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Abstract The need for using alternative processes rather than
electro-discharge machining (EDM) for micro-parts has
allowed micro-manufacturing (also known as precision engi-
neering) to become an important option due to its speed, econ-
omy, capability and extended range of materials. One main
group of micro-manufacturing processes is that of micro-
mechanical cutting with the focus of this review being
micro-mechanical cutting processes that generate chips,
namely, micro-turning, micro-milling and micro-drilling.
Developments and future prospects for these micro-
machining processes have been reviewed including micro-
cutting configurations, cutting tools, tool coatings, cutting
fluids, chip formation, surface finish, burr formation, model-
ling and industrial applications. The main advantages and dis-
advantages of these micro-manufacturing processes have been
highlighted together with their future prospects.

Keywords Micro-manufacturing - Micro-optical systems -
Micro-milling - Micro-turning - Micro-drilling - Precision
machining

1 Introduction

The trend towards miniaturisation has opened up new ave-
nues of research, most notably in the fields of electronics
and biomedical devices. This movement towards micro-
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manufacturing has necessitated manufacturing industries
to invent and adopt new processes on the micro-scale in their
design and machinery systems. Although techniques for the
manufacture of micro-scale parts and features have existed for
many years, new requirements have made it critical for micro-
manufacturing to evolve and adapt. At its simplest level,
micro-manufacturing is simply manufacturing to a smaller
scale as the parts, and hence products, are produced on the
micro-scale. It can also be referred to as precision manufactur-
ing or precision machining due to the high degree of accuracy
required [1]. A typical definition of micro-manufacturing is
the manufacturing of components or devices on a micro-scale.
Technically, micro-cutting can be characterised by the ratio
between the unit of material removed and size of the tool edge
radius, suggesting that the tool edge radius in micro-
mechanical machining is the key element in cutting with re-
spect to material grain size. Therefore, researchers looking for
a more technical definition of micro-machining use the grain
size, tool size and undeformed chip thickness to produce fea-
tures on the micron scale [2].

The market for micro-manufacturing is increasing, and this
has encouraged companies specialising in many different
areas to develop their current processes to these requirements
[3]. Whilst micro-manufacturing has the ability to be used in
many industries, the electronics industry in particular has
grasped the opportunities offered, which has resulted in a di-
verse range of parts and products including quartz resonators
[4], electro-statically actuated switches [5], micro-pumps [6],
interconnection systems [7], relays [8], resonator oscillators
[9] and oxygen electrodes [10]. The significant challenges
for micro-electronic mechanical systems (MEMS)-based
manufacturing are not only due to the product but also as a
result of the necessary scaling down of the tools and machin-
ery [11]. Conventional machining, which depends on
mechanical/thermal and cutting/forming, has found that
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meeting the required dimensional accuracy for micro-
machining is significantly more challenging and requires ad-
ditional sophisticated machine features.

The micro-manufacturing industry has exhibited a growth
of approximately 20% per annum since 2000 and is expected
to grow at an even higher rate in the future [12] with emerging
technologies likely to include further advances in laser micro-
manufacturing [13—17] and ultrasonic micro-cutting [18-20].
Micro-manufacturing is an industry where extensive research
needs to be conducted on both new and developed processes.
The continual growth of micro-machining has seen the indus-
try developing to produce smaller products manufactured to
extremely high levels of accuracy, with micro-scaled features
included on normal-sized products [21, 22]. Micro-products
have the ability to fulfil many roles since their environmental
footprint is often negligible whereas their efficiency is gener-
ally very high. Such a phenomenon is demonstrated by the
high heat transfer rate and low energy required to create mo-
tion due to their advantageous size to weight ratio [23]. When
products are created on a smaller scale than is previously
existing, it results in many advantages, both to the users and
the product. An example of this is that moving parts are more
efficient since they require less energy to move due to their
reduced mass and inertia. Products will possess much faster
reaction times as parts exhibit a smaller degree of physical
movement, heating-up time or follow-on reaction. Having a
physically smaller component also makes it much more dura-
ble and resistant to drops and vibrations as they have less
inertia to cause damage [24].

The scale of micro-manufacturing is the factor which
causes the majority of issues associated with producing parts.
In particular, it has proved extremely challenging to produce
features and measure the actual accuracy of construction [25]
due to this accuracy being at an extreme level which makes
almost all aspects of the process more expensive. Indeed, as

Fig. 1 Classification of micro-
manufacturing processes with the
dashed box indicating scope of
this review (adapted from [26])

the product gets smaller, the cost increases exponentially. The
dashed box in Fig. 1 highlights micro-processes that produce
chips and tend to be more economical than other micro-pro-
cesses. These chip-generating processes will form the main
focus of this review paper due to the increasing interest of
manufacturers and researchers in these areas, in addition to
their growing practical adoption by manufactures.

1.1 Micro-manufacturing

Over the past 20 years, there has been an increasing interest in
micro-manufacturing [27, 28], resulting in a large number of
papers being published across numerous research areas [23,
26, 29, 30]. Within this wide expanse of research, the current
review will focus on research specifically for micro-cutting
where chips are produced [23]. Figure 2 shows micro-turn-
ing/milling and drilling documents found on Scopus between
1990 and 2016 with the search being refined to consider doc-
uments only from engineering micro-cutting applications
[31].

