan. Un-
treated tools are unable to effectively manage the
generated heat, leading to thermal softening and
rapid wear.

Cryogenically treated tungsten carbide tools,
on the other hand, offer a major advantage by ex-
hibiting superior thermal conductivity. This allows
them to dissipate heat more efficiently, preventing
the tool from softening under extreme conditions.
This ability to maintain thermal stability is par-
ticularly crucial when machining aluminum al-
loys. Aluminum alloys often have high thermal
expansion coefficients, meaning they expand
significantly when exposed to heat. This expan-
sion can lead to serious issues like heat-induced
tool wear, further complicating the machining
process. Cryogenically treated tools address this
challenge by maintaining their structural integrity
and efficiently managing the heat generated dur-
ing cutting. From a mechanical perspective, cryo-
genic treatment also enhances the hardness and
wear resistance of tungsten carbide tools. This
means the tools are much more durable, even in
abrasive environments where wear is a significant
concern. Research has shown that cryogenically
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Figure 3. A temperature vs. time graph comparing the heat dissipation rates of untreated, TiAIN-coated,
and cryogenically treated tools during a high-speed micro-milling operation
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treated tools experience much lower levels of
flank wear and crater wear during micromilling,
particularly when working with high-silicon alu-
minum alloys. This makes them a superior choice
compared to untreated tools, which tend to wear
out faster under similar conditions.

Another key benefit of cryogenic treatment is
the increase in tool toughness. The treatment re-
duces the likelihood of catastrophic failures like
chipping or cracking, which can occur due to the
intense forces involved in high-speed micromill-
ing. This added toughness ensures that the tools
maintain consistent performance throughout their
entire lifespan, providing machinists with a reli-
able and durable option for precision operations.
Figure 3 illustrates a temperature vs. time com-
parison of heat dissipation rates among untreated,
TiAIN-coated, and cryogenically treated tools
during a high-speed micromilling operation. The
graph highlights the superior heat management
of cryogenically treated tools, which significant-
ly outperform untreated tools in managing heat
buildup. This efficient dissipation not only pro-
longs the life of the tool but also ensures a more
stable and accurate cutting process.

Improved tool life and sustainability

The factor that one-termed as the life of the
tool has a prime role in deciding machining cost-
effective operations. It is known to prolong tool
life in tungsten carbide tools to a maximum of
200-300% depending on application and machin-
ing conditions due to cryogenic treatment. The
improvement would not only raise the cost of tool
replacement but would also lead to sustainable

manufacturing practices by reducing material
waste and energy consumption attributed to fre-
quent tool production [16] (Fig. 4).

The cryogenic treatment has increased the
durability of the tools, enabling them to run lon-
ger periods at a time with the resultant positive
effect of minimizing the downtimes and hence
the production efficiency. This is particularly
helpful in precision manufacture where interrup-
tions cause inconsistencies leading to higher re-
ject ratios. Cryogenic treatment offers significant
benefits for both tool longevity and sustainability
in machining. By extending the life of tungsten
carbide tools by up to 200-300%, this process
helps manufacturers reduce the frequency of tool
replacements, resulting in lower costs and a more
efficient production process.

With tools lasting much longer, there’s a no-
ticeable reduction in the need for producing and
disposing of worn-out tools, which in turn con-
serves raw materials. This is crucial in reducing
the environmental impact of tool production, as
it minimizes energy consumption and cuts down
on transportation emissions associated with new
tool manufacturing. The extended tool life also
leads to a reduction in material waste, making the
entire manufacturing process more sustainable.
Moreover, cryogenically treated tools are much
more durable, which significantly reduces down-
time—those periods when production halts to
replace or adjust worn tools. Fewer interruptions
in production mean smoother, more efficient op-
erations, which is especially important in preci-
sion manufacturing where even small delays can
cause inconsistencies in the final product. This
improvement in tool performance helps maintain

Cutting Forces vs. Tool Treatment
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Figure 4. A scatter plot illustrating cutting forces observed for different tool treatments (untreated, coated,
and cryogenically treated) during micro-milling operations
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consistent high-quality results and reduces the risk
of product defects, which ultimately cuts down on
wasted materials and time. In essence, cryogenic
treatment enhances productivity, reduces costs,
and supports environmentally friendly practices,
making it a smart, sustainable choice for manu-
facturers aiming for both high performance and
long-term efficiency.

