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Abstract
In literature, die-sinking EDM is often regarded as an isolated process, although a process
chain consisting of electrode manufacturing and subsequent erosion needs to be considered.
The higher the demand on surface and geometrical tolerances, the less suitable an isolated
consideration of EDM is. The same also applies to electrode manufacturing. The finer the
structures become, the higher the demands are on the cutting process. This dissertation analyzes and develops an optimized process chain for the manufacturing of complex micro-structures on hardened steel. The process chain to finally manufacture an injection molding work
piece is considered. This process chain consists of generating the electrode, erosion of the
mold, and injection molding of a polymer part. The micro geometry of the milling tool and tool
modifications by using laser ablation is also discussed. The micro-EDM process has to be
economically designed, as it is used for the final shaping of injection molds. A limiting factor is
the wear of the electrode, which has to be minimized. For the replication of micro-structures
using EDM, the negative shape of the desired structure has to be generated on the electrode.
High requirements are placed on an injection molding tool having micro-structures. These are
small inner radii, high form accuracy, extensive aspect ratio, and sharp edges. The combination of electrode milling and subsequent die-sinking EDM is the only way to produce precise
micro-structures on molds made of hardened steel economically. These are used to fabricate
a product component with micro-geometries and can exhibit a local high ratio between height
and edge length. However, the implementation is problematic, as the high aspect ratio AR
makes it difficult to reach all areas inside the mold. When using a laser for direct micro-machining, shadowing effects occur due to the beam caustic.
Due to the diameter of a milling tool and the laser beam focus, the desired inner radii or the
target contour are limited. Apart from this, milling the molds would require special tools with an
extreme length/diameter ratio. As a result, unacceptably high vibrations are to be expected.
These vibrations can damage the tool until breakage or create excessive form tolerances on
the work piece. As hardened steel of the type X38CrMoV5-1is machined, high process forces,
high tool wear, and a low material removal rate are expected.
This dissertation confirms that using micro-die-sinking EDM is the most economical and precise solution to create micro-structured molds. This process allows the machining of structures
and contours with high accuracy. Despite high local aspect ratios AR in the mold, micro-diesinking EDM ensures good accessibility to all areas that must be machined. In contrast to wire
or drilling EDM, the electrodes in die-sinking EDM correspond to the negative shape of the
target structure and thus must be machined beforehand. The preparation of the electrode is
done by micro-milling. Here, high shape accuracy, burr-free edges, and high flexibility concerning 2.5-D and 3-D machining are possible. Furthermore, the smallest possible achievable
dimensions of structures without damage during electrode preparation are presented. An errorfree reclamping from the milling machine to the EDM machine is possible using a zero-point
clamping system.
To achieve a final polymer product having microstructures, three process steps have to be
discussed:

VI

Process Chain

Abstract

H. Büttner

1.) Electrode preparation
One of the topics covered by this dissertation focuses on the qualification of micro-milling for
the machining of electrodes. For this purpose, the micro-milling of complex 2.5-D and 3-D
micro-structures using conventional and individually manufactured micro-tools is comprehensively evaluated. Tool wear, final component quality, and efficiency are also discussed. To
increase the efficiency of this process, tool wear and burr formation are reduced, and the
achievable accuracies are increased. Also, milling strategies are developed, such as loop
movements or the intelligent combination of end mills with different diameters during machining. Since the electrode can hold several features with a defined pitch for different applications,
the tool diameter is limited by the feature pitch distance. Machining with conventional tools is
therefore no longer possible. Special tools having dimensions suitable for the final structure
are produced by laser ablation and evaluated. This includes tools with an increased aspect
ratio AR.
2.) Mold manufacturing
The manufacturability of micro-structures on a component by the subsequent EDM process
has to be guaranteed. This includes minimizing the electrode wear. Lateral sparks and spark
reopenings can be avoided due to generator optimizations. The working gap width between
the electrode and the work piece is reduced to a single-digit micrometer range, which allows
the structure to be reproduced with high dimensional accuracy and significantly reduces internal radii. Due to the resulting small working gap width in micro-EDM, debris from the machining
zone is effectively extracted by adapted flushing strategies. In addition, a new generation of
generators enables the generation of sparks with very low discharge energy. This helps to
minimize the number of electrodes required, thereby increasing the process effectiveness and
the quality of the results.
3.) Replication by means of micro-injection molding
The injection molding process for components with micro-structures is conducted using variothermal temperature control. In this process, the mold surface in the cavity is heated before
injection. After the injection, the temperature is reduced to the standard molding temperature
for the plastic. Heating lowers the viscosity and greatly reduces the solidification of the melt
during the injection. This allows structures to be molded in a controlled manner, decreasing
the injection pressure and increasing the possible flow length. Even for the smallest microstructures in the mold, that are possible starting from the electrode micro-machining, a mold
filling rate of 100 % is achieved by choosing Acrylonitrile-Butadiene-Styrol (ABS) or Polypropylene (PP).
The performance of the process chain and an application-oriented implementation is discussed. It is shown that by developing the innovative process chain with the parallel optimization of the sub-processes, new types of micro-structures can be produced, which were not able
to be created previously. Therefore, the achieved results open up new possibilities for the industry and research in the field of miniaturization of components and elements for mass production.
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Zusammenfassung
Die Senk-Elektroerosion wird in der Literatur häufig als isolierter Prozess betrachtet, obwohl
es sich hierbei um eine Prozesskette aus Elektrodenfertigung und Erosion in verschiedenen
Schritten und verschieden gestalteten Elektroden handelt. Je höher die Anforderungen an
Oberfläche und Geometrie sind, desto höher sind die Anforderungen an das Erodieren. Dasselbe gilt auch für die Elektrodenherstellung. Je feiner die Strukturen werden, desto höher sind
die Anforderungen an das Zerspanungswerkzeug. Die Dissertation erarbeitet und analysiert
eine optimierte Prozesskette zur Herstellung von komplexen Mikro-Strukturen auf gehärteten
Stahl. Die Einsatzmöglichkeiten als Spritzgiesswerkzeug werden zum Schluss der Dissertation
diskutiert. Da zur Strukturierung der Spritzgusseinsätze der Mikro-EDM Prozess angewendet
wird, muss dieser wirtschaftlich gestaltet werden. Ein limitierender Faktor ist der Verschleiss
der Elektroden, welchen es zu minimieren gilt. Um Mikro-Strukturen durch EDM abbilden zu
können, muss das Negativ der gewünschten Struktur auf der Elektrode gefertigt werden.
Die Kombination aus Elektroden-Fräsen und anschliessendem senk-EDM stellt sich als einzige Möglichkeit dar, um formgenaue Mikro-Strukturen präzise auf gehärtetem Stahl herstellen
zu können. Die Spritzgussform zur Herstellung eines Bauteils mit Mikro-Strukturen kann dabei
lokal ein hohes Aspektverhältnis AR aufweisen. Die Umsetzung gestaltet sich jedoch als problematisch, da die Erreichbarkeit mit einem Werkzeug aufgrund des hohen Aspektverhältnisses AR limitiert ist. Bei Verwendung eines Lasers zur direkten Mikro-Strukturierung treten Abschattungseffekte bedingt durch die Strahl-Kaustik auf. Diese Gründe sprechen auch gegen
eine Bearbeitung von Elektroden mittels Laser. Aufgrund des Durchmessers eines Fräswerkzeuges sowie des Laser-Strahl-Fokus können die gewünschten Innenradien bzw. die Sollkontur beliebig klein erstellt werden. Eine zerspanende Bearbeitung von den Formen mittels Fräsen würde Spezialwerkzeuge mit einem extremen Längen/Durchmesser-Verhältnis benötigen.
Aufgrund dessen sind unzulässig hohe Schwingungen zu erwarten, welche das Werkzeug bis
zum Bruch beschädigen können bzw. zu hohe Formabweichungen erzeugen. Da ein hochharter Stahl vom Typ X38CrMoV5-1 bearbeitet werden muss, werden hohe Prozesskräfte, ein
hoher Werkzeugverschleiss und ein geringes Zeitspanvolumen erwartet. Durch die geringe
Standzeit der Werkzeuge und die hohe Bearbeitungsdauer gestaltet sich die zerspanende Bearbeitung ebenfalls als unwirtschaftlich.
Es bestätigt sich in der Arbeit, dass die Bearbeitung der Spritzgusseinsätze mittels senk-EDM
das wirtschaftlichste und präziseste Verfahren darstellt. Die Sollkontur kann hinreichend genau
durch das Mikro-Senk-EDM abgebildet werden. Durch das Mikro-senk-EDM kann eine gute
Erreichbarkeit der zu bearbeitenden Stelle trotz hoher Aspektverhältnisse AR gewährleistet
werden. Im Gegensatz zu Draht- oder Bohr-EDM müssen die Elektroden beim senk-EDM dem
Negativabbild der Zielstruktur entsprechen und somit Strukturiert werden. Die Präparation der
Elektrode erfolgt durch das Mikro-Fräsen. Hier sind hohe Formgenauigkeiten, gratlose Kanten
und eine hohe Flexibilität hinsichtlich 2.5-D und 3-D Strukturierungen möglich. Weiterhin wird
gezeigt, welche die kleinsten möglichen erreichbaren Dimensionen von Strukturen ohne Beschädigung bei der Elektrodenpräparation sind. Ein fehlerfreies Umspannen von der Fräs- zur
EDM-Maschine wird mittels eines Null-Punkt-Spannsystems ermöglicht.
Um ein Polymerprodukt mit Mikrostrukturen zu erhalten, müssen drei Prozessschritte diskutiert
werden:
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1.) Elektrodenfertigung
Diese Arbeit fokussiert sich auf die Qualifizierung des Mikro-Fräsens für die Strukturierung der
Elektroden. Dazu wird das Mikro-Fräsen komplexer 2.5-D und 3-D Mikro-Strukturen unter Einsatz von konventionellen und individuell gefertigten Mikro-Werkzeugen in Bezug auf Werkzeugverschleiss, Bauteilendqualität und Wirtschaftlichkeit umfassend im Rahmen der Dissertation evaluiert. Um die Leistungsfähigkeit des Prozesses zu erhöhen, wurde der Werkzeugverschleiss sowie die Gratbildung reduziert und die erreichbaren Formgenauigkeiten erhöht.
Ergänzend wurden Frässtrategien entwickelt, wie z. B. Schleifen-Bewegungen oder die intelligente Kombination von Werkzeugen mit verschiedenen Durchmessern während der Bearbeitung. Da die Elektrode für verschiedene Anwendungsfälle mehrere Features mit einem definierten Pitch aufweisen kann, ist der Werkzeugdurchmesser durch den Featureabstand limitiert. Eine Bearbeitung mit konventionellen Werkzeugen ist somit unter Umständen nicht mehr
möglich. Auf die Endstruktur abgestimmte Spezial-Werkzeuge wurden im Rahmen der Dissertation durch die Laserbearbeitung angefertigt. Das umfasst Werkzeuge mit einem gesteigerten
Aspektverhältnis AR. Weiterhin können optimierte Werkzeuge mit angepasster Schneidgeometrie für die Mikro-Zerspanung angeboten werden.
2.) Herstellung Spritzgussform
Die Herstellbarkeit von Mikro-Strukturen auf einem Bauteil durch den anschliessenden EDMProzess soll effizient umsetzbar sein. Dazu zählt es den Elektrodenverschleiss zu minimieren.
Laterale Funken sowie Spark-Reopenings können durch optimierte Generatoren vermieden
werden. Der Arbeitsspalt zwischen Elektrode und Werkstück konnte auf einen einstelligen Mikrometerbereich reduziert werden, was die formgenaue Abbildung der Struktur erlaubt und Innenradien massgeblich verkleinern. Durch den daraus folgenden geringen Arbeitsspalt beim
Mikro-EDM werden durch angepasste Spülstrategien abgetragenes Material aus der Bearbeitungszone effektiv heraustragen. Weiterhin ermöglicht eine neue Generator- Generation die
Erzeugung von Funken mit kleinster Entladeenergie. Somit ist es möglich die Anzahl der notwendigen Elektroden zu minimieren und dadurch die Prozesseffektivität sowie die Qualität der
Arbeitsergebnisse zu erhöhen.
3.) Abformung mittels Mikro-Spritzguss
Der Spritzgussprozess für Bauteile mit Mikro-Strukturen wird mit Hilfe von Variothermtemperierung hergestellt. Hierbei wird die Werkzeugoberfläche in der Kavität vor dem Einspritzen
aufgeheizt und erst nach dem Einspritzen auf die für den Kunststoff übliche Werkzeugtemperatur abgesenkt. Durch die Erwärmung wird die Viskosität verringert und die Abkühlung der
Schmelze während des Einspritzens stark reduziert, wodurch die Abformung von Strukturen
kontrolliert durchgeführt werden kann, der Einspritzdruck sinkt und die mögliche Fliessweglänge vergrössert wird. In Kombination mit einer zusätzlichen Evakuierung der Luft kann trotz
kleinster Abmasse eine Formfüllungsrate von 100 % erzielt werden.
Die Leistungsfähigkeit und anwendungsorientierte Umsetzung wird anhand eines Benchmarkteils am Ende der Arbeit diskutiert. Es wird gezeigt, dass durch die Entwicklung der Prozesskette mit der parallelen Optimierung der Teilprozesse neuartige Mikrostrukturen hergestellt
werden können, welche bisher nicht realisierbar waren. Daher eröffnen die gezeigten Resultate für die Industrie und Forschung neue Möglichkeiten im Bereich der Miniaturisierung von
Bauteilen und Elementen für die Massenfertigung.
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Resumo
Na literatura, a eletroerosão por penetração é frequentemente considerada um processo isolado, entretanto, uma cadeia de processo que consiste na fabricação de eletrodos e subsequente eletroerosão deve ser desenvolvida. Quanto maior a demanda em uma superfície e
área geométrica, menos adequada é a ideia de utilizar o processo de eletroerosão isolado. O
mesmo se aplica à fabricação de eletrodos. Quanto mais refinadas as estruturas, maiores são
as demandas na ferramenta de corte. Assim, esta tese tem como objetivo analisar e desenvolver uma cadeia de processos otimizada para a fabricação de microestruturas complexas
em aço temperado. Na conclusão desta tese, é discutida uma aplicação potencial do processo
na área de ferramentas de moldagem por injeção. O processo de micro-eletroerosão será
economicamente analisado, pois é usado na modelagem final dos moldes de injeção. Um fator
limitante neste processo é o desgaste do eletrodo, que deve ser minimizado. Para a fabricação
de microestruturas usando eletroerosão, a forma negativa da estrutura desejada deve ser
gerada no eletrodo.
A combinação de fresamento de eletrodos e subsequente eletroerosão por penetração é a
única maneira economicamente viável de produzir microestruturas precisas em moldes feitos
de aço temperado. Esses, por sua vez, são usados para produzir um componente com microestruturas e podem exibir uma alta razão de aspecto AR localmente. Na prática, a implementação desse processo é problemática, pois a alta razão de aspecto AR dificulta o alcance de
todas as áreas dentro do molde. Ao usar um laser para microestruturação direta, ocorrem
efeitos de sombra devido ao formato do feixe. Além disso, não é possível criar uma geometria
definida, uma vez que os flancos de uma ranhura feita a laser não são perpendiculares, mas
são distorcidos pelo ângulo de inclinação. O feixe de laser também remove apenas o material
em uma área quase pontual, o que leva a baixas taxas de remoção para esse material. Esses
são alguns motivos que restringem a usinagem a laser de eletrodos.
Devido ao diâmetro da ferramenta de fresagem e ao foco do feixe de laser, os raios internos
desejados e o contorno alvo não podem ser alcançados com precisão suficiente. Além disso,
a fresagem dos moldes exigiria ferramentas especiais com uma relação extrema de comprimento / diâmetro. Como resultado, são esperadas vibrações inaceitavelmente altas. Essas
vibrações podem danificar a ferramenta até a quebra ou criar tolerâncias maiores que o requerido na peça de trabalho. Como o aço temperado do tipo X38CrMoV5-1é usinado, são
esperadas altas forças de processo, alto desgaste da ferramenta e uma baixa taxa de remoção de material. Devido à vida útil curta da ferramenta e ao longo tempo de usinagem, a
fresagem também é considerada economicamente desvantajosa.
Esta tese confirma que o uso de eletroerosão por penetração é a solução mais econômica e
precisa para criar moldes microestruturados. Esse processo permite a usinagem de estruturas
e contornos com alta precisão. Apesar das altas razões de aspecto AR locais no molde, a
eletroerosão por penetração garante boa acessibilidade a todas as áreas que precisam ser
usinadas. A rugosidade final no molde de injeção também pode ser definida com antecedência. Isso significa que a qualidade final e as forças de ejeção durante a moldagem por injeção
podem ser mantidas constantes. Ao contrário de outros métodos de eletroerosão, os eletrodos
na eletroerosão por penetração correspondem à forma negativa da estrutura de destino e,
portanto, devem ser estruturados previamente. A preparação do eletrodo é feita por microfresamento. Aqui, é possível obter alta precisão de forma, arestas livres de rebarbas e alta
flexibilidade em relação às estruturas 2.5-D e 3-D. Além disso, nesse processo são apresen-
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tadas as menores dimensões possíveis de estruturas sem que haja danos durante a preparação do eletrodo. Uma refixação livre de erros na transferência da fresadora para a máquina
de eletroerosão é possível usando um sistema de fixação de ponto zero.
Para obter um produto polimérico com microestruturas, três etapas de processo devem ser
discutidas:
1.) Preparação de eletrodos
Um dos tópicos abordados neste artigo foca na qualificação do micro-fresamento para a fabricação de eletrodos. Para este propósito, a micro-fresagem de microestruturas complexas
2.5-D e 3-D usando micro-ferramentas convencionais e fabricadas individualmente é avaliada
de forma abrangente. O desgaste da ferramenta, a qualidade do componente final e a eficiência também são discutidos. Para aumentar a eficiência desse processo, o desgaste da ferramenta e a formação de rebarbas são reduzidos e as possíveis precisões são aumentadas.
Além disso, são desenvolvidas estratégias de fresamento, como movimentos de loop ou a
combinação inteligente de ferramentas com diferentes diâmetros durante a usinagem. Como
o eletrodo pode ter diferentes características com um espaçamento mínimo definido para diferentes aplicações, o diâmetro da ferramenta é limitado pelo espaçamento mínimo existente
na geometria do eletrodo. A usinagem com ferramentas convencionais não é mais possível.
Ferramentas especiais com dimensões relativas à estrutura final foram produzidas por usinagem a laser e avaliadas. Isso inclui ferramentas com uma razão de aspecto AR maior. Além
disso, ferramentas otimizadas com geometria de corte adaptadas para micro-usinagem podem ser oferecidas.
2.) Fabricação de moldes
A capacidade de fabricação de microestruturas em um componente pelo processo subsequente de eletroerosão deve ser projetada com eficiência e isso inclui minimizar o desgaste
do eletrodo. Faíscas laterais e reabertura de faíscas podem ser evitadas. O espaço de trabalho entre o eletrodo e a peça pode ser reduzido para um dígito de micrometro, o que permite
que a estrutura seja reproduzida com alta precisão dimensional e reduz significativamente os
raios internos. Devido ao pequeno espaço de trabalho resultante da micro-eletroerosão, os
detritos da zona de usinagem podem ser efetivamente extraídos por estratégias de lavagem
adaptadas. Além disso, um novo tipo de gerador permite a geração de faíscas com a menor
energia de descarga possível. Isso cria uma minimização do número de eletrodos necessários, aumentando assim a eficácia do processo e a qualidade dos resultados.
3.) Replicação por meio de micro-injeção
O processo de moldagem por injeção para componentes com microestruturas é realizado
usando ferramentas de controle de temperatura e de gravação. Nesse processo, a superfície
do molde na cavidade é aquecida antes da injeção. Após a injeção, a temperatura é reduzida
para a temperatura de moldagem comum do plástico. O aquecimento diminui a viscosidade e
reduz bastante a solidificação do material fundido durante a injeção. Isso permite que as estruturas sejam moldadas de maneira controlada, diminuindo a pressão de injeção e aumentando o possível comprimento de fluxo. Apesar de possuir as menores microestruturas, uma
taxa de enchimento de molde de 100% pode ser alcançada evacuando o ar no molde.
O desempenho da cadeia de processos e uma implementação orientada a aplicação serão
discutidos. Demonstra-se que, desenvolvendo a cadeia de processos inovadora com a otimização paralela dos subprocessos, novos tipos de microestruturas podem ser produzidos que
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anteriormente não eram possíveis. Portanto, os resultados alcançados abrem novas possibilidades para a indústria e pesquisas no campo da miniaturização de componentes e elementos para produção em massa.
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Acronyms
abbreviation