For many years, milling has proved to be an extremely
versatile process in the traditional scale of machining [32],
and when material conditions are pertinent, micro-milling
is increasingly popular to use. Micro-milling is fortunate to
share many of the same attributes as conventional milling,
which has resulted in it being one of the fastest growing
processes in the micro-manufacturing industry. This popu-
larity has led to a large number of research studies being
completed. Micro-milling is an extremely versatile process
which allows the machining of hard [33] and soft [34] ma-
terials as well as non-conductive [35] materials. It has be-
come an increasingly viable option for machining hardened
steel [36] as its material removal rate is up to five times that
of competing processes such as electro-discharge machin-
ing (EDM), whilst still maintaining good dimensional
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Fig. 2 The number of papers published on “micro-milling”, “micro-
drilling” and “micro-turning” [31]

accuracy. However, significantly more research and devel-
opment is required on the cutting tools, and in particular on
the cutting edge [32-34, 37] and tool coatings [35, 38], to
further understand and reduce tool wear. As tool coatings
are further developed, the applications for micro-milling
will be expected to grow considerably [36, 39]. Although
micro-machining processes are relatively new, there are
questions concerning the direction in which the industry
will go in the future, and which processes will continue to
flourish. It is expected that future methods will be focussed
towards precision machining aspects rather than the pro-
duction of micro-scaled parts [40].

An example of an extremely hard material is tungsten
which is classified as being hard to machine [41]. It has many
varied properties which is why it is one of the most popular
materials used for producing tool tips. Whilst the popularity of
using ceramics for micro-machining [42] has increased in re-
cent years, mainly due to their extremely high hardness, this
also makes them a difficult material to machine due to their
brittle nature and tendency to crack or chip [43]. It is this
extreme hardness that makes it a very desirable material for
use in machining tool tips, which are often coated or layered
with ceramic to increase their hardness [44].

2 Cutting tools

The tools used for all traditional micro-machining techniques
are critical to all properties produced by the process, as they
are the parts which are physically touching the material.
Micro-cutting tools are essentially similar to those of common
cutting tools but scaled down to a micro-size. Conversely,
these tools require a much higher degree of accuracy to com-
pensate for the tolerance errors in very small parts. The most
common method for ensuring the correct accuracy is through
vision-based measurement. A high-quality camera used in

conjunction with a personal computer is the most effective,
cheapest and fastest way to ensure a tool has been constructed
to the correct dimensional accuracy [45]. The most common
issue found through these measurement techniques is unwant-
ed vibration, which leads to poor accuracy of the part or else
breakage of the tool [46]. Various techniques can be imple-
mented to monitor the tool’s condition to ensure it does not
have any issues that may affect the end product. These tech-
niques involve vibration and noise sensors that pick up any
irregular patterns, as well as the monitoring of chip flows
produced by cutting. Such techniques will indicate early signs
of tool deterioration [47]. Vibration is a major issue when
constructing micro-tools, as very small vibrations can disrupt
their production. However, it can also be employed as an
advantage to produce certain features in the tools such as sharp
points or curves using non-traditional processes such as elec-
trochemical machining [48]. The most common types of
micro-tools used are tungsten carbide tools due to their high
hardness and strength when subjected to high temperatures.
Although diamond micro-tools are often used for ultrapreci-
sion tools, they do not cut ferrous materials very efficiently
because of the resulting excessive wear.

Figure 3 is an example of the many different types of ma-
chining tools employed in micro-machining processes. Each
of these tools has a different use which may possess both

Fig. 3 Scanning electron micro-graphs illustrating examples of different
tool shapes: a circular, b triangular, ¢ square, d D-shaped, e conical 30°
and f conical 45° [49]
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advantages and disadvantages, such as strength and cutting
efficiency, or the ability to produce certain features.
Polycrystalline diamond tools are diamond tools which have
arandom crossed grain shape, which results in the tool life and
durability being significantly greater compared to that of other
micro-tools [41]. Importantly, the positive attributes that these
micro-tool materials possess, in turn, make it difficult to man-
ufacture. As broken tools can have a dramatic effect on the
workpiece, it is very important that early signs of tool break-
age are constantly monitored. The primary monitoring tech-
niques are in the form of vibration, acoustic and cutting force
sensors which detect changes in the normal patterns created
[50]. However, the main concern with these sensors is that
they must be located very close to the tool, and consequently
very close to the lubricant, chips and other obstacles, which
can often damage the sensor or compromise their effective-
ness [51].

The effect of tool wear in conventional machining is some-
what negligible due to the tolerances being too large for tool
wear to make a significant impact. However, in micro-ma-
chining, the tolerances are extremely small so tool wear can
have a significant impact on the process. In normal machining,
tool wear is something that is compensated for by increasing
the force at the tool’s cutting tip. However, in the case of
micro-machining, the tools are extremely small and fragile
[28] and thus can easily break if excessive force is used. It is
very important that the micro-tools are checked regularly to
maintain the high standards of accuracy needed for the pro-
cess. Tool wear is something that can be monitored and con-
trolled, depending on which materials are being machined and
the type of machining process being employed. It is critical in
micro-machining that tool wear is kept to a minimum as it will
significantly affect the accuracy of the product [52].
Numerous research studies have been completed on different
tool materials to combat the issue of tool wear and prolong
tool life, such as the combining of different materials to pro-
duce a micro-tool with the positive attributes required.

Figure 4 illustrates the influence of cutting length on two
micro-cutting tool bits. Whereas the tool used for 190.5 mm of
cutting length (Fig. 4a) still has very straight cutting edges and
very little damage, indicating that it is still in excellent condi-
tion and able to produce accurate cuts, the tool with the longer
cutting length (Fig. 4b) has worked material embedded onto
its surface and no longer has straight cutting edges, thereby
indicating substantial wear, and resulting in higher cutting
forces and poor accuracy [53], making replacement necessary.

