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In today’s continuously growing demand for components with increasingly smaller dimensions and features,
micro milling is gaining more significance. However, for the mass production of components with micro features,
injection molding is still customary in order to keep target costs. Due to high requirements regarding lifetime and
resistance to wear, the molds are made of hardened steel. The shaping of those molds involves electrical
discharge machining (EDM), because the process is independent of the material hardness. As a work tool for
EDM, electrodes made of pure copper (Cu) and tungsten reinforced copper (WCu) are commonly used. The
quality and reliability of the eroded shapes are determined to a high extent by the quality of the electrode
deployed. For this reason, micro milling is a crucial factor in the process chain and its impacts have to be
evaluated. This paper explores the key factors which have to be considered in micro milling pure copper and
tungsten reinforced copper for micro features of electrodes. Due to scaling effects, micro milling differs strongly
from macro milling. For mastering this process, a new approach to identify cutting edge geometry and the in
fluence of the common milling parameters and material properties is required. Two flute micro milling tools with
diameters as low as 200 μm and a cutting edge as low as 3 μm are applied for examination. To generate
suitable cutting conditions with such small tools, extremely high rotational speeds of the spindle are required.
Here it is chosen to be 200.000 rpm. The size of the minimum uncut chip thickness for both materials is dis
cussed. Optimal process parameters and conditions for micro machining both materials are derived concerning
process forces as well as burr and wear formation.

1. Introduction
The ability to machine micro structures is desirable for many ap
plications ranging from miniaturization to functionalization of large
surfaces. Huo and Cheng [1] list the medical- (i. e. micro pumps) and
watch-industry (i. e. gearwheels), space-industry (i. e. micro gyroscope)
and electrical-industry (i. e. micro sensors) as the key application fields
for micro machining. Tang et al. [2] and Azcarate et al. [3] suggest an
indirect tooling strategy for machining micro structures. Instead of
direct micro milling the final workpiece, a softer master workpiece is
generated having the negative micro structures. In subsequent steps, this
master workpiece acts as a work tool in electroforming and selective
etching operations. As mentioned by Barthlott and Neinhuis [4], micro
machining is required if hierarchal structures as a combination of nano,
micro and macro structures are desired, in order to generate
self-cleaning surfaces. According to Chae et al. [5] micro

electro-mechanical systems (MEMS) have experienced a sharp rise in
importance in the last two decades. Lithography-based micro
manufacturing, such as photolithography, chemical etching and LIGA,
are used to fabricate MEMS devices. However, beside the feasibility of
producing feature sizes in sub micrometer range, this process is limited
in achievable component geometries. Kliuev et al. [6] present the ca
pabilities of micro shaping nonconductive materials using EDM-milling
operation with a micro electrode tool having a diameter Ø ¼ 0.5 mm.
This process, however, suffers from large burr formation and low ma
terial removal rate MRR. Maradia et al. [7] improved the EDM-milling
technology for Titanium and Inconel 718 by applying the ODEM(odd-, even-, middle-) strategy for slot machining. To overcome these
issues, classical manufacturing methods, such as micro cutting and
micro injection molding, have been established in this field of produc
tion. For instance, micro cutting allows machining of 2.5D and complex
3D geometries almost independent from the workpiece material with a
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Fig. 1. A comparison; a) Macro Milling with h » hmin; b) Micro Milling with h > hmin and rc ¼ h.

high relative accuracy. Von Bodenhausen et al. [8] divide micro
machining into two fields: ultra-precision machining and micro cutting.
The first addresses the machining of large surfaces in sub micrometer
precision and the second describes the production of structures with
dimensions in the micrometer range. Klocke et al. [9] recognizes the
importance of the cutting edge radius rc of a tool. If the radius rc lays in
the sub micrometer range, surface roughness in lower nanometer scale
can be expected. Thus it exhibits reflective surface quality. According to
Weule et al. [10] the use of tungsten carbides as a cutting material is
increasing continuously due to the relatively low price. For this reason,
it has been widely used for machining electrodes for micro EDM as well
as machining filigreed small features in jewelry and watch industry. As
micro cutting is a niche market in global terms and due to excessive tool
costs, low running life, high demands on the machine and essential
knowledge of the operator, there is huge potential for further im
provements and optimizations. Customarily, a downsizing of macro
milling tools is performed in order to produce micro milling tools. This
procedure leads to inaccurate geometry ratio which results in high tool
breakage rates. To realize accurate micro structures, low inner edge
radii and structure distances in micrometer range, micro milling tools
with diameters in the range of tens to hundreds micrometers must be
employed. Due to the reduction of the stiffness k at smaller tool di
ameters, Zdebski [11] specifies the resultant deformations on a micro
milling tool during operation as bending, torsion and axial buckling.
Besides the reduction of the stiffness k, smaller diameters also affect the
demands on the spindle speed n and stability. Spindle run-out adopts
values in the micrometer range and has a dominant influence on micro
milling, which leads to unequal cutting tooth engagement. This also
leads to premature tool breakage or at least high tool wear. Uhlmann
and Schauer [12] ascertain that run-out introduced from geometrical
inaccuracies can adapt values larger than the feed per tooth ft and are
thus more likely to cause tool failure. Uriarte et al. [13] confirm the
phenomenon proposing a cutting force model for micro milling under
consideration of the minimum uncut chip thickness hmin. It is shown that
the tool deflection is dependent on tool diameter, cutting edge radius rc,
process parameters and properties of the workpiece material. Addi
tionally, the limitation of the spindle speed nmax is a crucial factor.
Under the assumption that the cutting tooth moves circular around the
tool axis, (1) can be applied for calculating the cutting speed vc, which
depends on the tool diameter D:
vc ¼ π⋅n⋅D