denotation

2-D
3-D
ABS
AISI
Al
Bi
CAD
CAM
Cr
Cu
CVD
DIN
DLC
EDM
EDX
ETH
ETP
FCC
FEM
FIB
GFMS
HAZ
HC
HSM
HSS
ISO
LBM
LIGA
LMPA
MEMS
Mg
Mn
Mo
MQL
MRR
MVR
Ni
O
Pb
PCD
PMMA
POM
PP
RC

two-dimensional
three-dimensional
Acryloni-trile-Butadiene-Styrol
American Iron and Steel Institute
Aluminum
Bismuth
computer-aided design
computer-aided manufacturing
Chrome
Copper
chemical vapor deposition
Deutsche Institut für Normung
diamond-like carbon
electrical discharge machining
energy-dispersive X-ray spectroscopy
Eidgenössische Technische Hochschule
Electrolytic Tough-Pitch
face-centered cubic
finite element method
focused ion beam
Georg Fischer Machining Solutions
heat-affected zone
hydrocrack quality
high-speed machining
high-speed steel
Internationale Organisation für Normung
laser beam machining
Lithographie, Galvanoformung, Abformung
low-melting-point alloy
micro-electro-mechanical systems
Magnesium
Manganese
Molybdenum
minimum quantity lubrication
material removal rate
melt flow rate
Nickel
Oxygen
Lead
polycrystalline diamond
Polymethylmethacrylate
Polyoxymethylene
Polypropylene
relaxation-capacitance
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Se
Ti
USP
W
WC
WCu
Zn
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Selenium
Titanium
ultra-short pulse
Tungsten
Cemented carbide
tungsten reinforced copper
Zinc
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Nomenclature
abbreviation

unit

denotation

Q̇
ε̇
A
a
AB,prj
Ac
ae
AEDM,prj
ap
AR
AW
B
b
c
cheat
D
d
dabl
Dcav
dCF
DEDM
DL
DP
Dp
DS
E
ED
Ep
ER
F
Fa
Fa,init
Fcoeff,a,c
fd
Fl
flubricant
fp
FPeak
ft
Fth
ftooth
Fx
Fy
Fz

W/m2

heat flux
strain rate
area
coefficient Gaussian function
projected burr surface area
cutting face
width of cut
EDM electrode projection area
depth of cut
aspect ratio
surface area affected by plasma
material constant
dimension cross-section
coefficient Gaussian function
specific heat
diameter
grain diameter
ablation depth
depth cavity
depth chip flute
erosion depth
line distance
diameter pillar
prolongation diameter
diameter shaft
elastic modulus
diameter error
pulse energy
run-out error
force
active cutting force
initial active cutting force
fraction coefficient, anode, cathode
discharge frequency
fluence
frequency lubricant
pulse frequency
peak fluence
feed per tooth
threshold fluence
tooth engagement frequency
force in x-direction
force in y-direction
force in z-direction

m2
µm2
mm2
µm
mm2
µm
µm
mm
J/(gK)
µm
µm
µm
µm
µm
µm
µm
µm
µm
mm
MPa
µm
J
µm
N
N
N
Hz
J/cm2
Hz
1/min
J/cm2
µm
J/cm2
Hz
N
N
N
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G
h
HB
hm
hmin
HP
HV
HW
I
ie
k
k1
k2
kc
ky
lc
lint
Lm
lp
LT
LW
m
M
n
nmax
Ø
P
p
Pcav
PP
Pres
PW
Q
r
R
R
Ra
rc
rcav
re
Ri
ri
Rkin
rl
Rm
ro
rp
rs

Nomenclature
µm
µm
µm
µm
µm
µm
N/mm2
µm
mm4
A
Nmm2

N/m2
µm
µm
J
µm
µm
µm
Nm
rpm
rpm
µm
kW
bar
µm
µm
(Ωmm2)/m
µm
mm3/min
µm
µm
%
µm
µm
µm
µm
%
µm
µm
µm
MPa
µm
µm
µm
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working gap width
uncut chip thickness
height burr
mean cutting thickness
minimum uncut chip thickness
height pillar
hardness
height wall
area moment of inertia
discharge current
stiffness
scaling factor
exponent
specific cutting energy
strengthening coefficient
cutting edge length
intrinsic material characteristic length
latent heat
prolongation length
layer thickness
length wall
material constant
bending moment
spindle speed
maximum spindle speed
diameter
power
bubble pressure
cavity pitch
pillar pitch
specific resistance
wall pitch
material removal rate
tool radius
rejuvenation
filling ratio
average roughness
cutting edge radius
radius cavity
tool edge radius
filling ratio isotherm
inner structure edge radius
kinematic roughness
loop radius
tensile strength
outer radius
radius plasma channel
structure edge radius
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Rth
Rv
S
t
T0
td
tHAZ
Tm
ton
TPP
Tx
ue
ui
UL
UP
vc
vf
vs
Vt
VW
VW,max
w’’
WB
Wcav
We
WP
WW
z
α
αab
αABS,r
αABS,w
αexp
αl
αPP,r
αPP,w
β
βe,r
βe,w
γ
γeff
ε
ζ
θ
ϑ
θM
κtool
κtooth

Nomenclature
µm
%
pC/N
s
°C
µs
µm
°C
µs
µs
°C
V
V
%
%
m/min
mm/min
m/s
mm3
mm3
mm3
µm
µm
µm
J
µm
µm
°
1/cm2

1/K
°

°

°
°
°
°
°C
µm
µm
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theoretical surface roughness
filling ratio variotherm
sensitivity
machining duration
room temperature
pulse delay
thickness heat affected zone
melting temperature
pulse duration
time peak to peak
temperature at location x
discharge voltage
open-circuit voltage
line overlap
pulse overlap
cutting speed
feed rate
scanning speed
material removal tool
removed volume work piece
maximal cutting volume
deflection beam
burr width
cavity width
discharge energy
pillar width
wall width
number teeth
clearance angle
absorption coefficient
injection molding constant ABS radius
injection molding constant ABS width
linear expansion coefficient
tilt angle
injection molding constant PP radius
injection molding constant PP width
wedge angle
erosion constant radius
erosion constant width
rake angle
effective rake angle
strain
flank angle
taper angle
wear rate
melting point
tool deflection
tooth deflection
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λ
λBurr
λCF
λheat
λn
ν
ρ
σ
σ0
σcon
σy
τa
τp
Φ
Φ
ΦS
Ω
ω0
ωZ

Nomenclature
nm
°
W/(mK)
mm2/s
g/cm3
N/m2
N/m2
m/(Ωmm2)
N/m2
N/m2
ps
°
°
°
°
µm
µm
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wavelength
ratio burr width to burr height
chip flute angle
heat conductivity
normalized minimum chip thickness
viscosity
density
effective flow stress
starting stress for dislocation movement
electrical conductivity
yield stress
shear strength
pulse duration
shear angle
tooth engagement angle
section arc angle
friction angle
beam focus spot diameter
radius of the laser beam at position z
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Introduction