Figure 5 illustrates the phenomenon of micro-tools being
fragile and possessing deformations that can affect the tool’s
ability to cut accurately. Micro-tools are subject to residual
stresses and hence become deformed causing the end of the
tool to bend. Tools in this condition are no longer usable, as
the accuracy required in parts is no longer obtainable for
micro-scaled products [54]. In response to this issue, new
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Fig. 4 Scanning electron micro-graphs illustrating the influence of
cutting length on cutting tool wear: a 190.5 and b 444.5 mm [53]

techniques for the manufacture of micro-tools have been pro-
posed such as laser hardening followed by micro-milling [55].

Figure 6 shows the effect of abrasive wear occurring from
the physical machining process. This wear reduces surface
finish accuracy and requires more energy to produce a cut.
Although wear cannot be avoided, using a harder, more
wear-resistant micro-tool, is the best option for reducing the
amount of abrasive wear on tools [56].

Figure 7 shows an example of crater wear on a micro-
cutting tool with Fig. 7a illustrating how the crater begins as
a small pitting, then quickly develops into a much deeper
crater. In contrast to this, Fig. 7b shows how the crater was
about to breach the edge of the tool, which would reduce the
tool’s accuracy and surface finish of the product [57].

Straight tooth EJJMy

IS T RTTHE 500 pm

Fig.5 Scanning electron micro-graphs illustrating deformation of micro-
tools due to residual stresses [54]
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Fig. 6 Optical micro-graphs illustrating abrasive tool wear [56]

Figure 8 shows a tool which has sustained flank wear
caused by abrasion and adhesion between the micro-tool and
workpiece. When material debris from the hard tool or work-
piece ends up getting caught between the tool and workpiece
surface, flank wear, as shown, results [58]. Micro-milling
tools are subject to large amounts of wear, which quickly
causes the tools to be unusable due to the extreme accuracy
required for the production of quality micro-products. The
main reason why micro-tools are susceptible to large amounts
of wear is the extremely high rotational speeds which are
commonly used in the process. The speeds mean that the tools
can cut more material, which in turn increases their exposure
and amount of wear [59]. Premature tool wear is a common
reason for shortened tool life as it makes the cutting edge wear
unpredictably. This is often the main cause of tool breakage.
One way to combat this phenomenon is to ensure good edge
preparation, which includes the dimensions and shape of the
edge as well as how it is produced. Particular edge shapes will
perform better than others depending on the cut being made,
which makes the edge geometry critical. How the edge is
created can significantly impact the tool life as any imperfec-
tion can cause the tool to fail [60].

Figure 9 shows the difference in a micro-tool cutting edge
between brand new (left) and after machining 140 mm (right).
Although the difference may appear relatively minor, it will
cause the accuracy of the workpiece to drop off and the sur-
face finish created to diminish. If this tool continues to be
used, the cutting forces will need to be increased, which will
risk tool breaking or chipping [61].

Figure 10 shows how the progression of flank wear occurs
and also that, when it is observed at different stages, it can be
plotted and consequently modelled with a reasonable amount
of accuracy. The process would involve taking multiple

Fig. 7 Optical micro-graphs
illustrating crater tool wear [57]

Fig. 8 Scanning electron micro-graph illustrating flank wear on a tool

[58]

measurements from different stages and calculating whether
any form of correlation exists [62].

Chatter is a common type of vibration which is self-excited
by the interaction between the tool and workpiece and can
result in a poor surface finish and increased tool wear. As
the tool is so small in micro-milling, it is often easily broken
when chatter occurs which can quickly ruin both the tool and
part [63]. It can be diagnosed through examining the surface
finish and observing a poor material removal rate from a dam-
aged tool. The vibrations creating the chatter can also be ob-
served through sensors; however, being micro-scaled parts,
they can often be extremely small in amplitude and thus dif-
ficult to detect [64].

3 Cutting fluid

Traditional machining uses cutting fluid which is necessary
for a satisfactory material removal rate or when high amounts
of heat need to be removed. However, due to its environmen-
tal and often toxic characteristics, alternative methods of
cooling the workpiece have been researched. For instance, a
relatively new technique of using chilled air with a vapour
lubricant mix has been trialled with good success. It has
shown that cooler working conditions make the process more
efficient, causing less wear on the tools through significantly
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Fig. 9 Optical micro-graphs illustrating tool wear on a cutting edge: a
unused and b after 140-mm cutting length [61]

reducing the cutting forces. More environmentally friendly
fluids are now being researched as they can cut costs and are
not as hazardous as the traditional alternatives [65].

There are many safety issues present when it comes to the
use of cutting fluids, and as such various aspects need to be
considered when the selection is made [66]. This is why it is
very important to select a fluid which is not only good for
production but safe for the operator. One alternative is to use
vegetable oils which are considerably safer for the operator
and cleaner to dispose of [67]. Using additives and modifica-
tions to the vegetable oil’s composition can result in chemical
reactions which improve the oil [68]. The development of less
toxic additives includes lignin, which is a chemical compound
produced from wood and is one of the most common organic
polymers available [69].

Figure 11 demonstrates the effect that a cutting fluid, such
as canola oil, can have on the chips produced from machining.
These differences in chip size show how canola oil-based fluid
also results in a more precise chip formation, which will sig-
nificantly improve workpiece accuracy [70].

Figure 12 illustrates the significant effect that canola-based
cutting fluid has on tool wear. Further research is being con-
ducted to discover how to improve the effects of using cutting
fluids. New dry lubrication technology is also being devel-
oped, in particular graphite nanoplatelets which are sprayed
or coated on the grinding material surface. Studies have

already shown significant reductions in both heat and cutting
forces caused by the grinding process [71].