Comparative performance analysis

Cryogenically treated tungsten carbide tools
are far superior in terms of wear resistance, tool
life, and machining precision in many instances
than untreated tools and even in some cases coat-
ed tools. Research has also shown cryogenically
treated tools where treated tools tend to outper-
form the untreated ones on wear rates signifi-
cantly under the same machining conditions. For
example, cryogenically treated tools show up to
50% lower flank wear as well as high edge re-
tention in micro- milling while machining high
silicon aluminium alloy, which is known to be an
abrasive material [33].

While coated tools render better protection
than those tools with respect to friction and wear,
thermal shock treatment improves the core prop-
erties of the tungsten carbide substrate thus en-
hancing the resilience of the substrate against me-
chanical and thermal stress. This intrinsic tough-
ness allows cryogenically treated tools to continue
offering good performance even when the coatings
deteriorate, something that is typically observed
in coated tools over longer periods of use. In
terms of performance surveys compared to other
cryogenically treated tools or coated tools, results
show that cryogenically treated tools best exhibit
thermal stability and toughness in terms of their
ability to withstand high thermal loads or within
abrasive environments.

Cryogenically treated tools always show more
consistent performance in micromachining, where
precision and repeatability need to be achieved.
Tolerances can be tighter, and surfaces can be
ground to better finishes required for high-preci-
sion parts in the aerospace and electronics indus-
tries by reducing tool deformation and wear [17].

Cost-effectiveness and industrial applicability

The major benefit of cryogenic treatment
over other tool enhancement methods, like ad-
vanced coatings or tool redesign, is its economy.
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Cryogenic treatment involves one-time carrying
out of this procedure without altering the tool
geometry or adding extra material applications,
hence making it easy for every other manufactur-
er to improve their tool at a lesser cost compared
to coating technology [37].

Apart from being economical, cryogenically
treated tools can also work on different lengths of
operation, ranging from high-speed to low-speed
machining operations. This allows them to be ap-
plicable in various industries, from automotive to
medical device manufacturers all using these tools
for achieving consistent performance. Moreover,
the process utilizes no hazardous chemicals, and
generates minimal waste, thereby keeping in line
with the increasingly popular sustainable manu-
facturing practices [9].

Challenges and limitations of cryogenic
treatment

It is a reality that though cryogenic treatment
has many benefits associated with it, it also has
some snags. Precise control of temperature and
time during cryogenic treatment is required for the
required changes in microstructure. Inadequate
changes of retained austenite from previously set
parameters often lead to participants being de-
nied a better performance improvement. Also, the
cryogenic treatment itself evidenced contrasting
effects on tungsten carbide material, with many
containing cobalt binders observing poorer results
in that transformation of retained austenite is mini-
mal in these types of formulations.

Another limitation is the lack of standardiza-
tion of cryogenic treatment processes in the en-
tire industry. Non-standardization across different
machinery, cooling rates, and temperature control
parameter settings would produce varied results
that would make it difficult to reap the entire bene-
fits of this treatment. Ongoing research is focused
on developing standardized protocols with the
aim of optimizing treatment parameters for dif-
ferent tool compositions and applications [42].

Future directions in cryogenic treatment

With the rising demand for more precision
machining processes, research on cryogenic treat-
ment is going further in realizing the possibility
of the process. Integrated approaches such as the
combination of different enhancement methods
including coatings and advanced tool geometries
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with cryogenic treatment are part of the exploration.
The combination of cryogenic treatment with sur-
face coatings such as TiAIN or DLC can thus pro-
vide synergistic improvement for wear resistance,
thermal stability, and cutting performance [36]. in
manufacturing’s greatest area-benefited activities.

Another direction being explored is the sub-
ject of ultra-deep cryogenic treatments where
the tools are subjected to very low temperatures
(-196 °C and below) for a very long time. Ex-
treme mechanical and thermal loads have such
levels of benefit in terms of improving hardness
and toughness [37]. At the same time, advances
in computation modeling and process simulation
allow researchers to improve their understanding
of the microstructural changes formed by cryo-
genic treatment. These tools should ideally also
be capable of predicting the performance of
these treated tools under specified machining
conditions facilitating, thereby, the development
of customized treatment protocols for individual
applications [25].