Introduction

In today's continuously growing demand for components with increasingly smaller dimensions
and features, micro-manufacturing is gaining more significance. Lithography-based micromanufacturing, such as photolithography and chemical etching, are often used to fabricate
micro-electro-mechanical systems (MEMS). However, aside from the feasibility of producing
feature sizes in the sub-micrometer area, this process is limited in the ability to achieve complex component geometries and is restricted to working with a small variety of work piece
materials. These restrictions necessitate adjusted manufacturing solutions. For the mass production of plastic components with micro-features, injection molding is particularly suitable and
still customary to keep target costs. The development of a process chain for manufacturing
plastic components with micro-features involves multiple manufacturing technologies. These
include milling tool manufacturing, micro-milling, micro-EDM, and injection molding. These
technologies are highly dependent on each other, as defects are transferred throughout the
entire process chain. The limits of each technology with regard to burr formation, form accuracy, structure size, and aspect ratio AR have to be discussed. For an overall understanding of
this process chain, the interaction between micro-milling, micro-EDM, and micro-injection
molding must be evaluated, as presented in Figure 1-1. Besides the optimization of each step,
the entire process chain must be analyzed and optimized in an integrated manner. Based on
a customer-oriented plastic part having micro-features, the manufacturing steps must be accordingly derived. The micro-milling of the electrodes represents the enabler of the process
chain, as the electrode’s structure characterizes the final structure on the desired plastic part.
For tight pitch distances or high aspect ratios AR of the structures, the employed micro-milling
tools have to be chosen accordingly. As the grinding process introduces forces onto the work
piece, the requirements on conventional tools, i. e. small diameter in combination with a large
cutting length, cannot always be fulfilled. An alternative technology is the laser-ablation of micro-cutting tools, which allows the realization of small diameters without tool damage.
a)

Micro Tool
Fabrication
Grinding

b)

Micro Milling of
Electrodes

c)
Micro EDM using
Electrodes

d)
Micro
Injection
Molding

Laser

Figure 1-1 Development of process chain for plastic components obtaining micro-features.
Deriving from Figure 1-1, the four technologies are all ultimately intertwined. The fabrication of
micro-tools provides the capability of a high variety in geometrical shapes, aspect ratio AR, and
pitch distances in the subsequent milling process. The quality and the minimization of feature
dimensions in the entire process chain are primarily defined in the micro-milling phase. In the
micro die-sinking EDM phase, the electrode’s shape is replicated in order to machine the mold
for the subsequent injection molding process. For optimization, the size of the working gap
1
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width has to be reduced, and the wear formation decreased. In the concluding step, the final
product is fabricated using injection molding. Also here, the achievable final dimension is limited by the filling rate of the mold and shrinking rate of the polymer. To summarize, the microdimensions of the final product places the requirements on the tool geometry. If tight pitch
distances and high aspect ratios AR are demanded, the milling tools must be chosen or fabricated accordingly.
The micro-milling tool fabrication is the first step in the process chain, as seen in Figure 1-1 a).
Micro-milling tools have diameters in the range of 50 to 300 µm and are commonly manufactured by grinding. However, a reduction in tool diameter leads to a decrease in stiffness in the
fourth power, why the introduced load in grinding causes a high scrap rate. Furthermore, the
flexibility in tool design is limited to the attributes of the grinding wheel. These restrictions in
micro-tool manufacturing can be avoided by using ultra-short pulse (USP) laser ablation. This
process is capable of almost force-free 2-D and 3-D machining of all types of materials without
wear formation. Using a USP laser, a wide range of customer-oriented applications in the micrometer scale can be addressed, leading to precise ablation with minimal thermal and mechanical damage of the work piece. The manufacturing of micro-tools made of cemented carbide with small diameters below Ø < 200 µm and a high aspect ratio AR is presented. For the
desired tool geometries, necessary process parameters are evaluated, and their physical limits
are shown and discussed. An innovative CAM-system has been programmed to allow the
manufacturing of advanced geometries using a 4-axis laser machine developed by ETH ZURICH. The performance of the micro-tools is analyzed in subsequent milling experiments. Enabling optimization of the tool geometry leads to higher flexibility compared to ground microtools. The laser-processed tools extend the range of micro-machining capabilities. Pitch distances of structures in the range of the tool diameter with extreme aspect ratios AR are realized
in pure copper (Cu), and tungsten reinforced copper (WCu).
The micro-milling process is the second step in the process chain, as seen in Figure 1-1 b). A
proper selection of the electrode material is a key factor in the process chain. As the feature
size of the electrode defines the dimension of the final product shape, the smallest possible
structures have to be found during micro-milling. 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, micromilling is a crucial factor in the process chain, and its impacts have to be evaluated. The key
factors, which have to be considered in micro-milling pure copper and tungsten reinforced copper for micro-features of electrodes, are explored and discussed. Due to scaling effects, micromilling differs strongly from macro-milling. A new approach to identify cutting edge geometry
and the influence of the common milling parameters and material properties is required for
mastering this process. To generate suitable cutting conditions with micro-tools, extremely high
rotational speeds of the spindle are required. The size of the minimum uncut chip thickness hmin
for both materials is discussed. Optimal process parameters and conditions for micro-machining both materials are derived concerning process forces as well as burr and wear formation.
The micro die-sinking EDM is the third step in the process chain, as seen in Figure 1-1 c).
Electrical discharge machining (EDM) is capable of almost force-free 2-D and 3-D machining
of any kind of electrically conductive material. The micro-die-sinking EDM process uses electrodes with features on the micrometer scale as a working tool. The ability to machine micro2
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features is desirable for many applications, which range from miniaturization to functionalization of surfaces. The shaping of the molds involves electrical discharge machining (EDM). This
process allows the generation of micro-structures in micrometer range having small inner radii,
high dimensional accuracy, and extreme aspect ratio AR independent of the work piece hardness. As a work tool for EDM, electrodes made of pure copper (Cu) and tungsten reinforced
copper (WCu) are commonly used. The feature size of the electrode defines the dimension of
the eroded cavity in combination with the lateral working gap width. Eroded cavities with small
inner corner radii and steep flanks can be generated when applying flawless and burr-free
electrodes. However, using electrodes in inadequate conditions can lead to worse outcomes.
To achieve the desired work piece`s final shape, the working gap width and the tool wear
behavior must be known and minimized or compensated if possible.
The micro-injection molding is the fourth step in the process chain, as seen in Figure 1-1 d).
The quality and reliability of the final product are determined to a great extent by the design of
the injection molding process. Due to the arising vacuum when evacuating the remaining air
in the mold, the inflowing melt is being distributed equally. It must be guaranteed that during
injection molding, the mold is thermally-controlled. This prevents premature solidification. A
form filling rate in micro-cavities up to 100 % is achieved through a combination of these two
strategies. As steep flanks are required, no draft angles on the structures are allowed. In order
to still guarantee good demoldability, the melt must cool down sufficiently. By deriving an impeccably adapted process chain, a precise micro-molding can be performed. This leads to the
capability of manufacturing micro-features on a final plastic part.
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2.1.1 Requirements
The quality and reliability of work pieces are determined to a great extent by the condition of
the deployed micro-tool. Thus, high requirements are placed on a micro-tool, such as a small
cutting edge radius rc, high form accuracy, low run-out error, distinct cutting edge angles, high
stiffness, and other factors. Uhlmann and Schauer [163] 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. Customarily, a downsizing of macro-milling tools is performed to
produce micro-milling tools. This procedure leads to an inaccurate geometry ratio, which results in high tool breakage rates. To realize the desired shape with accurate micro-structures,
low inner edge radii and structure distances in the micrometer range, micro-tools with diameters in the range of tens to hundreds of micrometers must be employed. However, the capabilities of the tool manufacturing techniques are limited. Li et al. [104] suggest unpretentious
tool geometries, so that accurate and economical manufacturing is feasible.
To meet these high requirements, various manufacturing techniques are available. Due to the
great degree of automation and thus ensuring large quantities, most tool manufacturers use
grinding for micro-tool manufacturing. However, grinding implies process forces and vibrations,
which cause a high scrap rate when machining filigree structures. Besides grinding, non-conventional manufacturing technologies are available, which are suitable for micro-tool fabrication. These include electro-discharge machining (EDM), focused ion beam machining (FIB)
and laser beam machining (LBM). The main advantages of these technologies are negligible
small process forces, high geometrical flexibility, no influence of wear formation, and high repeatability. As these technologies exhibit a low material removal rate (MRR) for finishing strategies, a high machining duration has to be expected compared to grinding. If replication of a
conventionally micro-tool having multiple teeth, distinctive cutting angles, and chip flutes is
desired, multi-axis machine tools are necessary. Additionally, no commercially available CAMsystems are available for non-conventional machining. Thus high knowledge of path programming is required.

2.1.2 Manufacturing Methods
In contrast to grinding, the material removal in EDM and LBM does not happen mechanically
but thermally. Applying incorrect machining parameters promotes the formation of a heat-affected zone (HAZ), leading to surface defects such as cracks or the occurrence of a brittle
white layer. When machining cemented carbide (WC), both phases show a different physical
behavior: the threshold fluence Fth is higher for cemented carbide in comparison to the binder
Cobalt. This results in inhomogeneous material removal, which promotes the formation of a
relatively high roughness. The non-thermic ablation of material by induced collisions of ions
using a FIB results in superb ablation quality.
Many researchers describe micro-tool manufacturing methods. However, only a few are
equipped with multi-axis machines and CAM-systems. Hence, the presented micro-tools are
often limited to simple geometries. Micro-tools having diameters of Ø < 30 µm are discussed
in the literature; however, these are restricted to one cutting edge and do not exhibit chip flutes
or minor cutting edges. Merely Aurich et al. [7], Eberle et al. [49], Hajri et al. [65], and Pfaff et
al. [126] show the capabilities of precise micro-tool manufacturing of WC by using multi-axis
LBM or grinding. Table 2-1 displays an overview of research on micro-tool manufacturing using
4
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the most common technologies: grinding, EDM, FIB and LBM. The overview is limited to microcutting tools made of WC or steel with defined edges. To supplement the overview, Eberle et
al. [48] and Warhanek et al. [176, 177] discuss the manufacturing of tools made of polycrystalline and monocrystalline diamond in macro- and micro-scale.