4 Tool coatings

Tool coatings have been used extensively in the machining
industry for many years and are now being developed and
adapted for use in the micro-machining industry. The greatest
difficulty with this technique is that the thin coatings have a
significant impact on the dimensions of the tools which are
already very small and thus may possibly affect the cutting
radius. However, the major benefit of using coatings is that
they allow tools themselves to have the improved properties of
a specific material, without having to make the entire tool out
of it, thus reducing the cost significantly [36]. In particular,
coatings are commonly used in micro-milling to increase a
tool’s durability and make it more suitable for machining, in
particular for hard materials. There are many different types of
coatings available such as those based on titanium, diamond
[41, 72-74], silicon carbide or boron nitride [75]. Whilst the
coating improves the tool’s ability to machine, it also increases
the cutting forces due to the increased cutting edge radius of
the tool [76]. The impact of this will largely depend on the
thickness of the coating applied [77].

Coating a micro-tool gives it many advantages over a stan-
dard uncoated tool, such as the ability to be used at higher cutting
speeds, increasing the material removal rate, higher wear resis-
tance and an increase in resistance to chemicals [78]. Diamond
coatings are often used to utilise the extreme hardness and
wear properties of the diamond. However, adhesion between
the diamond and the tool material is very difficult due to
the large difference in hardness. This often results in the dia-
mond coating breaking off and exposing the tool material [79].

Other common types of tool coatings used are ceramic and
tungsten. Ceramic coatings are widely used because of their
high hardness, good temperature resistance and their reasonable
cost. In recent times, ceramic coatings have been combined
with other materials to produce coatings with a greater range
of properties [80]. Examples of this are the cermet coatings
which consist of silicon nitride with a crystalline nitride surface
structure. This gives a very high hardness and temperature re-
sistance, and makes cermet coatings very effective at cutting

Fig. 10 Optical micro-graphs illustrating flank wear on an 800-pum-diameter milling tool [62]
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Fig. 11 Scanning electron micro-
graphs illustrating the effect of
canola oil on chip size and shape
compared to dry cutting and
conventional cutting fluid
(TRIM®) [70]

alloy steel. Tungsten thin film coating is a coating used, like
other coatings, to gain the properties of a tungsten tool without
having to make the entire tool out of tungsten. Use of the coat-
ing contributes towards reducing cost and gives the product the
properties of a tungsten tool and a very high hardness of up to
4000 °C [81].

The thickness of the coatings used is also very important
and needs to be very carefully considered for the task the tool
is required to complete. Thicker coatings are usually more
wear resistant and longer lasting, although they put more force
on the tool, increasing the chance of breakage [82]. The outer
edges of the cutting surfaces have a much harder and more
durable diamond coating protecting the carbide tool [83]. The
use of monolayer coatings has its advantages and is also rel-
atively inexpensive. Multilayer coatings are becoming in-
creasingly more common and a tool can have many different
types of coatings layered on top of each other in either thick or
thin layers. However, coatings comprised of many layers are
found to increase the radius of the cutting edge.

Figure 13 indicates how the multilayer coating is far supe-
rior to monolayer coatings with respect to cracking. This is due
to the layers dispersing the load and allowing different coatings
to share their beneficial characteristics. For example, using
a very brittle material with a more ductile material in order
to gain the benefit of each characteristic or property [84].

Fig. 12 Optical micro-graphs
illustrating the tool wear effect of
cutting fluids (dry cutting,
conventional cutting fluid
(TRIM®) and canola oil) [70]

0.3pmftooth

1.0 m/tooth

TRIM 5%

Canola oil-in-water

Figure 14 shows the dramatic effect a coating can have on
the amount of wear a tool withstands. There is a considerable
difference between the wear of the uncoated tool (Fig. 14a)
and the CrN-coated tool (Fig. 14b) and an even large differ-
ence for the Cry37Aly¢3N-coated tool (Fig. 14c). This indi-
cates how a coating can make a difference, but as it becomes
more refined and more research is conducted, the coatings will
continue to improve [85].

5 Micro-cutting configuration

As micro-machining increases in popularity, there is an ever-
growing demand for machining to be conducted within a
shorter time period [86, 87]. This is where traditional machin-
ing ideology has its greatest benefits. It is relatively fast and
cost effective in comparison to many of the other non-
traditional techniques [88]. Traditional micro-machining
is the process in which the machining process is completed
with the same original cutting characteristics [23]. As
such, material is chipped or ground off to create the desired
shape. However, the micro-machining tools and processes
have to be changed and adapted and not just scaled down
in size.

@ Springer
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Fig. 13 Schematic representation of mono- and multilayer coatings [84]
5.1 Micro-turning

Micro-turning is very similar to traditional turning. However,
it requires a very balanced machine and needs to be extremely
accurate (often called “ultraprecision machining”). It is a
physical machining process which provides a very good sur-
face finish due to the fact that diamond cutting tools are often
used allowing almost any material to be machined. The most
important quality of a micro-turning tool is considered to be
the tool’s dynamic stiffness, which is the ratio of the applied
force to the displacement [89]. This is due to the fact that, in
micro-turning, the tool is constantly under pressure and
gaining heat from friction as it cuts. The largest issue with
micro-turning is tool breakage which can be caused by many
different factors with the most common one being chatter.
This is generally a result of improper machine rigidness and
materials not having consistent properties [90].