the material to be machined must be known. The higher the homoge
neity of the micro structure, the higher the resultant surface quality
becomes. Additionally, a continuous chip formation leads to a reduction
^mara et al. [14] observe an increase
of the dynamic load on the tool. Ca
of the tool life, respectively a reduction of wear, when machining fine
grain with a high homogeneity. An improvement of the surface quality
at higher speed vc is explained by Weule et al. [16]. Kirsch et al. [17]
mention the importance of the grain size of the work tool material: it is
presented, that ultra-fine gain material leads to sharper cutting edge
radii rc, higher tool life, lower wear formation and lower process forces.
It must be stressed, that micro milling cannot just be assumed as a
scaling down of the conventional milling process. In micro milling
boundary conditions, such as the uncut chip thickness h, dimension of
the cutting edge radius rc and the ratio to the feed per tooth ft and so on
must be considered carefully and are often in the same magnitude as the
grain size of the material to machine. Since the dimension of the cutting
edge radius rc is comparable to the feed per tooth ft, ploughing effects
may occur. As a result, the burr formation is relatively large in relation
to conventional cutting, which must be mitigated by careful process
optimization. Aurich et al. [18] minimize burr formation due to tilting of
the spindle in feed direction. Requirements on tolerances and accuracy
for micro products are much larger and harder to fulfill. Subsequent
deburring operations are often excluded because of damaging filigree
structures and formation of blunt edges.
As reported by Beier and Nothnagel [19] and Ko and Dornfeld [20]
ductile materials indicate a higher tendency towards burr formation
than hard materials. Wu et al. [21] observe a burr reduction, when
copper is machined at a lower feed per tooth ft. Minimum burr size is
observed on the up milling side. Kim et al. [22] and Piquard et al. [23]
describe a burr reduction for brittle materials when the feed per tooth ft
is increased.
2. Concepts of micro milling
2.1. Size effect
Huo and Cheng [1] define micro cutting by using the following
criteria: uncut chip thickness h lower than 100 μm, dimensions of micro
parts and features in the range of 1–1000 μm, cutting tools with di
ameters lower than Ø ¼ 1000 μm and underlying cutting mechanics
caused by size effects. Due to the size effects, the workpiece material
cannot be assumed as homogeneous and isotropic. The cutting edge
radius rc reaches about equal dimensions as the size of workpiece ma
terial grains and the size of the uncut chip thickness h. As the feed per
tooth ft is dependent on the cutting edge dimension in the case of micro
milling, the radius rc must be considered. If the uncut chip thickness h
adopts comparable values as the cutting edge radius rc, the effective rake
angle γeff assumes a negative value and thus the chip formation un
dergoes ploughing, as defined by Bissacco et al. [24]. According to

(1)

Where n is the spindle speed. This results in a linear decrease of the
cutting speed vc for smaller tool diameters. Hence, for micro milling
there is widespread demand for fast spindle speeds. Due to the fragility,
micro tools tend to have catastrophic failure as the result of chip clog
ging as concluded by C^
amara et al. [14].
Uhlmann et al. [15] mention, that the grain size and distribution of
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Heisel et al. [25] ploughing effect occurs if the uncut chip thickness h is
smaller than the minimum uncut chip thickness hmin. In Fig. 1 a) the
uncut chip thickness h is clearly bigger than the thickness hmin and the
cutting edge radius rc. This leads to a shear plane indicating the begin
ning of chip removal. In contrast, Fig. 1 b) represents the chip formation
if the radius rc has equal dimensions as the uncut chip thickness h. In this
case, the chip initiates in a shear deformation zone as a combination of
shear forces, deformation and recovery. The chip also flows along a
negative effective rake angle γeff. The elastic percentage of the defor
mation recovers after each cutting tool pass, which is associated to
material spring back and is very pronounced in micro machining, see
Fig. 1 b).
Kuram and Ozcelik [26] calculate the effective rake angle γeff ac
cording to (2), as a function of the cutting edge radius rc and the uncut
chip thickness h.
�
�
2rc h
γ eff ¼ sin 1
(2)
2rc

2.2. Criterion for transition from ploughing to cutting
As a well-established theoretical criterion for the transition from the
plastic deformation in ploughing and rubbing to cutting, the normalized
minimum chip thickness λn is introduced and is calculated according to
Kragelskii-Drujuanov, see (3).
λn ¼

hmin
¼ 0:5
rc

τa
σ

(3)

Where τa is the shear strength of the adhesive junction at the chip/tool
interface and σ is the effective flow stress of strain-hardened material.
When exceeding the normalized minimum chip thickness λn, a chip is
formed due to shear forces according to conventional milling, as
described by Aramcharoen and Mativenga [30]. According to Liu et al.
[31] the minimum chip thickness λn is determined by the thermo
mechanical properties of the material to be machined. Most of these
properties are highly affected by the cutting temperature. Liu et al. [31]
distinguish three zones in the tool engagement zone, which significantly
contribute to the heat generation in micro milling: shear zone, plough
ing zone and work tool/chip interface. The occurring effects of strain
hardening, stain rate and temperature can mutually reinforce or mutu
ally annihilate each other. For instance, Liu et al. [31] find out that the
cutting speed vc and size of the cutting edge radius rc have contradictory
influences to the material properties in machining carbon steel. As the
speed vc increases, the cutting temperature increases, which makes the
material behave more ductile. However, a higher speed vc also in
troduces a higher strain leading to a hardening effect of the material.
The same phenomena can be observed with the dimension of the cutting
edge radius rc and is highly material dependent. For machining carbon
steel, the normalized minimum chip thickness λn rises as the speed vc
and radius rc increases. This is due to the predominance of thermal
softening over strain hardening. For the experimentation using
Al6080-T2 no influence can be found, due to the annihilation of both
effects.
The condition of the tool influences the normalized minimum chip
thickness λn as the tool undergoes wear formation and thus manipulates
the cutting edge radius rc throughout the milling operation. A blunt
cutting edge results in an enlargement of the cutting edge radius rc,
which can result in ploughing and thus influences temperature, friction,
strain hardening and additional factors. According to the Hall-Petch
effect, material strength is higher as the grain size decreases. This
additionally affects the size of the normalized minimum chip thickness
λn .
The values of the normalized minimum chip thickness λn, as pre
sented in Table 1, for various materials reveals that the transition from
ploughing to cutting happens if the uncut chip thickness h is signifi
cantly smaller than the size of the cutting edge radius rc. Even though the
cutting conditions, materials and work tools vary, all of the results have

The transition from positive to negative rake angle γ is shown in
Diagram 1 and depends unambiguously on the dimensions of the cutting
edge radius rc. As the radius rc increases, the uncut chip thickness h must
obtain a higher value to guarantee chip formation.