Conclusion on cryogenic treatment

Cryogenic Treatment has been a very promis-
ing technology in enhancing the performance of
tungsten carbide tools and offers great benefits for
wear resistance, heat resistance, and tool life. But
there are some still out there such as process vari-
ability, material dependency, etc., and research
is, of course, revolutionizing technologies to op-
timize this method for future applications at the
precision manufacturing level. Most importantly,
integrating cryogenic treatment into other com-
plementary techniques can open new gates for the
industry toward efficiency, precision, and sustain-
ability in applications such as micro-milling.

EXPECTED OUTCOMESIN
MICROMILLING ALUMINIUM ALLOYS
(FIRST HALF)

The inherent peculiarities of aluminium al-
loys present challenges for their micromilling,
due to their high ductility and thermal conductiv-
ity. Moreover, they tend to be sticky. However, the
application of untreated, coated, and cryogeni-
cally treated tungsten carbide tools is expected
to promise various outcomes that could improve
performance immensely in machining. Spe-
cifically, the outcomes will reflect on important

performance parameters in tool wear, surface fin-
ish, dimensional accuracy, and process efficiency.

Improved tool wear resistance

The wear resistance of coated and cryogeni-
cally treated tungsten carbide tools is among the
remarkable merits in comparison to uncoated
tools. Coatings such as TiAIN and DLC prove to
be protective barriers that guard against abrasive
and adhesive wear by contact reduction within the
tool substrate-to-workpiece interface. Particularly
in micro milling, which uses very small diameters
of tools and where wear has a marked effect on
tool geometry, this feature is crucial in order to
maintain repeatability of cutting performance as
argued by [11].

Further improvement in wear resistance is
achieved with cryogenic treatment, which acts as
microstructure modification of the tungsten car-
bide and cobalt binder matrix. The transforma-
tion of retained austenite into martensite and grain
refinement creates tools that are more resistant to
chipping as well as crater wear (Fig. 5). Studies
have demonstrated that cryogenically-treated tools
exhibit a 40-50% lower wear rate relative to un-
treated tools under machining of high silicon alu-
minium alloys; thus, extending tool life and reduc-
ing the associated operational costs [25] (Fig. 6).

Enhanced machining efficiency and
productivity

The increased durability of tools that are
coated and cryogenically treated directly trans-
lates into overall enhanced machining efficiency.
In addition, using fewer cutting tools allows op-
erators to maintain constant cutting conditions for
longer periods, enabling an uninterrupted produc-
tion cycle. Costly downtimes are also reduced in
this way. Thus, productivity is increased and the
cost of frequent tool replacements is reduced.
Such advantages are most beneficial in high-preci-
sion industries such as aerospace and electronics.
Downtimes in machining in these sectors result in
considerable financial losses [17].

Low-friction coatings like DLCs and improved
thermal stability of cryogenically treated cutting tools
permit the carrying-out of operation at high rates in
cutting and feeding without loss of tool performance
or surface finish. These areas prove shorter machin-
ing time, which is significant in satisfying production
demands in competitive environments.
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Figure 5. A bar chart comparing wear rates of untreated, coated, and cryogenically treated tungsten carbide tools
when machining aluminium alloys
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Figure 6. A bar chart showing the percentage increase in tool life for coated and cryogenically treated tools
compared to untreated ones

Reduction in cutting forces and energy
consumption

Tools that have been made of tough tung-
sten carbide should almost completely reduce the
cutting forces experienced in micro-milling op-
erations. Partially, using the tool will have lower
friction coefficients such as DLC, since the tool
will not subject itself to any form of resistance
as it would interact with the workpiece. Likewise,
enhanced toughness ensures that the edge stays
for longer in a cryogenically treated tool, thus re-
quiring less effort to remove material.

Lower cutting forces enhance tool life and, at
the same time, reduce the energy consumption of
machining operations. This becomes a key factor
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in high-volume production set-ups since energy
cost is a major contributor to operating costs. Fur-
ther, the reduced cutting forces lead to deflected
vibration and reduced size deviations of the ma-
chined parts.