Typically, a micro-lathe is constructed very much like a
traditional lathe but with much smaller and more precise parts.
However, there does exist some fundamental differences with,
for instance, a tool dynamometer being incorporated into the
lathe to measure the cutting force exerted on the micro-tool, in
order to help reduce breakages. It is also common for an

optical microscope and a monitor to be present to allow the
operator to see the product in detail during machining [91, 92].
Tests have shown that cutting speed, feed rate and depth of cut
have a direct impact on cutting forces and surface roughness
during a process. As with traditional lathe work, cutting speed
and depth of cut have an impact on the generated forces. The
critical force is produced by the feed rate, having the most
significant impact, and must be monitored to ensure the tool
is not damaged [93]. The surface roughness is almost
completely influenced by feed rate alone, being 90% more
influential on the resulting surface as per traditional lathe
work. This means that the cutting speed and depth of cut must
be adjusted to suit the required feed rate to achieve a particular
finish [94]. Monitoring is extremely important in performing a
successful micro-turned part. However, there now exists ad-
vanced models that can predict with reasonable accuracy
many of the cutting forces and material removal rates [95].
Even though this is the case, further research is still needed to
ensure that the models are accurate enough to be depended
upon in practical applications. In addition, newer configura-
tions have been developed such as micro-turn-milling which
indicated improved shape quality compared to micro-turning
by itself [96].

5.2 Micro-milling

Micro-milling is very similar to traditional milling except that
the spindle speeds used are faster than those for traditional
milling. Extreme accuracy is necessary as even very small
errors will cause serious issues. Micro-milling is a developing
micro-process due to the range of applications it can be used
for [97]. Tt is being actively researched due to its potential to
replace micro-EDM. Micro-milling has been proven to pro-
vide better accuracy whilst also having a material removal rate
ofup to five times that of micro-EDM [38]. New machines are
being developed called ultramills, which have the ability to

Fig. 14 Optical micro-graphs
illustrating comparisons in wear
for different coating types [85]
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produce products with very high tolerances [98]. The ma-
chines presently being developed are six-axis machines rather
than the more common three-axis or five-axis machines. This
allows a huge amount of freedom in the production stages
[99].

Micro-milling is a process which has many advantages and
has quickly become the preferred option for micro-machining
processes. In general, micro-milling is defined as a milling
process which can machine features which are on the micro-
scale, or where 1 um will make a difference to design accu-
racy [100]. Micro-milling is an extremely flexible process
which has the ability to perform numerous tasks and produce
many different shapes and features on its workpiece. The pro-
cess works through having a workpiece being held in a sta-
tionary position whilst a spindle rotates a tool and moves it
along the X, Yand Z axes. This provides for a very versatile
machining process, although the material removal rates are
often relatively low [101]. The tools range from 25 to
1000 um. However, as the tools get smaller they become
harder to purchase or manufacture. Micro-milling requires
very high spindle speeds, with speeds in excess of
100,000 rpm being proposed [102, 103], which has the advan-
tage of being able to create 3D parts without having to move
and reclamp the workpiece and which eliminates possible
movement errors. With more modern and advanced machines
being developed, such as six-axis pole machines over the
standard three-axis machines, the variety of part designs able
to be produced on a single machine is becoming more ad-
vanced and makes micro-milling ever more suitable to multi-
ple applications [104].

Figure 15 is a photograph of two tools, namely a conven-
tional 6-mm milling slot cutter (left) and 200-um cutter
(right). This demonstrates the sheer scale of the differences
between the two processes. Although they are essentially
completing the same task, the size of the micro-milling pro-
cess creates many challenges with important aspects including

Fig. 15 Optical photograph illustrating the difference in scale between
milling (left) and micro-milling (right) tools [105]

controlling the cutting forces and accuracy [105—109]. Micro-
milling works using a very similar process to conventional
milling but on a much smaller scale. It removes material
through mechanical force and abrasion, which means that ma-
terial is removed with plastic and brittle deformation. A highly
concentrated force is used to stress the material and this in turn
can cause breakage. This force is supplied by the milling ma-
chine and the tool rotational speed, which is why higher spin-
dle speeds are often used to reduce the force on the tool. Many
aspects such as tool vibration and deflection must be moni-
tored to ensure the process runs smoothly [110].

Unlike traditional milling, the vibrations in micro-milling
are almost always caused by the tool itself rather than the force
of the tool interacting with the workpiece. The cutting forces
in micro-milling are extremely small, and as such do not gen-
erate the vibrations associated with traditional milling [111].
The tools in micro-milling are subject to large amounts of
wear, causing their accuracy to diminish relatively quickly.
Premature tool wear is the most common type, and it is un-
predictable and quickly diminishes the accuracy and toler-
ances of a workpiece. To help combat this, various coatings
are often used to decrease the wear rate [60]. Whilst the reg-
ular three-axis mill can only move within the X, Y and Z
planes, the five-axis mill can also move with a rotatory action
around the X and Z axes, giving it the ability to produce more
complex parts [99, 112, 113]. The basic design of a five-axis
micro-milling machine allows it to produce 3D products
whereas other processes may not have this ability.

Tools in micro-milling play an extremely important role in
producing a quality part. Establishing the correct angles and
dimensions is key to enabling the micro-milling cutter to be
effectively used. The cost of making tools to the required size
and accuracy is extremely high [114]. As very high tempera-
tures are generated between the tool surface and workpiece,
the tool must be made of a material which reduces diffusion.
This is why materials with very high hardness at extreme
temperatures are used such as diamond and titanium [115,
116]. The design of the tool can limit or expand its capabilities
through the use of different materials or coatings to enhance
durability and life [74]. The shape of the tool also affects its
performance. A rounded tool will produce a better surface
finish and a smaller burr compared to a sharp or chipped tool
[117].

Simply downscaling milling tools to the micro-scale has
proven not to be successful as the shapes are too complex
[118]. The main techniques used to create the tools are
EDM-based, as this can be used to cut very hard materials
which are ideal for milling tools. The shape of the micro-
milling tool is the key to making the machine work econom-
ically and effectively. To develop the tool and assess its effec-
tiveness, the tools are constructed with a simulation software
which eliminates many of the issues to be found before the
physical production commences [119].
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Diamond tools are also a very common type of tool used as
they possess the properties needed to cut and machine ex-
tremely hard materials such as ceramics. Diamond tools are
usually produced through laser machining and have shown a
sufficiently high accuracy for the production of moulds [120].
A focused ion beam has also been used for many years in the
manufacturing of traditional milling tools and it has been suc-
cessfully refined to produce micro-tools. Further development
is needed though for the production of extreme tool sizes
[121].