Diagram 1. Transition of effective rake angle γeff from positive to negative,
adapted from Kuram and Ozcelik [26].

Bissacco et al. [27] recommend using a feed per tooth ft respectively
a thickness h higher than the minimum uncut chip thickness hmin in
order to avoid ploughing. However, if the uncut chip thickness h is in the
same order as the minimum uncut chip thickness hmin, chip removal is
still feasible, as seen in Fig. 2 a). As the thickness h undergoes the chip
thickness hmin, ploughing takes place due to plastic deformation, see
Fig. 2 b). In this case, the material is forced under the work tool and
material removal scarcely occurs. A chip will be generated when a suf
ficiently large uncut chip thickness h is accumulated by multiple tooth
passes, as mentioned by Kim et al. [28] and Vogler et al. [29].

Fig. 2. Influence of uncut chip thickness h; a) h � hmin; b) h « hmin.
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in common that the chip formation is feasible when setting an uncut chip
thickness h as low as ~50% of the cutting edge radius rc.

Table 1
Comparison of the normalized minimum chip thickness λn for different
materials.
Author

Material

Thickness λn

Year

Current
Oliveira et al. [32]
Ramos et al. [33]
Malekian et al. [34]
Kang et al. [35]
Woon et al. [36]
Lai et al. [37]
Liu et al. [31]
Liu et al. [31]
Son et al. [38]
Kim et al. [39]
Vogler et al. [29]
Yuan et al. [40]
Shimada et al. [41]

Cu, WCu
AISI 1045 steel
AISI 1045 steel
Al6061
AISI 1045 steel
AISI 4340 steel
Cu
AISI 1040 steel
Al6082-T6
Al, Cu, brass
360 brass
ferrite-pearlite steel
Cu–Mg–Mn Al alloy
Cu, Al

0.4
0.22 … 0.36
0.29
0.23
0.30
0.26
0.25
0.20 … 0.35
0.35 … 0.40
0.20 … 0.40
0.30
0.14 … 0.43
0.25 … 0.33
5% of rc

2019
2014
2012
2012
2011
2008
2008
2006
2006
2005
2004
2004
1996
1993

2.3. Specific cutting energy
As a consequence of ploughing high process forces, excessive burr
formation and low surface quality are expected. Due to the reduction of
the stiffness k of the tool along with decreasing diameter, special
attention must be given to process force monitoring in micro milling.
The specific cutting energy kc is introduced and describes the energy for
removing a unit amount of material. It is calculated according to (4),
where F is the force and A is the uncut chip cross section:
kc ¼

F
A

(4)

The specific cutting energy kc is defined by Huo and Cheng [1] as
non-linear in respect to the uncut chip thickness h. According to Lucca
and Seo [42,43] and Lai et al. [44] the specific cutting energy kc in
creases as the uncut chip thickness h decreases. The course of the specific
cutting energy kc is described by Oliveira et al. [32] through a power

Fig. 3. a) Tool engagement situation in circumferential milling, based on Weilenmann [54], with ϕS as section arc angle; b) mean uncut chip thickness hm for
Ø ¼ 200 μm, according to (5).

Fig. 4. Process forces in circumferential milling; a) clamping situation of work piece in force dynamometer; b) tool-workpiece engagement; c) forces in X-, Y- and Zdirection; d) forces Fx, Fy and Fz per tooth.
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Fig. 5. 3D scan of Dixi 7240 micro tool; a) 200� magnification 3D rotatory of the tool; b) 1000� magnification of cutting edge.

function as kc ¼ k1 ⋅f k2 , where k1 serves as a scaling factor and k2 serves
as the exponent. In a nutshell, more energy is needed per removed
volume Vw at a smaller uncut chip thickness h. Challen et al. [45] and
Kopalinski et al. [46] describe the material strengthening effect and thus
a higher energy consumption as a result of an increase of the strain rate
in the deformation zones at decreasing uncut chip thickness h. C^
amara
et al. [14] explains that those circumstances happen due to a increase in
the shear flow stress in the workpiece material. Vollersten et al. [47] and
Shaw [48] hold lattice defects and material inhomogeneity
accountable for a higher energy consumption. The force behavior in
micro milling is characterized by a high degree of variation across
experimental repetitions. Under identical process parameters and con
ditions, the monitored force differs up to 30%, as reported by Tansel
et al. [49]. Due to cutting through a small amount of grains in micro
machining, the material must be assumed to be anisotropic. Unlike in
macro machining, the effect of grain size and orientation of individual
glide planes cannot be averaged and thus lead to varying results under
the same process conditions. Filiz et al. [50] discuss the increase of the
specific cutting energy kc at small feed per tooth ft for micro milling
copper. Liu and Melkote [51] examine the behavior of material
strengthening mechanisms and softening effects. They also examine
their influence on the specific cutting energy kc in micro milling for
different materials. Although the contribution to the material strength
ening has been addressed to several factors, such as cutting temperature,
strain rate and strain gradient, the impact of each factor is dependent on
the material to be machined and machining conditions. According to
Fang [52], either strain hardening or thermal softening dominates the
material flow stress in the Johnson-Cook model as a function of the
material. Gao and Huang [53] discuss the strengthening effect due to
dislocation density respectively to dislocation availability. It is promi
nent when the size of the inhomogeneous plastic flow is in the same
micrometer dimension as the intrinsic material characteristic length l. In
summary, the increase of the specific cutting energy kc at smaller uncut
chip thickness h can be explained due to:

Table 2
Alloy components of Cu and WCu.
Mass percentage in % for Cu
Cu
min 99.9

Bi
max. 0.0005

O
max. 0.04

Pb
max. 0.005

Mass percentage in % for WCu
Cu
min 24.9

W
75

Table 3
Mechanical properties of Cu and WCu at 20 � C.

designation
density ρ
elastic modulus E
tensile
strength Rm
hardness HV
diameter grain dg

pure copper (Cu)

tungsten reinforced copper
(WCu)