LBM

FIB

grinding

wire-EDM

Table 2-1 Summary of micro-tool manufacturing techniques.
material

diameter Ø [µm]

cutting edge
radius rc [µm]

teeth

-

100

-

1

WC

~ 400

1.5 … 5

1

WC

3

-

1

WC

50

<1

1

WC

100

-

1

WC

500

1.63…2.08

2

WC

10…50

< 0.1

1

WC

500

-

2, 4

WC

100

-

2

WC

100

-

1

WC

50

1…2

1

hard alloy

30

0.3

1

35

-

1

HSS,
WC

25

< 0.1

WC

13

0.4

HSS

25

-

WC,
PCD

0.5…3

<5

WC
WC

100
50, 100

1.75…2.03

WC

50…150

1…4

- information n/a

lc = cutting length

2…5

geometry
lc ≈ 3∙Ø, α = 10°,
λCF > 0°
lc ≈ 1∙Ø, γ = 0°,
α = 7 & 14°,
λCF = 0°
lc = 5 µm, γ = 0°,
α = 90°, λCF = 0°
lc = 70 µm,
γ = 0°, α = 30°,
λCF = 0°
lc ≈ 1∙Ø, γ = 0°,
α = 10°, λCF = 0°
lc ≈ 1∙Ø, γ ≈ 0°,
α > 0°, λCF = 30°
lc ≈ 1∙Ø, γ = 0°,
neg., pos.,
α = 6°,
λCF = -30°…+30°
lc ≈ 500 µm, γ = 8°, α = 10°,
λCF = 20°
lc ≈ 1∙Ø,
λCF = 15°
D-type
lc ≈ 2∙Ø, γ = 0°,
α = 6°, λCF ≈ 0°
lc < 2 µm, γ = 0°,
α > 9.6°, λCF ≈ 0°
lc = 90 µm,
γ < 0°, α = 7°,
λCF ≈ 0°

workpiece
material

author

year

brass

[56]

2019

Ti6Al4V

[124]

2016

brass

[50]

2011

nickel

[189]

2009

-

[57]

2004

TC4 alloy

[175]

2018

Ti &
PMMA

[7]

2012

tool steel

[104]

2011

tool steel

[162]

2005

brass
stainless
steel,
brass
6061 Al

[52]

2003

[138]

1999

[187]

2010

6061 Al

[195]

2009

[1]

2001

6061-T4,
brass,
steel,
PMMA
PMMA,
6061 Al

lc = 4 µm, γ < 0°,
[2]
2000
α > 0°, λCF ≈ 0°
lc = 2.3 mm,
γ < 0°, α > 0°,
2…5
PMMA
[167]
1996
λCF ≈ 0°
lc = 2…10∙Ø,
α = 20°…34°,
2
[49]
2018
λCF = 20°…32°
1
Cu
[65]
2018
1
α = 14.8°
Cu
[126]
2017
lc = 50 µm, γ = +,
cur2,4
Cu, WCu
2020
rent
λCF = 30°
α = clearance
λCF = chip flute anγ = rake angle
angle
gle
1

The feasibility of manufacturing micro-tools with diameters smaller than Ø < 50 µm is displayed. In particular, FIB provides an excellent opportunity for manufacturing. However, this
process requires a vacuum. Additionally, the MRR is limited, and thus an industrial application
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is not economically justifiable. Due to the Gaussian energy distribution of the ion beam, rounding of edges is discussed by Picard et al. [128].
a)

b)

10 µm

50 µm
c)

25 µm
f)

e)

d)

25 µm

500 µm

Technology:
radial LBM
Diameter:
Ø = 1 mm
Material:
Monoclinic
Diamond
Cutting Edges:
10
h)

25 µm
g)

1 mm

j)

100 µm

100 µm

Technology:
wire-EDM
Diameter:
Ø = 50 µm
Material:
tungsten carbide
Cutting Edges:
1

Technology:
FIB
Diameter:
Ø = 25 µm
Material:
tungsten carbide
Cutting Edges:
2…6
Technology:
tangential LBM
Diameter:
Ø = 1.8 mm
Material:
Polycristaline
Diamond
Cutting Edges:
13
Technology:
grinding
Diameter:
Ø = 200 µm
Material:
tungsten carbide
Cutting Edges:
2

Figure 2-1 Overview of micro-milling tools manufactured by different technologies; a) tool
with Ø = 50 µm made by wire EDM [189]; b) magnification of cutting edge, the geometry is
limited in one cutting edge and a chip flute angle λCF = 0° and rake angle γ = 0°; c) – e) microtool with Ø = 25 µm made by FIB, multiple teeth are shown; however, the geometry is limited
in a chip flute angle λCF = 0° and rake angle γ = 0° [1]; f) LBM allows an economically shaping
of diamond [147]; g) using tangential LBM, complex geometries are feasible to generate,
having chip flute angle λCF ≠ 0° and rake angle γ ≠ 0° [176]; h) – j) ground micro-tools with
Ø = 200 µm, with chip flute angle λCF ≠ 0° and rake angle γ ≠ 0°, but restricted to 2 cutting
edges.
It is shown that micro-tools manufactured by FIB machining and wire-EDM are geometrically
limited. A generation of a chip flute angle λCF ≠ 0 and freeform shapes are not achievable, as
shown in Figure 2-1 a). Although sharp cutting edges are realizable, the surface quality is
limited due to the occurring discharge craters during EDM. The presented micro-tools exhibit
major cutting edges, whereas defined minor cutting edges are not possible to generate, as
6
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shown in Figure 2-1 b). In contrast, the presented tools in Figure 2-1 c) - e) are machined using
FIB and have a higher surface quality, but are also restricted in geometric flexibility. Figure 2-1
f) and g) present tools made by radial and tangential LBM. The advantage is seen, as these
tools exhibit defined major and minor cutting edges. Additionally, LBM allows the shaping of
brittle-hard materials, such as diamond. Grinding is the most common machining technology
for micro-tool fabrication. Results are shown in Figure 2-1 h) and j). The achievable tool geometry is limited by the shape of the employed grinding wheel. Summarizing the manufacturing
techniques leads to the conclusion that LBM is so far the only process to accomplish the manufacturing of high-quality micro-tools with complex cutting edge features, high surface quality
and geometrical accuracy with a sufficiently high MRR. Thermal damage is negligible when
working with USP laser ablation. Furthermore, due to a small laser beam radius ω0, a high
geometrical accuracy, small cutting edge radii rc, and a low roughness Ra are realizable. FIB
machining offers many advantages. However, due to the time-consuming process and low
flexibility, and the elaborate setup, it cannot be taken as a substitute for other techniques.

2.2

Micro-Milling

The ability to machine micro-structures is desirable for many applications ranging from miniaturization to functionalization of surfaces. Huo and Cheng [78] list the medical- (i. e. micropumps) 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. As
mentioned by Barthlott and Neinhuis [14], micro-machining is required if hierarchal structures
as a combination of nano-, micro-, and macro-structures are desired to generate self-cleaning
surfaces. According to Chae et al. [33], 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, besides the feasibility of producing feature sizes in the sub-micrometer
range, this process is limited in possible component geometries. To overcome these issues,
classical manufacturing methods, such as micro-cutting and micro-injection molding, have
been established in this production field. For instance, micro-cutting allows machining of 2.5D and complex 3-D geometries almost independent from the work piece material with high
relative accuracy. Von Bodenhausen et al. [169] divide micro-machining into two fields: ultraprecision 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. [93] recognize the importance of the cutting edge
radius rc of a tool. If the cutting edge radius rc lies in the sub-micrometer range for micro-milling,
surface roughness in the lower nanometer scale can be expected. Thus it exhibits reflective
surface quality. According to Weule et al. [180], the use of cemented carbide 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 filigree and small
features in the jewelry and watch industry. As micro-cutting is a niche market in global terms
and due to high tool costs, low running life, high demands on the machine, and essential
knowledge of the operator, there is enormous potential for further improvements and optimizations. Customarily, a downsizing of macro-milling tools is performed in order to produce micro-milling tools. This procedure leads to an inaccurate geometry ratio which results in high
tool breakage rates. To realize accurate micro-structures, low inner edge radii, and structure
distances in the micrometer range, micro-milling tools with diameters in the range of tens to
hundreds of micrometers must be employed. Due to the reduction of the stiffness k at smaller
7
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tool diameters, Zdebski [194] 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 runout 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, as confirmed by Uhlmann and Schauer [163]. Uriarte et al. [164]
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 mainly dependent on tool diameter, cutting edge radius rc, process parameters, and properties of the work
piece material. Additionally, the limitation of the spindle speed nmax is a crucial factor. The cutting speed vc, depends on the tool diameter D as:
𝑣𝑐 = 𝜋 ∙ 𝑛 ∙ 𝐷

(2-1)

Where n is the spindle speed. This results in a linear decrease in 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
clogging as concluded by Câmara et al. [31].
It must be stressed that micro-milling cannot just be assumed as a scaling down of the conventional milling process. 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. [6] minimize burr formation during micro-milling with tilting of the spindle in
the 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 the occurring blunting of edges.