Better heat dissipation and thermal stability

The higher conductivity of aluminium alloys
in heat transfer gives an edge over in challenges
of heat management during machining. This can
lead to localized thermal softening of the tool and
rapid tool wear under such conditions. It is as-
sumed that these attributes are greatly improved
by the tool coverage and cryogen treatment. For
example, TiAIN coating builds up an aluminium
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oxide layer at high temperatures and works as a
thermal barrier to the tool substrate from exces-
sive heat [26].

Improved thermal conductance is produced
by cryogenic treatment tools due to the densifica-
tion of the tungsten carbide matrix. This leads to
improved heat dissipation as a safeguard against
thermal damage for both the tool and the work-
piece and allows for maintaining performance in
high-speed machining operations. All these prove
the crucial effectiveness for achieving accurate
and reliable outcomes during micro-milling tasks.
These feature minimal tolerances owing to the
complexity of their shapes.

Enhanced roughness and dimensional
accuracy

The use of coated and cryogenically treat-
ed tungsten carbide tools greatly improves the
achieved surface finish and dimensional accura-
cy of micromilled aluminium alloy components.
Last, surface finish quality is an important param-
eter in industries such as aerospace, electronics,
and the medical field, where even the smallest
defect would compromise a component’s abil-
ity to achieve function. The sophisticated tools
have minimized the formation of built-up edges
(BUE), one of the major causes of surface irregu-
larities experienced during aluminium machining.
Typically, BUE results from aluminium adhesion
to the cutting edge, which tears and smears the
machined surface. Some coatings such as DLC
lessen the propensity of aluminium to cling to the
cutting tool, producing smoother surfaces with
fewer defects [45] (Fig. 7).

Cryogenically treated tools thus exhibit sharp-
er cutting edges during machining; they also di-
minish tool vibrations and have enhanced surface
finishes. This also explains why there is a con-
sistent extension of the tool along the workpiece
in that with a refined microstructure of the cryo-
genically treated tools, there will be less chatter
and more dimensional accuracy. These tools are
suitable for machining micro-components with
complicated geometries and tight tolerances by
minimizing the deflection of the tool from drift or
bending under great cutting forces [7] (Table 3).

Increased process stability and repeatability

Process stability in micro milling is signifi-
cantly influenced by the size of the cutting tools
and the rotational speed that could lead to either
breakage or deflection caused by their own inertia
and their tip-to-tail lever arm. Excellent mechani-
cal properties of advanced tungsten carbide tools
will ensure better stability. Such cutting edges will
have added benefits from coatings like TiAIN and
nanocomposite materials, which improve hard-
ness and toughness and hence minimize the pos-
sibility of premature failure and edge chipping.
On the other hand, cryogenically treated tools
show characteristics for improved toughness and
reduced residual stresses that ensure uniform per-
formance over long machining cycles [34].

So increased stability causes this, which is
essential for repeatability in batch production
of precision components. If tool performance
is relatively the same, then manufacturers will
have nearly similar parts for less rejection and
waste. Important in high-precision applications,

Effect of Tool Treatment on Surface Finish
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Figure 7. A line graph showing the surface roughness (Ra) achieved by untreated, coated (TiAIN and DLC),
and cryogenically treated tools under identical machining conditions
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Table 3. Performance metrics of tool treatments

Metric Untreated Coated Cryogenically treated
Wear resistance Low Moderate to high Very high
Thermal stability Mid High Very high
Surface finish Poor Good Excellent
Tool life Low High Very high
Cutting force High Moderate Low
Table 4. Experimental results from reviewed studies
Study Tool treatment Material machined imp\:x\?:r:w':r:f (%) Surface(Fr{cAL;ghness imprc-)r\(/)g:r:gﬁt (%)
Hascalik et al., 2018 thfg:gga"y alr:gﬂ}ﬁﬁcgﬂ‘oy 40-50% 0.2 ym 200-300%
Wang et al., 2020 Tialn coated Aluminium alloy 30% 0.3 uym 150%
Singh et al., 2021 Untreated Aluminium alloy Baseline 0.6 um Baseline

variability in machining outcomes costs rework
or schrap disposal [36].