Cu-ETP (Electrolytic ToughPitch)
8.93 g/cm3
110 MPa
290 MPa

WCu EFG25 75/25
14.5 g/cm3
225 MPa
440 MPa

70 N/mm2
20 μm

190 N/mm2
5 μm

� Strain hardening effects.
� Dislocation mechanics.
� Anisotropy of work piece in machining area.
2.4. Mean cutting thickness hm
To ensure chip formation and thus material removal in micro
circumferential milling, the mean cutting thickness hm is supposed to be
in the same magnitude as the minimum uncut chip thickness hmin.
However, the geometrical circumstances in circumferential milling
differ strongly from those in i. e. face milling, as shown in Fig. 3 a). Due
to the non-linearity of the uncut chip thickness h throughout a revolu
tion of the tool, the mean cutting thickness hm is introduced. This var
iable is affected by the width of cut ae and feed per tooth ft as well as the
tool diameter D. Having small diameter D and low MRR in micro
machining, the mean cutting thickness hm commonly is in a single digit
μm-range, as shown in Fig. 3 b).
When increasing the feed per tooth ft or the width of cut ae, the mean
uncut chip thickness hm gets larger and hence more material is removed.
According to Weilenmann [54], the mean cutting thickness hm accord
ing to (5) can be derived by the Kienzle equation, where ϕS in (5) and in
(6) denotes the section arc angle.

� Ploughing and rubbing of material.
� High friction between flank face of tool and work piece surface due to
spring back.

hm ¼

114:6 ae
⋅ft ⋅
ϕS
D

with:

Fig. 6. Distribution of the cutting edge radius rc.
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Fig. 7. Procedure of milling steps; a) schematic arrangement of steps, b) representative Cu workpiece.

�
ϕS ¼ arccos 1

2⋅ae
D

�

the Z-direction are acquired.
qffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fa ¼ F2x þ F 2y

(6)

3. Experimental equipment

The forces are monitored and evaluated using LabVIEW and DIAdem
2017. The force dynamometer is triggered in such a way that it enables
the individual force measurement of each milling path, as seen in Fig. 4
c). It is shown that the force Fa loads one tooth as a result of the com
bination of Fx and Fy. The force Fx in the feed direction adopts to the
highest values. The normal force in the Z-direction Fz adopts the lowest
values. Due to the non-linearity of one tooth passing throughout the
material, the forces depend on the engagement angle ϕ. When the tooth
engages material, the forces rises from zero to a maximum peak value
and subsequently falls to zero when exiting the material, as seen in Fig. 4
d).

3.1. Machine setup
The micro milling experiments are conducted with a 5-axismachining center of type Mikron HSM 400 U from Georg Fischer
Machining Solutions (GFMS) in Switzerland. It is accessed by an external
controller of type iTNC 530 from Heidenhain. Linear glass encoders from
Heidenhain are used for measurements of the slide positions, ensuring a
positioning accuracy of �3 μm. A Mach Serie 200 spindle from MachS
wiss provides a rotation speed as high as nmax ¼ 200.000 rpm. Due to the
high rotation speed, the spindle is designed with an air bearing and
cooled with liquid coolant to maintain constant temperature and reduce
expansion. It is capable of clamping tools with a tool shank of Ø ¼ 3 mm.
Lubricant can be supplied additionally to the working zone, if needed.
The lubricant is pumped through a 3D-printed nozzle system with three
outlets oriented towards the tool tip. Blaser Blasogrind HC 5 is used as a
lubricant and is based on synthetic oil, with a viscosity ν ¼ 5 mm2/s at a
temperature T ¼ 40 � C and a density ρ ¼ 0.85 g/cm3 at a temperature
T ¼ 20 � C. Tool diameter and cantilever length is detected by a Blum
laser micrometer bridge. The radial measurement uncertainty of the
bridge is as low as 0.2 μm and the measurement uncertainty in length is
as low as 0.3 μm.

3.3. Tools
Each experiment is carried out using tungsten carbide micro end
milling tools of the type Dixi 7240 from Dixi Polytools in Switzerland.
The tools have a diameter Ø ¼ 200 μm, a cutting edge length
lce ¼ 200 μm and are manufactured by grinding. The tools exhibit a
positive rake angle and a positive helix angle. Fig. 5 a) presents a rota
tory 3D-scan using an Alicona InfiniteFocus microscope of the tool with
200� magnification.
A precise determination of the cutting edge radius rc is a crucial
factor, when performing micro milling experiments. Reducing the feed
per tooth ft or the width of cut ae may lead to an uncut chip thickness h
lower than the cutting edge radius rc and thus must be avoided. Fig. 5 b)
presents the cutting edge geometry with 1000� magnification. The
measurements are performed along the cutting edge on 3 positions with
a distance of 0, 50 and 100 μm from the tool face. On each position an
area of �10 μm is analyzed by 50 profiles. Fig. 6 presents the deviation
of the cutting edge radii. The cutting edge radius rc is measured to be as
low as 3 μm with a standard deviation of 16%. The course of the normal
distribution indicates outliers at ~2 and ~4 μm. This is due to the
grinding process of the tools.

3.2. Force measurement and evaluation
The employed force dynamometer is a unique design by IWF, ETH
Zurich which contains two force sensors of the type 9017B, from Kistler
in Switzerland. The workpiece is clamped in the dynamometer in such a
way, that the edges maintain linearity with the machine axes, as shown
in Fig. 4 a). It is capable of acquiring forces below 1 N with a sensitivity
as low as 12 pC/N for X-direction and 26 pC/N for Y- and Z-direction.
The first eigenfrequency value of the measuring device is 15.8 kHz and
thus lays far enough above the tooth engagement frequency ftooth ¼ n/
60 s ∙ z ¼ 6.67 kHz using z ¼ 2 and n ¼ 200.000 rpm.
Due to the high spindle speed n, the sampling frequency is set to
f ¼ 40 kHz, which allows the force acquisition per tooth. In Fig. 4 b) the
force situation on a cutting tool in circumferential milling is shown. The
forces are measured in the X- and Y-direction, thus the components
result in the active force Fa according to (7). Additionally, the forces in

3.4. Material
The experiment is conducted using pure copper (Cu) and tungsten
reinforced copper (WCu). Both materials are commonly applied in diesinking electric discharge machining (EDM) and thus need to be sha
ped by micro milling. As a consequence, high requirements are placed
on both materials, such as machinability, electrical and thermal con
ductivity as well as wear behavior in the EDM process. The components
of the materials are listed in Table 2.
Essential mechanical properties for both materials are given in
Table 3, according to the manufacturers. Cu-ETP is an electrolytically
refined, oxygen-containing material displaying extraordinary electrical
and thermal conductivity. It is a face centered cubic (FCC), homoge
neous material and its machinability is classified as moderate to severe.