2.2.1 Size Effect
Huo and Cheng [78] 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 diameters lower than Ø = 1000 µm and underlying cutting mechanics caused by
size effects. Due to the size effects, the work piece material cannot be assumed as homogeneous and isotropic. The cutting edge radius rc reaches about equal dimensions as the size of
work piece material 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. In Figure 2-2 a) the uncut chip thickness h is bigger than the thickness hmin and
the cutting edge radius rc. This leads to a shear plane indicating the beginning of chip removal.
In contrast, Figure 2-2 b) represents the chip formation if the uncut chip thickness h adopts
comparable values as the cutting edge radius rc or is smaller than a minimum uncut chip thickness hmin. In this case, the effective rake angle γeff assumes a negative value, and thus the
chip formation undergoes ploughing, as defined by Bissacco et al. [22] and Heisel et al. [73].
The chip initiates a shear deformation zone and the elastic part of the deformation recovers
after each cutting tool pass, which is associated with material spring back. Bissacco et al. [21]
recommend using a feed per tooth ft respectively, a thickness h higher than the minimum uncut
chip thickness hmin to reduce ploughing and promote chip formation.
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Figure 2-2 a) Macro-milling with h >> hmin; b) Micro-milling with h > hmin and rc = h.
Kuram and Ozcelik [100] calculate the effective rake angle γeff as a function of the cutting edge
radius rc and the uncut chip thickness h:
𝛾𝑒𝑓𝑓 = −𝑠𝑖𝑛−1 (

2𝑟𝑐 − ℎ
)
2𝑟𝑐

(2-2)

uncut chip tickness h [µm]

The transition from positive to negative rake angle γeff is shown in Figure 2-3 and depends
unambiguously on the dimensions of the cutting edge radius rc.
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Figure 2-3 Transition of effective rake angle γeff from positive to negative, adapted from Kuram and Ozcelik [100] and equation (2-2).

2.2.2 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:
𝜆𝑛 =

ℎ𝑚𝑖𝑛
𝜏𝑎
= 0.5 −
𝑟𝑐
𝜎

(2-3)

where τa is the shear strength 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 similar to conventional milling, as described by Aramcharoen
and Mativenga [5]. According to Liu et al. [108], the minimum chip thickness λn is determined
by the thermomechanical properties of the material to be machined. Most of these properties
are highly affected by the cutting temperature. Thus, the strain ε and the strain rate ε̇ are mainly
influenced by the cutting speed vc and the cutting edge radius rc. To determine the effective
9
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flow stress σ, the material model of Johnson and Cook [82] can be applied and is frequently
used in cutting simulations of ductile materials:
𝑛 ][1

𝜎 = [𝐴 + 𝐵(𝜀)

𝑇1 − 𝑇0 𝑚
+ 𝐶𝑙𝑛(𝜀̇)] [1 − (
) ]
𝑇𝑚 − 𝑇0

(2-4)

where ε and ε̇ are the strain respectively the strain rate, T1, Tm, and T0 are the temperature at
the work piece/chip interface, melting temperature and room temperature. A, B, C, n, and m
are material constants. The first term describes the strain hardening effect, the second the
strain rate effect and the third the thermal softening effect. Ernst and Merchant [51] suggest
an analytical model for obtaining the shear strength τa :
𝑇𝑚
𝜏𝑎 = 0.15 ∙ 𝐿𝑚 𝜌𝑙𝑛 ( )
𝑇2

(2-5)

where Lm is the latent heat of melting, ρ is the density, Tm is the melting point, and T2 is the
temperature at the chip/tool interface. In summary, it can be emphasized that the temperatures T1 and T2 as well as the strain ε and strain rate ε̇ must be measured or simulated in order
to calculate the normalized minimum chip thickness λn.
Liu et al. [108] further distinguish three zones in the tool engagement zone, which significantly
contribute to the heat generation in micro-milling: the shear zone, ploughing zone and work
tool/chip interface. The occurring effects of strain hardening, strain rate, and temperature can
mutually reinforce or mutually annihilate each other. For instance, Liu et al. [108] also find out
that the cutting speed vc and size of the cutting edge radius rc have contradictory influences on
the material properties when 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 introduces 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
raises 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.
Table 2-2 A comparison of the normalized minimum chip thickness λn.
Author
Material
Year
Thickness λn
Current
Cu, WCu
0.4
2021
Oliveira et al. [41]
AISI 1045 steel
0.22…0.36
2014
Ramos et al. [131]
AISI 1045 steel
0.29
2012
Malekian et al. [114] Al6061
0.23
2012
Kang et al. [85]
AISI 1045 steel
0.30
2011
Woon et al. [183]
AISI 4340 steel
0.26
2008
Lai et al. [101]
Cu
0.25
2008
Liu et al. [108]
AISI 1040 steel
0.20…0.35
2006
Liu et al. [108]
Al6082-T6
0.35…0.40
2006
Son et al. [144]
Al, Cu, brass
0.20…0.40
2005
Kim et al. [87]
360 brass
0.30
2004
Vogler et al. [168]
ferrite-pearlite steel
0.14…0.43
2004
Yuan et al. [193]
Cu-Mg-Mn Al alloy
0.25…0.33
1996
Shimada et al. [142] Cu, Al
5 % of rc
1993
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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 for various materials are presented
in Table 2-2. These values reveal that the transition from ploughing to cutting happens if the
uncut chip thickness h is significantly 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 in common
that the chip formation is feasible when setting an uncut chip thickness h of ~ 50 % of the
cutting edge radius rc.

2.2.3 Specific Cutting Energy
As a consequence of ploughing, high process forces, excessive burr formation, and low surface quality are expected. Due to reducing the stiffness k of the tool and 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,
as:
𝑘𝑐 =

𝐹
𝐴

(2-6)

where F is the force and A is the uncut chip cross-section. The specific cutting energy kc is
defined by Huo and Cheng [78] as non-linear to the uncut chip thickness h. According to Lucca
and Seo [111], [112] and Lai et al. [185] the specific cutting energy kc increases as the uncut
chip thickness h decreases. The course of the specific cutting energy kc is described by
Oliveira et al. [41] through a power function as k c = 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. [34] and Kopalinski et al. [97] 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.
Câmara et al. [31] explain that those circumstances happen due to an increase in the shear
flow stress in the work piece material. The force behavior in micro-milling is characterized by
a high degree of variation across experimental repetitions. Under identical process parameters
and conditions, the monitored force differs by up to 30 %, as reported by Tansel et al. [151].
Due to cutting through a small number 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. [54] discuss the increase of the specific cutting energy kc at a
small feed per tooth ft for micro-milling copper. Liu and Melkote [107] examine the behavior of
material strengthening mechanisms and softening effects. They also discuss their influence on
the specific cutting energy kc in micro-milling for different materials. Although the contribution
to the material strengthening has been addressed to several factors, such as cutting temperature, strain rate, and strain gradient, each factor's impact depends on the material to be machined and machining conditions. According to Fang [53], either strain hardening or thermal
softening dominates the material flow stress in the Johnson-Cook model as a function of the
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material. Gao and Huang [59] discuss the strengthening effect due to dislocation density respectively to dislocation availability. It is prominent when the size of the inhomogeneous plastic
flow is in the same micrometer dimension as the intrinsic material characteristic length lint. In
summary, the increase of the specific cutting energy kc at smaller uncut chip thickness h can
be explained due to:
 Ploughing and rubbing of material.
 High friction between flank face of tool and work piece surface due to spring back.
 Strain hardening effects.
 Dislocation mechanics.
 Anisotropy of work piece in the machining area.

2.2.4 Mean Cutting Thickness
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 Figure 2-4 a). Due to the non-linearity of the uncut
chip thickness h throughout a revolution of the tool, the mean cutting thickness hm is introduced. This variable 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-milling, the mean cutting thickness hm is commonly in a single-digit micrometer range, as shown in Figure 2-4 b). Furthermore, the mean cutting thickness hm is also dependent on the tool run-out error. As the runout error enlarges the realistic width of cut ae, the mean cutting thickness hm increases accordingly, according to (2-7).

ft

n
D/2
φS

ae

b)

Cutting Tool

D/2-ae

hm

mean cutting
thickness hm [µm]

a) Feed Direction

8

ae
ae = 10 µm
ae = 30 µm
ae
ae = 50 µm
ae

6

4
2
0

Workpiece

0

5
10
feed per tooth ft [µm]