Tool deflection is a common issue with micro-milling as
the size of the tools makes them susceptible when exposed to
cutting forces. This deflection will result in poor accuracy if
not managed and monitored appropriately. The amount of
deflection can be predicted, observed and monitored through
mathematical models which take into account the tool dimen-
sions, materials and cutting forces present. The amount of
deflection must be managed to ensure that accuracy standards
are met [ 122—124]. Minimising the amount of deflection in the
tool can be done through increasing the rotational speed. This
is due to the tool cutting faster and reducing the cutting forces
needed for the milling operation. Deflection, however, is not
only found in the tool as it can also be present due to the
micro-milling machine not being sufficiently rigid to resist
the forces [125].

The sharpness of the cutting tool plays a critical role in the
surface quality of the workpiece. When using a diamond cut-
ting tool, the sharpness has a significant effect on the surface
roughness, surface hardness and the residual stresses within
the workpiece. This is caused by the cutting edge radius
changing as the tool becomes blunt over time. Just as in tra-
ditional machining, a sharper tool will produce a better quality
surface in comparison to a blunt tool [126]. Tool radius is a
key factor in the effectiveness and sharpness of a tool. If the
tool is relatively round it will require higher cutting forces to
complete the task and, as the micro-tools are very small, it
increases the chance of a tool breaking or being damaged.

5.3 Micro-drilling

Micro-drilling is the process of producing holes less than
50 um in diameter with a micro-tool. Micro-drilling has not
had the same amount of research conducted in comparison to
other techniques used to produce micro-holes due to the fact
that the drilling tools needed have complex shapes and geom-
etries [114]. Micro-drilling is extremely efficient in compari-
son to other drilling techniques and can produce much deeper
holes, although unfortunately flat bottoms are not possible.
The biggest concern with micro-drilling is the breaking of
the micro-drill from thrust forces with sensors being added to
combat this issue. Vibration is also a major cause of tool
breakage and is often caused by the drill’s outer corners
experiencing excessive wear and fracturing. As the rotational
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drilling speeds are significantly faster than those found with a
traditional process, acoustic sensors are used to avoid break-
age problems [114]. The vibrations and excessive thrust forces
found in micro-drilling can also cause poor accuracy. The
most common way to combat this is to use the cutting in
method in which the tool cuts into the workpiece and then
pulls back, releasing its contact with the workpiece before
making contact and cutting again. This allows the tool to re-
lease its thrust forces and reduce the time spent experiencing
vibrations caused by the cutting process. Tests have proven
this to be successful [127].

The smallest drill bit constructed, just 3 pm in diameter,
has never been successfully used as it failed in all test drilling
stages. The smallest hole drilled was 6.7 um across, drilled
with a 6-pum diameter bit. Any drill bit smaller than this was
not able to produce a hole prior to failure occurring [128] with
the drilling of smaller hole diameters requiring the use of more
exotic processes such as electro-chemical micro-drilling [129,
130] and ultrafast laser micro-drilling [131, 132]. To reduce
the size of the thrust force in micro-drilling, the bit is rotated at
speeds of almost 100,000 rpm [80]. These high rotational
speeds reduce the force by allowing the drill to cut much
faster. However, the drill bit must also be extremely sharp so
that it cuts effectively and efficiently. Whilst micro-drilling is
a downscaled process of conventional drilling machine, the
fundamental aspects such as cutting force, feed rate and chip
thickness cannot be scaled with any degree of accuracy [133].

Figure 16 shows the general arrangement of a micro-
drilling system. This includes many of the features that are
normal to a traditional drilling arrangement such as the drill
bit, green body (workpiece), backup plate, jig and lubricant.
There are other items used which are also needed for the
micro-drilling operation to occur, such as the dynamometer
which measures the amount of force on the tool, thus keeping
the force below a specific level to avoid breaking the drill bit.
Extra lubricant is used, not only to reduce the forces on the
drill bit but also to maintain the temperature of the tool to be as
cool as possible as the drill bit is extremely small and can heat
up very quickly [134].

6 Modelling

Simulation is often used to predict the forces and whether or
not the tool can be used without any issues [135]. Modelling
the micro-milling process through the use of analytical
methods and complex algorithms is gaining support, with
more research being completed to increase the reliability of
the results obtained [136]. Computer models can be used to
predict the amount of tool wear and the force at which the tool
will break [113]. This has been completed with an error of
21%, the error mainly being attributed to the generally unpre-
dictable wear rates following some form of tool failure [137].
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Fig. 16 Schematic illustration of
a typical micro-drilling
arrangement [134]
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However, this does give an advantage to being able to predict
the tool lifespan and what forces it will be able to withstand
over that lifetime. Whilst the testing for modelling is being
completed, much of the information being collected allows for
a better understanding of how to make the process more effi-
cient and effective with different materials. Once the actual
modelling process is completed, it also has the advantage of
being able to further refine the efficiencies seen during testing
[138]. It can help to evaluate whether micro-milling is a viable
process for the applications needed by being able to test
different-shaped tools with diverse cutting techniques to an
accuracy of up to 10% in comparison with physical testing.
It makes the process much cheaper by not needing to physi-
cally build and test every tool, whilst still obtaining a reason-
ably accurate result from the tool modelling [139].