Table 4
Cutting parameters for basic research of micro milling WCu.
Parameter

1st level

center point

2nd level

Cutting speed vc [m/min]
Feed per tooth ft [μm]
Width of cut ae [μm]
Depth of cut ap [μm]

60
3
30
30

92.5
6.5
55
55

125
10
80
80

(7)
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WCu is a pore-sintered composite material that combines the superb
arcing resistance of tungsten (W) with the excellent electrical and
thermal conductivity of Cu, as investigated by the manufacturer.

Table 5
Cutting speed, material removal rate and average material removed before tool
failure for WCu and Cu.

4. Experimentation
4.1. Procedure
All experiments are carried out using workpiece dimensions of
14.7 � 14.7 � 5 mm, which are clamped in the force dynamometer. A
previous face milling operation using an end mill with a diameter of
Ø ¼ 1 mm is conducted to guarantee planarity. Subsequently, steps are
machined with a cylindrical micro end mill with a diameter of
Ø ¼ 200 μm, as seen in Fig. 7. This procedure allows the acquisition of
burr formation in dependency of the cutting volume Vw and cutting
length lc. Furthermore, the moment of tool failure can be detected by the
condition of the steps: if the tool undergoes excessive wear or breakage,
the height of the steps decreases and mismatches the depth of cut ap. One
workpiece has 20 steps, which results in a maximal cutting volume as
high as Vw,max � 15 mm3 when using a width of cut ae ¼ 30 μm and
depth of cut ap ¼ 30 μm. In Fig. 7 a) the arrangement of the steps is
shown in front view, where the hatched areas are removed. All steps
have a height equal to the depth of cut ap. A representative workpiece of
Cu is shown in Fig. 7 b). To maintain high accuracy and planarity, each
step is milled with a constant Z-position of the tool and thus only the Xand Y-axis are moving. All experiments are performed in up milling, as
suggested by Hartnett et al. [55]. Previous experiments reveal a larger
burr formation in down milling.

Material

vc [m/min]

Q [mm3/min]

Vw [mm3]

No
No
No
No
No
No
No
Yes
Yes

WCu
WCu
WCu
WCu
Cu
Cu
Cu
WCu
Cu

60
60
125
125
60
60
125
125
125

4.5
12
4.5
12
4.5
12
4.5
4.5
4.5

20
16
7
2
40
33
13
12.5
no tool breakage

maximum spindle speed nmax ¼ 200.000 rpm. Previous parametric
screening experiments revealed that excessive tool breakage happens
when using width ae or depth ap of cut above 80 μm.
To determine the process forces from each experiment and compare
them with each another, the initial force Fa,init is found using the cutting
volume Vw. Over a cutting volume Vw ¼ 3.5 mm3, which was reached in
95% of the trials without tool breakage for WCu, the forces Fa,init are
evaluated. While doing so, a linear least squares fit through the force
values for Fa reaching from Vw ¼ 0 … 3.5 mm3 is drawn. The intersection
point with the y-axis, which represents the initial force Fa,init of each
section, is calculated. This method allows avoiding influences by tool
wear, since a digressive rise of the force Fa at higher cutting volume Vw is
observed, as seen in Fig. 9 c). The experimentation shows that there is a
strong significance between the initial force Fa,init as well as feed per
tooth ft, width of cut ae and depth of cut ap. The influence of the cutting
speed vc is negligibly small and thus does have an alleviated impact, as
shown in Diagram 2 a). The statistical significance between each
parameter setup was proven by the ANOVA test. To verify the behavior
for micro milling Cu, random testing is conducted and the results are
compared to WCu. It is observed that the main influences behave equally
regarding the initial force Fa,init and the cutting volume Vw.
The behavior of the process parameters follows a different trend
when observing the durability of the tools, as seen in Diagram 2 b).
Analyzing the maximal achievable cutting volume Vw,max, the cutting
speed vc exhibits a significant major influence to the lifetime of both
materials. Although the speed has no significant influence to the forces,
the wear increases with an increase of the speed vc, as confirmed by the
guideline for copper machining [56]. By increasing the speed vc a rapid
rise of wear can be detected. The depth of cut ap reveals a linear influ
ence to the cutting volume Vw. However, the width of cut ae and feed per
tooth ft has no significant impact.
Due to the inhomogeneity and hardness of WCu, a higher tool
breakage rate is observed compared to Cu. Table 5 presents an overview
of the achieved MRR as well as attained removed material Vw. It is
observed that for micro milling WCu with a cutting speed vc ¼ 60 m/min
and MRR of Q ¼ 4.5 mm3/min, the average cutting volume is as high as
Vw ¼ 20 mm3. By increasing the MRR to Q ¼ 12 mm3/min, while main
taining the cutting speed vc ¼ 60 m/min, the average attained volume of

4.2. Influence of parameters on machining performance
No sufficient guidance currently exists on how to reliably obtain
excellent process results while dry machining WCu material, whereas
general instructions on machining Cu are given by tool manufacturers.
The purpose of the investigation is to evaluate the effect of the cutting
speed vc, feed per tooth ft, width of cut ae and depth of cut ap to the
resulting active force Fa, wear mechanisms and material removal rate Q
according to (8), where Ac denotes the cutting face, vf is the feed rate, n
is the spindle speed and z is the amount of teeth.
Q ¼ Ac ⋅vf ¼ ae ⋅ap ⋅vf with vf ¼ n⋅ft ⋅z

Use of lubricant

(8)

In order to machine micro structures in the micrometer region using
micro tools, the process forces must be as low as possible to avoid
breakage of either the tool or the structure. The conducted design of
experiment contains a 2-level full factorial plan for machining WCu. To
gather statistically viable data, three replications of each parameter
combination are made in WCu workpieces, see Table 4. To determine
linearity, a center point is applied. This results in a total amount of 51
experiments and for each a new tool is used. The lower limit of the feed
per tooth ft is set to the same dimension of the cutting edge radius
rc ¼ 3 μm. The upper cutting speed vc ¼ 125 m/min is limited by the