Sustainability and environmental benefits

Anticipated results of using advanced tung-
sten carbide tools not only enhance performance
but also are tremendous contributors to sustain-
able and ecological gains. The longer tool life
enabled by cryogenic treatment and advanced
coatings will alleviate the frequency of tool re-
placement, therefore, resulting in reduced waste of
material and consumption of energy in tool manu-
facturing. Coatings such as DLC reduce both fric-
tion and cutting forces, thus reducing energy us-
age in machine processes and contributing to an
ever-declining carbon footprint.

In addition to this, cryogenic treatment is a safe
environmental process, as it does not involve haz-
ardous chemicals and does not produce any of its
waste as hazardous waste. That is why it is envied
as a sustainable alternative to several of the con-
ventional hardening approaches. A value that de-
velops with the time-tested attitude of the industry
towards improved green manufacturing, thus intro-
ducing these modern tools improves the manufac-
turer’s environmental performance alongside the
efficiency and competitiveness of the operations.

Broader industrial applications
and advantages

The advancements in micro end mill tools,
particularly through cryogenic treatments and
coatings, are revolutionizing machining process-
es across multiple industries by offering enhanced
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precision, durability, and efficiency. In aerospace
engineering, these tools play a critical role in
manufacturing components like turbine blades,
structural parts, and airframes, where strict toler-
ances and superior surface finishes are essential
for maintaining aerodynamic performance, safe-
ty, and reliability.

Similarly, in the electronics industry, the need
for dimensionally accurate components, such as
aluminum heat sinks and housings, is effectively
met using cryogenically treated and coated tools.
These tools not only ensure precise machining
but also enhance thermal performance, which is
vital for maintaining the functionality and lon-
gevity of electronic devices. In the medical field,
micro end mill tools are instrumental in produc-
ing anatomical prosthetics, dental implants, and
surgical instruments. Their ability to deliver ex-
cellent surface integrity and biocompatibility en-
sures that these components meet stringent safety
and hygiene standards, improving performance
and patient outcomes. The automotive industry
also greatly benefits from these advancements,
as micro end mill tools enable the high-precision
manufacturing of engine parts and lightweight
structural components. Their improved wear re-
sistance and extended tool life lead to higher pro-
duction efficiency, reduced costs, and better per-
formance of machined parts (Table 4).

CONCLUSIONS

The performance enhancement in micro-
milling aluminium alloys brings an unending
substance by using the untreated, coated, and



Advances in Science and Technology Research Journal 2025, 19(3), 322—-340

cryogenically treated tools to surface critical con-
ditions of tool wear, heat management, and sur-
face quality. The application of these advanced
tools is not only expected to improve machining
efficiency and precision; they are also in line with
a sustainable point of view by reducing waste pro-
duction and energy consumption. While research
and development efforts in this area continue, the
promise of hybrid treatments and adaptive tech-
nologies will further revolutionize micro-milling
and provide manufacturers with effective solu-
tions to meet the demand for increasingly com-
plex and high-precision applications. The perfor-
mance enhancement in micro-milling aluminium
alloys brings an unending substance by using the
untreated, coated, and cryogenically treated tools
to surface critical conditions of tool wear, heat
management, and surface quality. The application
of these advanced tools is not only expected to
improve machining efficiency and precision; they
are also in line with a sustainable point of view by
reducing waste production and energy consump-
tion. While research and development efforts in
this area continue, the promise of hybrid treat-
ments and adaptive technologies will further rev-
olutionize micro-milling and provide manufactur-
ers with effective solutions to meet the demand for
increasingly complex and high-precision applica-
tions. Research on different tool treatments for
machining aluminum alloys highlights noticeable
improvements in wear resistance, surface finish,
and tool life. Cryogenically treated tools, particu-
larly when tested on high-silicon aluminum al-
loys, delivered outstanding performance with 40—
50% lower wear rates, a surface roughness (Ra)
of 0.2 um, and a 200-300% increase in tool life.
Likewise, TiAIN-coated tools also showed prom-
ising results, offering a 30% reduction in wear, a
surface roughness of 0.3 um, and a 150% boost
in tool life. In contrast, untreated tools served as
the reference point, displaying higher wear rates,
rougher surfaces with a Ra of 0.6 um, and no im-
provements in tool longevity. Use of hybrid tools
which is cryogenically treated and coated can
give better finish, tool life and productivity.
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