After test cuts, the tools are measured and the wear is re-
corded in order to develop a more accurate model. This allows
the optimum cutting angle and edge radius to be developed
[140]. The process is expensive and time consuming but huge-
ly benefits future micro-milling models. Surface generation
micro-end milling models are useful in examining the five
fundamental aspects that influence the machined surface
roughness, namely (1) process kinematics, (2) process dynam-
ics, (3) cutting edge geometry, (4) elastic recovery and (5)
minimum chip thickness. Burr formation factors have to still
be introduced into the models making further research neces-
sary to improve accuracy [87, 141].

7 Micro-cutting process
7.1 Chip formation
The chip thickness is very important in micro-milling as it

controls many aspects of how the finished product will turn
out in terms of surface finish and quality of work. Material can

Elastic foundation

be removed through ploughing, cutting or slipping, with each
process changing the surface finish and the forces exerted on
the tool [142—145]. The minimum chip thickness is reliant on
the sharpness of the tool and the material being machined.
Different materials will have different minimum chip thick-
nesses needed to produce the desired surface finish [29].

Figure 17 demonstrates how material is removed through
chipping, but as the diagram on the right shows, sometimes no
chip is created. This is an issue with micro-milling as the tool
is relatively blunt when compared to traditional milling pro-
cesses and very small amounts of material are removed at any
given time. This effect is often called ploughing and causes
plastic deformation on the surface of the workpiece [147].
Chip formation is key to understanding metal removal for
micro-machining. For example, researchers examined micro-
end milling chips from a range of materials using different
machining parameters [2] and found that the specific acoustic
energy increased as the ratio of the underformed chip thick-
ness to width of cut increased [148].

7.2 Surface finish

Surface finish in micro-machining is extremely important as it
often determines the quality of the workpiece produced be-
cause it has a large influence on its strength and accuracy. The
major factors influencing the surface finish in micro-milling
are the spindle speed, material removal rate and depth of cut.
These must be carefully managed and monitored to ensure a

Fig. 17 Schematic illustration of micro-tool chip removal [146]
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suitable surface finish is being applied [149]. Much of the
surface quality in micro-milling is controlled by the chip
thickness and formation. If the chip thickness is less than the
cutting edge radius, it will cause poor surface roughness. This
is caused by the elastic recovery of the material.

The spindle speed and feed rate have been shown to control
chip formation and surface finish. With a lower feed rate,
the spindle speed has little effect on the finish [150, 151].
However, at higher feed rates, the spindle speed plays a sig-
nificant role in achieving the desired finish [146]. The surface
finish created from a flat-end milling tool leaves lines and, if
not spaced correctly, can ruin the surface of a product.
Generally, the lines left from the previous cut are removed
with the new cut [152].

Surface finish is not only dependent on the tool used and
speed at which it cuts. The materials used also play a signifi-
cant role in the quality of the finish achieved. For example,
fine-grained steel has the ability to produce a much higher
quality surface finish than larger grained steel. However, the
fine-grained steel will also be prone to indentation and cause
higher frictional forces on the tool [153]. The material removal
rate has a significant effect on many aspects of the process,
such as required surface finish produced and ultimately ma-
chining time. In general, a larger radius cutting tool and higher
spindle speed will result in a higher material removal rate. As
a result, to keep the material removal rate constant, the feed
rate is often increased or decreased, depending on the tools
used [154].

7.3 Burr formation

Burring commonly occurs in both normal and micro-
traditional machining processes and results from the unwanted
protrusion of material caused by plastic deformation in a cut-
ting or shearing process [155—157]. If chatter is observed, the
resulting vibration will lead to burr formation and catastrophic
failure, indicating that a layer of the material is not cut prop-
erly and must be removed as shown in Fig. 18 which illus-
trates top and exit burrs caused by micro-milling. These burrs
occur from advancing plastic deformation caused by the cut-
ting tool. As the tool reaches an edge where there is little
resistance, the plastically deformed material gets forced over
the edge and creates the burr [158]. Burr formation is princi-
pally the major damage observed on machining a surface sub-
jected to micro-milling. Also significant is tool run-out which
contributes significantly to noise in force measurement, sur-
face quality and extensive vibrations causing burr formation.
Removing this burr is often extremely expensive, especial-
ly as the ratio of burr to workpiece size increases. The cost of
removing the burr is often in excess of 30% of the total ma-
chining cost for the part [159]. The problem with removing
the burr is that with the micro-scale of the workpiece it is very
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Fig. 18 Schematic illustration of top and exit burrs [158]

difficult to remove the burr without damaging the workpiece
itself.

With the use of traditional methods applied to a micro-
scale, there will often be residual stresses applied and accuracy
issues created by the removal of the burr. With these factors
present, it is best to reduce the initial size of the burr created in
the machining process [157]. A reasonably simple way to do
this is by altering the feed rate and tool dimensions. It has been
shown that when the feed rate is increased the burr size de-
creases, and also when the radius of the cutting tool increases
the burr size decreases [141]. However, when burr creation
cannot be avoided and thus must be removed, the most effec-
tive method used is micro-EDM machining. It has the ability
to remove very small pieces of material without physically
touching the workpiece and causing unwanted residual stress-
es. It can also remove extremely hard materials just as easily as
soft materials. However, EDM machining can only remove
burrs which are from an electrically conductive material [160].

8 Industrial applications

Micro-milling is recognised as a viable option for micro-ma-
chining, since its high material removal rate is becoming in-
creasingly popular for creating 3D products using hardened
materials. It is being used to create micro-dies and moulds
[161] because it can complete the mould or die much faster
than other methods whilst still producing them with excellent
accuracy [162]. For example, diamond tools used in micro-
mills have been shown to be successful in producing tungsten
carbide moulds [163].