Diagram 2. Main Influence Diagram regarding a) initial force Fa,init and b) cutting volume Vw for micro milling WCu.
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Fig. 8. Micro milling WCu and Cu in respect to feed per tooth ft and mean uncut chip thickness hm;
a) initial force Fa,init in dry machining; b) initial force Fa,init in wet machining; c) initial specific energy kc in dry machining; d) initial specific energy kc in wet
machining; e) uncut chip cross section A in dependency of feed per tooth ft, depth of cut ap and tool edge radius re.

removed material sinks about 20% before tool failure occurs at
Vw ¼ 16 mm3. It is confirmed that the cutting speed vc has a major
impact on the average tool life: by increasing the vc ¼ 60 m/min to
vc ¼ 125 m/min, the averaged attained removed material before tool
failure drops to Vw ¼ 7 mm3 for a MRR of Q ¼ 4.5 mm3/min and
Vw ¼ 2 mm3 for a MRR of Q ¼ 12 mm3/min. This corresponds to one
third (33%) and one eighth (12.5%) of its respective original values. In
conclusion, the tool life is influenced by the MRR and by the cutting
speed vc. When machining Cu applying a MRR of Q ¼ 4.5 mm3/min and
cutting speed vc ¼ 60 m/min, the volume of removed material before
tool breakage is Vw ¼ 40 mm3. If the MRR is increased to Q ¼ 12 mm3/
min, the reachable volume of material drops to Vw ¼ 33 mm3. This co
incides to a drop of 20% of its original value. It is observed for Cu that if
the MRR is kept constant at Q ¼ 4.5 mm3/min, and the cutting speed vc

is increased to vc ¼ 125 m/min, the attained average volume of removed
material drops from Vw ¼ 40 mm3 to Vw ¼ 13 mm3. Using lubricant
significantly increases the tool life and thus the attained removed vol
ume Vw. When machining WCu in wet condition while applying a MRR
of Q ¼ 4.5 mm3/min and a cutting speed vc ¼ 125 m/min, the attained
removed material increases from Vw ¼ 7 mm3 to Vw ¼ 12.5 mm3. The
tool life increased for tests on WCu, albeit still suffering from wear. Tests
on Cu revealed that within the experimentation procedure no tool
breakage occurred in wet condition.
Besides resultant force reduction in wet condition, due to decrease of
friction and temperature in the cutting area, chip evacuation is
enhanced. Hence, chip clogging leading to tool breakage is avoided as
well as the formation of build-up edges is reduced. For each case in wet
condition the reproducibility is improved. A stable process is guaranteed
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when selecting width and depth as low as ae ¼ ap ¼ 30 μm for both ma
terials. Therefore, these parameters are chosen as a base for further force
analysis.

the force Fa,init up to 60% for machining WCu and up to 20% for
machining Cu. Fig. 8c) and d) describe the evolution of the specific
cutting energy kc on a logarithmic scale. As the feed per tooth ft is
reduced, an increase of the specific cutting energy kc can be observed.
This is defined as the ratio of the force Fa,init to the uncut chip cross
section A, where A is calculated in (9) and re denotes the tool corner
radius.
h
�
π
π� i
(9)
A ¼ ft ap þ ft
1
re
16
4

4.3. Process forces and specific cutting energy
To identify the transition between ploughing and chip formation, the
feed per tooth range is increased to ft ¼ 1 … 15 μm, as seen in Fig. 8 a – d.
Width and depth of cut ae ¼ ap ¼ 30 μm are selected as these values offer
the best trade-off between tool life and machining time. For both con
ditions in wet and dry milling, the force progression reveals an abrupt
change at a mean uncut chip thickness hm ¼ 1.2 μm, respectively if the
feed per tooth ft is set equal to the cutting edge radius rc ¼ 3 μm as seen
in Fig. 8 a). When choosing a feed per tooth ft « rc, the ploughing and
rubbing state is reached (Zone I) which leads to higher process forces
and large tool wear. When setting ft » rc (Zone II), the mechanics of
material removal are tantamount to those in conventional milling. The
initial force Fa,init increases due to higher material removal rate Q. In
Zone II, however, no significant influence of the cutting speed vc exists
but there is an increase of the initial force Fa,init at higher feed per tooth
ft.
It is shown that a positive rake angle γ is not an absolute precondition
for cutting both materials. According to Diagram 1 a feed per tooth
ft ¼ 3 μm and respectively an uncut chip thickness hm ¼ 1.2 μm, results
in an effective rake angle γeff ¼ 50� and remains negative until a feed
per tooth ft ¼ 15 μm is reached. Due to the higher hardness and tensile
strength of tungsten, the force Fa in milling WCu is up to 55% higher
compared to milling Cu. WCu is an inhomogeneous material with
randomly distributed phases and a grain diameter dg ¼ 5 μm, thus micro
machining results in low repeatability. This is characterized by high
standard deviations up to 34% which are particularly pronounced in
zone I. In comparison, machining Cu leads to derivations up to 20%. As
confirmed by Tansel et al. [49], a reduced repeatability of results in the
ploughing state is to be expected.
The repetition of the experiments using lubricant as flushing with
vc ¼ 60 m/min and vc ¼ 125 m/min, ft ¼ 1 … 15 μm and ae ¼ ap ¼ 30 μm
are shown in Fig. 8 b). The frequency range of the noise introduced by
the lubricant is flubricant ¼ 1 … 20 Hz, as detected by a fast Fourier
transform (FFT) of the force signals. In order to suppress the noise, a
high-pass filter above flubricant ¼ 20 Hz is applied to the force signals. The
characteristic development of the force Fa,init remains with an equal
threshold at ft ¼ rc. Due to enhanced chip evacuation and reduced fric
tion in wet milling, which results in stable tool condition, the repeat
ability is greatly improved. For both materials a reduction of deviations
by 50% is achieved. Applying lubricant leads to a consistent reduction of