15

Figure 2-4 a) Tool engagement situation in circumferential milling, based on Weilenmann [178], with ΦS as section arc angle; b) mean uncut chip thickness hm for Ø = 200 µm,
according to (2-7).
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 [178], the mean
cutting thickness hm is calculated as:
(2-7)
114.6
𝑎𝑒
ℎ𝑚 =
∙ 𝑓𝑡 ∙
𝜑𝑆
𝐷
2 ∙ 𝑎𝑒
with:
(2-8)
𝜑𝑆 = 𝑎𝑟𝑐𝑐𝑜𝑠(1 −
)
𝐷
where φS denotes the section arc angle.
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2.2.5 Burr Formation
Since the dimension of the cutting edge radius rc is comparable to the feed per tooth ft in micromilling, ploughing effects may occur. As a result, the burr formation is relatively large in relation
to the conventional cutting. Burr formation must be mitigated by careful process optimization.
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 the formation of blunt edges.
Gillespie and Blotter [62] present comprehensive research in the field of burr formation for
several cutting operations using 303Se stainless steel. The mechanics of burr formation and
development are explained analytically and proved by experimentation. The basic mechanics
can be classified as lateral extrusion of material, bending the chip, and tearing the chip from
the work piece. The basic types of burrs are defined as: Poisson burr, roll-over burr, tear burr
and cut-off burr. For slot machining, the Poisson and tear burr are the most important to observe because the combination of both leads to top burrs. The dimension of the Poisson burr
is defined by the Poisson-ratio, which describes the material's tendency to bulge laterally when
compressed. The formation of Poisson burr is dependent on the cutting edge radius rc, which
might be enlarged due to wear or build-up edge. Furthermore, the high pressure between the
flank surface of the tool and the machined surface introduces the elastic and thermal expansion of the work piece. The height of a Poisson burr is primarily influenced by Poisson-ratio,
yield stress, modulus of elasticity, and the pressure at the effective cutting edge radius. The
higher the pressure is, the higher the burr becomes.
In DIN ISO 13715 a burr is defined as an undesired material overhang of a machined outside
edge. In Figure 2-5, different occurring burr types are compared, where in Figure 2-5 a) the
slot milling and in Figure 2-5 b) the face milling is represented. According to Reichenbach et
al. [134], eight different burr types for slot milling and six for face milling can be found. However,
three main types are represented in each case: entrance burr, exit burr, and side burr. The
color-coordinated classification stands for the manner of formation. The Poisson burr is highlighted in blue and red, rollover burr is shown in yellow and hybrid burr (like Poisson/tear burr
or Poisson/rollover burr) is displayed in green.
Y

Up Milling Exit
Burr

Exit Bottom
Burr

X
Up Milling Top
Side Burr

Down Milling
Exit Burr

Down Milling
Top Side Burr

b)

Entrance Bottom Burr

Exit Bottom
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Side Burr

Fe
ed
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Entrance Burr

Up Milling
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Up Milling Exit
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ed

a) Z

Up Milling
Entrance Burr

Bottom Side Burr
Entrance Bottom Burr

Figure 2-5 Burr types in circumferential milling; left: slot milling; right: face milling.
In slot milling, the top burrs show a periodic behavior as a result of the tool feed rate vf and are
claimed as Poisson burrs. Since the tool undergoes full material cut, one side fulfills downcutting, whereas the other side fulfills up-cutting. It is explained that the feed rate vf and the
depth of cut ap significantly influence the burr height. Whereby the former leads, with increasing
value, to shallow burrs, and the second enhances the growth of the burr with increasing value.
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Many researchers describe burr formation in conventional milling. However, only a few have
made burr formation in micro-milling the object of systematic research. Table 2-3 presents an
overview of research, based on burr formation in micro-milling. The influences of the cutting
speed vc, feed per tooth ft and depth of cut ap to the burr formation are presented. It also shows
milling conditions like up- and down-milling, tool geometry, tool wear, tool materials, and other
aspects. Many factors can explain the incidence of contradiction on how to perform the micromilling process. These factors include using different work piece materials (i. e. ductile or brittle
materials) and their heat treatments or previous cold work hardening procedures. Also, the use
of different tool types, varying quality of machine tools (i. e. rigidity, accuracy, limitations of
spindle speed, environmental influences), and properties of the applied measurement devices
affect milling conditions and results.
Table 2-3 Influence of cutting conditions on burr formation in ductile and brittle materials in
micro-milling.
Material
Burr
vc
ft
ap
Condition
Author
Cu
WCu

↓
↓

↓
↑

↓
↑

-

flushing, up milling
flushing, up milling

ductile materials

↓

↑

-

-

rake angle γ↓

Al-6061-T6
Al-6061
356 Al
Al-6061
6-4 brass
oxygen free Cu
Al-6061
GH 190 cast
iron
X5CrNi18-10
PH 13-8 Mo
NiTi alloy
Ti6Al4V
Inconel 718
↑ increase

↑
↓
↓
↓
↑
↓
↓

↓
↓
↑
-

↑
↑
↑
↑
↓
↑

x
↑
↑
-

slot milling
up milling
face milling
rake angle γ ↑
cutting edge radius rc ↑
up milling
slot milling

↑

-

↑

-

impact of worn tool

↑
↑
↓
↑
↑

↑
↑
↓
↓
↓
↓ decrease

↑
down milling
↑
face milling
up milling
↑
up milling
down milling
- no research performed

[29]
[29]
[18], [152],
[99]
[102]
[136]
[83]
[8]
[173]
[184]
[70]
[42]

[20]
[37]
[129]
[11]
[120]
x no influence detected

As reported by Beier and Nothnagel [18] and Ko and Dornfeld [94] ductile materials indicate a
higher tendency towards burr formation than brittle materials. Wu et al. [184] 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. [88] and Piquard et al. [129] describe a burr reduction for
brittle materials when the feed per tooth ft is increased.
Beier [18], Schäfer [137] and Thilow et al. [152] describe that ductile materials indicate a higher
tendency towards burr formation than brittle materials. The same conclusion is described by
Ko and Dornfeld [94], with the addition that a decrease of the tool rake angle γ and an increase
of the undeformed chip thickness h lead to a larger burr as a consequence. It is also shown
that a reduction of the burr size can be achieved by reducing the cutting speed vc for ductile
materials. In the case of face milling aluminum, Jones and Furness [83] observe a reduction
of burr size with a decrease of the cutting speed vc and an increase of the feed per tooth ft. It
is remarked that compared to ductile material, brittle material tends to smaller burr formation.
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Bansal [13] mentions that when face milling soft materials as magnesium the burr decreases
with a decrease of cutting speed vc; however, burr formation of aluminum behaves opposite.
Avila and Dornfeld [8] come to the same conclusions when face milling Al 6061, which is
proofed experimentally and analytically. An increase of the cutting speed vc, feed per tooth ft
and depth of cut ap reduce the primary burr. Also, the effect of the tool geometry on the work
piece quality is discussed. Saptaji and Dhupia [136] supplement investigations for micro-milling Al 6061. The up-milling side shows smaller burrs. A worn tool harms the work piece quality
when micro-milling aluminum alloy 1100, described by Kiswantoa and Koba [90]. The downmilling side exhibits a larger burr than the up-milling side. Lekkala et al. [133] establish a true
consensus for milling aluminum, where a burr reduction is a result of an increase of feed per
tooth ft and depth of cut ap. Lee and Dornfeld [102] compare the top burr size of copper, aluminum and stainless steel in micro-milling operation. An increase of burr size in copper and
aluminum is a consequence of an increased feed per tooth ft. For aluminum, the depth of cut
ap has no significant influence, whereas the burr grows with a larger depth of cut a p for machining stainless steel. Wan and Sun [191] introduce a passive burr reduction method for aluminum alloy 7050-T7451, where an auxiliary support material is attached to the surface to be
machined. However, the material must have a low melting point, since it must be removed after
machining. It is also mentioned that due to a negative shear zone in micro-milling relatively
greater burrs are expected than in conventional milling. Kim et al. [86] suggest the application
of diamond tools to reduce burr formation when machining aluminum. Rangarajan [132] compares the exit burr formation of brittle and ductile materials in face milling, which is explained
by experiments and in an analytical way. In conclusion, the brittle material is prone to a smaller
burr in comparison to ductile material. Wu and Li [184] explains with the results micro-milling
experiments using copper material, that less burr can be expected if the feed per tooth ft adapts
smaller values. Minimum burr size is observed on the up-milling side and when the condition
that the feed per tooth ft equals the cutting edge radius rc is met. Further analysis of micromilling copper is done by Wu et al. [186]. The focus lays on the impact of grain sizes on the
burr formation, where the behavior of 20 µm, 60 µm and single crystal copper material is explained. The smaller the grain size is, the smaller the burr size becomes. However, polycrystalline copper evince extenuated burr sizes in comparison to single crystal copper. With smaller
grain sizes the ratio between grain boundaries to volume gets larger. Thus, the strength and
resistance against deformation augments. As a result small grains affect disadvantageously
the cutting forces. Additionally, the influence of the crystallographic orientation of single crystal
copper is presented. Due to a proportionality of the yield strength to the orientation, divergent
burr sizes are observed. The orientation <100> has the lowest yield strength and thus exhibits
minor burr, whereas <110> obtains medium burr sizes and <111> shows greatest burr formation, since the yield strength is maximal in this orientation. In accordance with previous
research, a larger undeformed chip thickness h contributes to the growth of the burr. Due to a
reduction of burr sizes in consequence of lower mean stresses in the engagement zone, Wang
and Zhang [173] suggest a reduction of the cutting edge radius rc as low as possible.
In contrast to ductile material, the machining of brittle material results in a lower burr formation.
When micro-milling Ti-6Al-4V Kim et al. [88] ascertain a burr reduction when the feed per
tooth ft is increased and the cutting edge radius rc is small. The down-milling side has smaller
burrs. To enhance the work piece quality, minimum quantity lubrication (MQL) with nanoparticles is introduced. Hashimura et al. [113] find negative burr when machining Al-2024-O in an
orthogonal cutting situation, which is influenced by the feed per tooth ft. The dependency between cutting edge radius rc and burr formation is shown. Copper material tends to larger burr
than Al-2024-O. Lekkala et al. [133] observe a smaller burr with an increase of depth of cut ap
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during machining stainless steel SS-304. Piquard et al. [129] investigate the top burr formation
during milling NiTi alloy and detect less burr when increasing the feed per tooth ft and decreasing the width of cut ae. Machining in up-milling leads to thinner burrs, whereas machining in
down-milling leads to wider burr dimensions. Silva et al. [37] study the transition from primary
to a secondary burr in face milling PH 13-8 Mo stainless steel. It is explained that worn tools
result in plastic deformation in the primary and secondary shear zone, thus the process forces
increase and so does the temperature. As Biermann [20] explains for micro-milling X5 CrNi1810 stainless steel, a larger burr can be expected with an increase of the cutting speed vc and
machining in down-milling direction. Furthermore, a coarser grain structure has an adverse
effect on the burr formation. However, when machining the fine-grain structured material
TiAl6V4 smaller burr size is formed due to a higher elongation at fracture. Concordant, Mian
and Mativenga [120] see a larger burr when micro-milling Inconel 718 in down-milling direction
and a decrease of the feed per tooth ft. To ensure good quality, the ratio of feed per tooth ft to
cutting edge radius rc must not drop below 1, which is also confirmed by Jin et al. [81] for steel.
However, Bajpai and Singh [11] observe a smaller exit burr when micro-milling Ti6Al4V in the
up-milling direction. The size increases when cutting speed vc and feed per tooth ft decrease
and the depth of cut ap increases. According to Dornfeld [70], the burr size is larger when micro-machining steel in down-milling direction.
Stoll et al. [146] identify by means of FEM simulations a burr reduction when machining with
ultrasonic support. When using dry ice snow assisted machining, a burr reduction is observed
by Przyklenk [84]. According to De Lacalle et al. [40] and Rahman et al. [130], the burr size
decreases when using MQL. With an increase of depth of cut ap, Chern and Dornfeld [36] observe a larger burr in micro-milling. Kim and Dornfeld [38] provide the same conclusion for
drilling. The sideward burr is reduced when machining in down-milling direction during face
milling, as explained by Olvera and Barrow [125]. Qin [188] see the ploughing and rubbing
effects as the main impact factors in burr formation. Niknam and Songmene [145] outline analytically that if the mean cutting thickness hm is larger, the friction angle Ω and thus the shear
angle ϕ will drop which leads to a lower plastic strain and results in smaller burr sizes. It is
confirmed that an increase of feed per tooth ft also reduces burr size. However, the influence
of the cutting speed vc is negligible. Wang et al. [174] stress the importance of the work piece
structure: the lower the friction coefficient of the grains is, the lower the burr sizes become.
The partially enormous differences between the research results are clearly visible. Even due
to a comprehensive literature analysis, few points of disagreement remain and may need further clarification. The mechanics and involved physics, which are in charge of burr growth,
cannot be evaluated conclusively yet. Although it is frequently stressed that ductile materials
tend to have larger burr sizes than brittle materials. For brittle materials, there is a consensus
that up-milling reduces the burr size. However, some researchers report a reduction on the
down-milling side. The majority of observations confirm a smaller burr on the up-milling side
when milling ductile materials. To ensure high resultant quality, an increase of the cutting
speed vc for both ductile and brittle materials is commonly recommended. However, the cutting
speed vc cannot be increased ad libitum, due to wear formations at higher speeds and limitations of the spindle speed. The condition of the tool must be taken into account since worn
tools create larger burrs throughout the milling process. Fine-grain materials lead to a smaller
burr formation compared to coarse grain materials.
Also, there is a large degree of concordance on the geometry, cutting material used and condition of the applied tool. It can be safely assumed that a low cutting edge radius rc minimizes
the burr sizes, so does diamond as cutting material. The tool rake angle α must not adapt
negative values in order to enhance resultant work piece quality. The condition of the tool must
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be taken into account since worn tools create larger burrs. Merely a few researchers investigate the influence of the material structure, such as grain sizes and orientations. However,
smaller grains are supposed to lead to smaller burr. No detailed information about burr minimizing using certain milling path trajectories can be found.