As well as in micro-milling operations, special tools can be
used to remove material in a micro-grinding milling process.
This is when the tool has a grit coating on the rear faces of the
cutting edges, which allows a grinding process to be complet-
ed after the conventional milling process is finished. This is
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Table 1  Typical micro-machined applications Table 2 Key micro-machining research areas
Part/workpiece Geometry feature Micro-process Material Research area Remarks References
Micro-cups Less than | mm in  Micro-machining Molybdenum Micro-tools Very expensive to produce  [36, 38, 44, 80-82, 85]
diameter, various Micro-deep Copper Coated tools
thicknesses drawing Aluminium Chip formation  Tool radius to depth [2, 49, 105, 117, 118,
Micro-stamping  Steel of cut ratio 126, 147, 176]
Micro-spinning Tool geometry
Micro-gears Diameters less than  Micro-machining Metals Chip thickness

1 mm, features
less than 10s of
microns

Micro-forging
Micro-extrusion
Micro-casting
EDM
Micro-machining  Steel and

Polymers

Shafts Less than 1 mm in

diameter Micro-extrusion alloys
Micro-screws  Diameters of 0.1 to  Micro-machining Various
Micro-cans 0.5 mm Micro-forging metals
Micro-extrusion
Micro-gear Features of 30 to Micro-machining Metals
shafts 40 um Micro-forging
Micro-extrusion
EDM
Micro-moulds, Die-bore or inner Micro-machining Tool steel
dies and pockets in less Sintering Tungsten
punches than 1 mm; EDM Stainless
Tool tips punch diameter ~ Laser cutting steel
from 0.05 to Glass
1 mm Ceramics

usually completed to improve the surface quality for parts
used in micro-products such as drones. Although this is a
relatively new application and process, it has huge potential
[164]. Table 1 gives examples of parts/workpieces that micro-
machining can be used for.

Micro-cutting has also been applied to biomedical applica-
tions such as titanium dental implants [93, 165] where surface
features of metal implants [166] were modified to influence
cell adhesion [167]. Micro-cutting can also be used to modify
the surface tribology of metals through the incorporation of
micro-grooves [18, 168], micro-dimples [169] and other
micro-patterns [170, 171]. In addition, micro-cutting has been
used to machine challenging materials such as glass [168, 172,
173] and calcium fluoride [174].

Fabrication of deep X-ray lithography masks is a new ap-
plication in which micro-milling is being applied to, rather
than using other manufacturing methods. This is in a large
part due to the significant time reduction which can be
established through using a milling process. Micro-milling
has been used to create workpieces with a depth of 62 pm
and a width of 8 um. This makes micro-milling more than
adequate for the task of producing micro-lithography masks
[175].

The consensus derived from the papers reviewed is that
micro-cutting is important in the machining of 3D workpieces
with complex geometries. Macro-phenomena such as chatter,
burr factors, tool wear, monitoring and workpiece handling all

Cutting forces

Mode of cutting

Cutting force

Chip thickness

Maximising tool
deflection error

Specific acoustic energy

[23, 26, 30, 59, 77, 89,
92, 94, 106-108,
122-124, 140]

Modelling Chips and forces [29, 54, 90, 95, 97,
104, 109, 136, 138,
139, 141, 142]
Tool wear Tool wear prediction [23, 38, 47, 48, 53, 62,
Tool wear monitoring 66, 78, 120, 177]
Effect of tool wear
Burring Burr formation rate on [1,2,23,30]
tool life
Machining Measurement system [51, 59, 63, 64, 90,
dynamics Frequency domain 93, 127]
Workpiece Hardness and strength [2, 23,29, 33-35, 42,
materials 3D shape from a variety 43,79]
of materials
Machine tool Micro-milling [2, 4, 23,25-27, 29,
requirements  Micro-turning 30, 96, 98, 99, 104]
Micro-drilling

need further investigation. In the previous section, details of
micro-cutting tools, machine tools, micro-cutting and auxilia-
ry processes were examined. The micro-machining research
surveyed identified nine fundamental areas which are
summarised in Table 2 which also identifies relevant papers.

9 Conclusions

The micro-manufacturing industry possesses huge potential to
grow and expand as the world demand for micro-parts in-
creases. This demand has already encouraged the advance-
ment of new research and developments in many of the cutting
processes used. Achieving the high level of machine accuracy
has resulted in:

* The development of ultraprecision machine tools that are
necessary to achieve a good surface finish and accurate
workpiece

* Tool wear being identified as a major concern, as this
contributes substantially to the dimensional accuracy of
the micro-parts

» Continued research into aspects of tool coatings and ma-
terials shown to be necessary for efficient tool application
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Sustainable cooling and lubrication of the cutting interface
has been identified as an essential element in the micro-cutting
of hard-to-machine materials and helps reduce plastic
deformation.

» Using graphite nanoplatelets sprayed onto the workpiece
warrants further investigation.

* As surface roughness and burr are parameter dependent, it
is essential to be aware that optimum conditions for one
may result in an unacceptable outcome of the other.

*  Most research reports that cubic boron nitride-coated mi-
cro-tools improve the temperature and tool wear and re-
duce burr formation

* An advantage of micro-milling is that it can produce 3D-
free form surfaces unlike many other processes such as
micro-laser beam machining and lithographic techniques.

Another benefit from using micro-cutting processes is the
range of materials that can be machined such as:

e Steel, aluminium, brass
* Ceramics, glass
+ Plastics, polymers

In summary, the cost of the machining setup for the pro-
cesses investigated in their review is less than that of many
other micro-manufacturing processes, allowing micro-parts to
be produced at an economical cost. Also, the future for ma-
chining of parts will require new six-axis pole machines which
are necessary to provide effective machining of ever-
increasing complex workpieces.
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