According to Oliveira et al. [32] and Kang et al. [35] the develop
ment of the cutting energy kc can be approximated by a power function.
An exemplary power function fit of the form kc ¼ k1 ⋅f k2 through the
cutting energy kc of milling Cu at a speed vc ¼ 125 m/min is shown in
Fig. 8c) and d). As shown, it rises progressively below the threshold at
ft ¼ rc. The power function fit can be applied to all experimentation,
leading to a coefficient of determination R2 ¼ 0.8687 … 0.9314. In
accordance with Filitz et al. [50], an increase in cutting energy kc and
high standard deviations are expected when milling copper at low feed
per tooth ft. In zone I, the energy kc adopts for WCu values up to
kc ¼ 31 GPa and for Cu up to kc ¼ 7 GPa in dry condition. The energy
falls below kc ¼ 1 GPa at increasing feed per tooth ft for both materials.
In Fig. 8 e) and (9) it is shown that the tool corner radius re has a
negligible influence to the uncut chip cross section A. When assuming
that the depth of cut ap remains constant and the tool corner radius re
undergoes negligibly small wear, the uncut chip cross section A rises
with higher values for the feed per tooth ft. As the force Fa,init rises over
proportionally compared to the uncut chip cross section A, the specific
energy kc increases for lower feed per tooth ft.
The analysis of the forces Fa,init and respective specific cutting energy
kc reveal knowledge about the minimum uncut chip thickness hmin. For
WCu and Cu the threshold of cutting to ploughing is each situated at a
mean uncut chip thickness hm ¼ 1.2 μm. This can then be attributed as
the minimum uncut chip thickness hmin. Hence, the normalized uncut
chip thickness λn ¼ hmin/rc results to λn � 0.4 for both materials. Besides
an increase of the active process forces Fa and specific cutting energy kc,
machining below the normalized thickness λn leads to excessive wear
and burr formation.
4.4. Wear formation
Fig. 9 a) shows the top view and cross section of the first 10 steps of a
WCu workpiece as a universal example. It has been machined using
vc ¼ 60 m/min, fz ¼ 10 μm, ae ¼ 40 μm and ap ¼ 40 μm in dry condition.
Having favorable tool condition, such as low wear and absence of tool
chipping, steps with demanded geometry and high accuracy are feasible

Fig. 9. Identification of tool failure, a) flawless step milling (step 1 … 10), b) defect steps due to tool failure (step 11 … 20), c) process forces, d) abrasive wear on the
cutting edge, e) tool chipping, f) abrasive wear and tool chipping on the face side.
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to machine. This test piece reveals information about the tool condition,
i. e. progression of the wear, tool corner radius re change, tool chipping,
tool breakage and so on. Since the bottom level of each step remains
plane-parallel within �2 μm and the repeatability of the heights is in the
range of ap � 2 μm, thermal displacement or drift of the machine or
spindle can be excluded. As the process continues, tool wear becomes
more prominent.
As shown in Fig. 9 b), tool damage occurs in step 12, as its height is
far below the depth of cut ap. Tool chipping lead to a mark, as seen in the
top view of step 13. The top view of step 12 already leads to assume that
the surface quality is poor. However, with continuing machining prog
ress, the tool still engages and removes material in an undefined manner.
Geometric defined shapes are not anymore identifiable. In the matter of
tool chipping, the initial forces Fa,init falls abruptly. Furthermore, the
normal force Fz increases simultaneously as seen in Fig. 9 c). This phe
nomenon shows evidences of the tool failure and is confirmed by each
test. In Fig. 9 d) abrasive tool wear on a cutting edge is presented. In
Fig. 9 e) tool chipping is displayed, leading to improper milling results.
In Fig. 9 f) the wear formation as an overlay of abrasive wear and tool

chipping on the face is shown. The discrepancies in the cutting edge
angles are clearly visible.
Tool failure occurs due to three effects: forced rupture, fatigue
rupture and excessive wear. Tansel et al. [57] further describes the
phenomenon of chip clogging, which leads to an abrupt rise in process
forces and results in tool breakage. However, clogging may occur when
machining in dry condition. Whereas lubricant acts as flushing medium
and improving chip evacuation. In case of micro tools, this effect is not
observable due to limits of in-situ microscopy.
The most common tool failure is caused by wear formation, which
has different developments on the teeth. Wear leads to abrasion or to
tool chipping. As the wear initiates mostly on one cutting edge within a
range of the depth of cut ap or less, the tool proceeds with material
removal as seen in Fig. 9 b). However, it is evident that the process
becomes highly unstable resulting in poor accuracy, extreme burr for
mation and high roughness.
Tool dynamic run-out is previously detected on a random basis and is
measured at the lowest as 2 μm. However, the clamping accuracy of the
tool holder is given to <3 μm. The run-out is also visible in the force

Fig. 10. Run-out and failure of micro milling tools; a) tool run-out; b) wear formation when milling Cu in dry condition; c) wear formation when milling Cu in
wet condition.
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signal as well as in non-uniform wear of the flank faces of both edges, as
shown in Fig. 10 a). The images are recorded with 1000� magnification
using a microscope of the type VH�5000 from Keyence. The presented
tool has removed a total volume Vw ¼ 18.3 mm3 in WCu in dry condi
tion. The dynamic force signal in Y-direction confirms that edge 2 was
barely engaged in the material removal process, since the force differ
ence to edge 1 adopts a value of Fx ¼ 0.075 N for Vw ¼ 0.1 mm3. For
Vw ¼ 18.3 mm3 the difference increases by 33% to 1 N. Due to wear
mechanism, the force signal increases from Fx ¼ 0.78 N at Vw ¼ 0.1 mm3
to Fx ¼ 2.03 N at Vw ¼ 18.3 mm3. Analyzing the force reveals that edge 1
exhibits a different signal. An intermediate peak appears whenever the
corresponding edge undergoes wear and thus an additional minor edge
is formed. By the fact that edge 2 does not contribute significantly in
material removal, wear formation is negligible as the force signal shows
a single symmetric peak. The duration for one rotation, respectively the
peak-to-peak time from edge 1 to edge 1, is T ¼ 60 s/
200.000 rpm ¼ 0.3 μs. Fig. 10 b) presents a tool used for machining Cu in
dry condition. Both sides of the tool are intact. Therefore, no failure of
any kind happened during the milling experiment. Moreover, the wear
marks on the secondary cutting edge are seemingly equally distributed
on both sides. This is evidence that run-out may be less noticeable. Since
Cu presents a homogeneous microstructure and ductile behavior
throughout the process, a uniform load is applied. The same first
impression from Fig. 10 b) can be applied for Fig. 10 c): no tool breakage
is detected and wear is evenly distributed between the secondary cutting
edges. However, by using lubricant on the milling experiment, the wear
on the primary and secondary cutting edges is severely diminished in
comparison to experiments without lubricant.

milling WCu corresponds to a width and depth of cut ae ¼ ap ¼ 30 μm,
cutting speed vc ¼ 125 m/min and feed per tooth ft ¼ 10 … 15 μm. For
the cutting speed vc ¼ 60 m/min, a feed per tooth ft ¼ 15 μm also pre
sents satisfying results. No measurable burr formation is achieved by
three out of the ten possible configurations. While analyzing the first
row of Fig. 11, a trend is visible: the burr formation decreases with
higher values for the feed per tooth ft. For a cutting speed vc ¼ 60 m/min
merely with a feed per tooth ft ¼ 15 μm, the burr formation is small
enough to be considered indiscernible. For a feed per tooth ft ¼ 1 μm,
however, the burr formation is clearly noticeable. The cutting speed vc
exhibits no significant influence on burr formation in dry condition.
Analyzing Fig. 12, the positive influence of the lubricant on the burr
formation is readily apparent. The optimal parameter range is expanded,
including the entire second row and greater part of the first: only at a
feed ft ¼ 1 μm and speed vc ¼ 60 m/min is the burr formation discern
ible. Strong bold lines dividing the steps are visible. It is noted from the
workpiece that the corners between the flank and bottom of the steps are
rounded due to wear. This hinders a proper reflection of the light from
the microscope.
Similar to WCu, lubricant has a positive influence on the finished
milling quality of Cu as seen in the comparison of Fig. 13 and Fig. 14.
However, it seems that while the tests without lubricant followed the
trend of the tests of WCu for the same condition, the opposite happened
for the tests with lubricant: the burr formation increased with the in
crease in feed per tooth ft. In Fig. 13, the burr formation is generally
present. For cases with a cutting speed vc ¼ 125 m/min, only at feed
ft ¼ 10 and ft ¼ 15 μm the burr formation is small enough to be consid
ered indiscernible. On the other hand, most of the cases presented
excessive burr. In Fig. 14 the burr formation became apparent with feed
per tooth ft > 10 μm. Unlike milling WCu, the optimal parameters for the
micro milling of Cu with lubricant exhibit a feed per tooth range be
tween ft ¼ 3 … 5 μm.
Comparing the burr formation of both materials in the dry condition,
an equal behavior of ductile and hard material can be derived: when
milling in the ploughing state at low feed per tooth ft, the temperature
rises due to excessive rubbing and high cutting forces Fa. As the tem
perature rises, the material undergoes softening. This promotes the
tendency of plastic deformation rather than material shearing. At un
derrun of the normalized uncut chip thickness λn ¼ 0.4 for feed ft � 3 μm
and a cutting edge radius rc ¼ 3 μm, material is not completely removed
and ploughing takes place mainly by plastic deformation. The material is
rather deformed along the tooth trajectory and evolves into burrs.
However, due to the cooling efficiency of the lubricant a reduction in
temperature is achievable, which thus weakens the softening effect.
Additionally, the tool behaves in a state of low wear. The impact of the

4.5. Burr formation
Burr formation in micro milling has a severe detrimental implication
to the products intended purpose. Deburring mechanisms are often
excluded since filigree structures can be injured and specified tolerances
cannot be guaranteed. However, the extension of burr formation can be
substantially inhibited (i. e. by using appropriate process parameters,
different workpiece materials, flushing conditions, tool geometry, tool
material and so on), although not ad libitum. Material properties have a
main impact factor to the burr formation.
In Fig. 11 to Fig. 14 the burr formation corresponding to the steps 17
(Vw ¼ 14.15 mm3), 18 (Vw ¼ 14.28 mm3) and 19 (Vw ¼ 14.42 mm3) are
shown and compared.
A visual comparison between Figs. 11 and 12 shows the positive
influence of the lubricant on the milling of WCu, especially for low feed
per tooth ft. The optimal region of parameter combinations for micro

Fig. 11. Burr evolution for different vc and ft in WCu without lubricant, having a tool with rc ¼ 3 μm.
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Fig. 12. Burr evolution for different vc and ft in WCu with lubricant, having a tool with rc ¼ 3 μm.

Fig. 13. Burr evolution for different vc and ft in Cu without lubricant, having a tool with rc ¼ 3 μm.

Fig. 14. Burr evolution for different vc and ft in Cu without lubricant, having a tool with rc ¼ 3 μm.
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speed vc is found to be insignificant, due to the annihilation of the
thermal softening and strain hardening effects.

vc to burr formation was found. This suggests that the milling pa
rameters must be chosen judiciously for both materials to reduce
burr formation to non-measurable levels.
� The use of tools made of tungsten carbide is a suitable choice in order
to perform burr free micro milling. Due to an optimization of process
parameters and conditions, it is shown that wear formation is sup
pressed to a high extend. Also, this enhances the tool life.

5. Conclusions
The challenges and limits of micro milling WCu and Cu have been
discussed by using a tungsten carbide milling tool with a diameter
Ø ¼ 200 μm having a cutting edge radius rc ¼ 3 μm. The implemented
spindle provides a maximal speed nmax ¼ 200.000 rpm and thus realizes
a maximum cutting speed vc,max ¼ 125 m/min. In micro milling size
effects must be taken into account, because the dimension of the cutting
edge radius rc, width ae and depth ap of cut, feed per tooth ft, grain size of
the workpiece and so on adapt comparable dimensions. To guarantee an
economical worthwhile process, appropriate process parameters are
presented to machine both materials in order to reduce tool wear or
breakage while optimizing resultant quality. The influence of cutting
speed vc, feed per tooth ft, width of cut ae and depth of cut ap to the
process force Fa and durability is evaluated in a design of experiments. In
further experimentations the transition from conventional milling to the
state of ploughing and rubbing for both materials is detected. The limits
and restrictions of micro milling Cu and WCu are:
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