2.2.6 Roughness
Uhlmann et al. [161] mention that the grain size and distribution of the material to be machined
must be known. The higher the homogeneity of the micro-structure is, the higher the resultant
surface quality becomes. Additionally, a continuous chip formation leads to a reduction of the
dynamic load on the tool. Câmara et al. [31] observe an increase of the tool life, respectively
a reduction of wear, when machining fine grain with high homogeneity. An improvement of the
surface quality at higher speed vc is explained by Weule et al. [179]. Kirsch et al. [89] 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. Huo and Cheng [78] conduct comprehensive experimentation to characterize
surface roughness. Process parameters are varied and cutting material as cemented carbide
and diamond is used as well as CVD coating is applied. Optical surface quality is achieved
applying CVD and single-crystal diamond tools for low feed rates vf. However, for higher feed
rates vf, cemented carbide tools performs on a superior level. The spindle speed n obtains no
significant leverage. The main reason for roughness change is seen in a variation of feed per
tooth ft. If the tool engagement situation undergoes the minimum uncut chip thickness hmin,
ploughing and slipping become dominant. Therefore, a sharp cutting edge is demanded to
guarantee superb surface quality. Tool run-out reduces the quality of the surface, since the
cutting edges are unequally in contact with the work piece. The typically small depth of cut ap
in micro-milling promotes friction between the tool and work piece, which intensifies the appearance of wear and thus causes a reduction of surface quality. Additionally, Huo and Cheng
[77] report that the feed rate vf influences the surface quality and burr formation in machining
copper; however, the spindle speed n shows a minor influence to quality. In micro-milling, surface roughness values of Ra = 5 nm are achievable, as Byrne et al. [30] mention. Weule et
al. [180] clarify when homogenizing grain size, the quality of surface enhances due to a minimized spring back effect of ferrite grains. Mativenga et al. [120] confirm the assumption that
elastic recovery occurs when the uncut chip thickness h becomes smaller than the cutting edge
radius rc. Mian et al. [120] report an influence of the cutting speed vc in machining nickel alloy.
Ding et al. [46] improve surface quality using ultrasonic vibration, due to generation of thinner
chips. Weule et al. [180] recommend high cutting speed vc, brittle and homogenous material
in order to achieve a good surface quality. However, the roughness is influenced by the spring
back of elastically deformed material. Brammertz [26] proposes a mathematical relationship
between feed per tooth ft, tool radius r and minimum uncut chip thickness hmin to the theoretical
surface roughness Rth:
𝑓2

𝑡
𝑅𝑡ℎ = 8𝑟
+

ℎ𝑚𝑖𝑛
𝑟∙ℎ
(1 + 𝑓𝑚𝑖𝑛
2 )
2
𝑡

(2-9)

No influence of the cutting speed vc and depth of cut ap is considered in the calculation. The
dominant influence of the feed per tooth ft on the surface quality and burr formation in machining copper has been reported by Huo and Cheng [77] and Vogler et al. [168]. In accordance,
Filiz et al. [54] notice a deterioration of surface quality as the feed per tooth ft increases; however, no significant effect of the cutting speed vc is observed. In contrary, Weule et al. [180]
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recommend using a high cutting speed vc and brittle and homogenous work piece materials to
achieve a good surface quality. If the tool engagement situation undergoes the minimum uncut
chip thickness hmin, ploughing and slipping become more dominant. This results in poor surface
quality, as reported by de Oliveira et al. [41]. In micro-milling, surface roughness values of
Ra = 5 nm are achievable, as Byrne et al. [30] mention. Mian et al. [120] confirm the assumption that elastic recovery occurs when the uncut chip thickness h becomes smaller than the
cutting edge radius rc. Vogler et al. [168] witness a correlation between surface roughness and
dimension of cutting edge radius rc as well as the feed per tooth ft. As the radius and the feed
decreases, the quality of the surface enhances. The influence of the depth of cut ap is negligible. Machining multiphase material leads to higher surface roughness compared to singlephase material. Differing grains or phases react differently to the machining conditions. To et
al. [154] conduct turning of single-crystal aluminum using diamond tools to determine the impact of crystallographic orientation and depth of cut ap to the surface roughness. No significant
influence of the depth of cut ap is observed; however, the grain orientation exhibits a great
influence on the roughness. Schmidt and Tritschler [139] perform micro-milling ASI steel experiments to analyze surface roughness. Stabilization of the process respectively a sharpening
of the tool occurs within the first section of the milling path as indicated with high roughness
fluctuations. It is also found out, that crossway to the feed direction the roughness adapts
different values. In the stable tool state, on the down-milling side, a lower surface was observed
compared to the up-milling side.
Simoneau et al. [143] conduct micro-cutting experiments and establish a coincidental simulation to determine the influence of phases on the surface structure. By machining the dualphase structured AISI 1045 steel, consisting of soft ferrite and hard pearlite grains, it is found
out, that dimples occur at the transition of the hard to soft grain, but never at the transition of
the soft to the hard boundary. This can be explained by the energy dissipation in the region of
the cutting edge. Harder grains do not absorb the energy, but rather the energy evolves inside
the softer upcoming grain. The formation of dimples happens along the cutting direction. It is
shown, that the harder grains deform in a lower magnitude as the softer grains. In many cases,
the softer grains get pulled out whereas the harder grains remain in the latter and are being
cut. The softer grains are exposed to a high amount of plastic strain before being finally cut.
Higher surface quality can be reached when grain sizes are reduced.

2.2.7 Limits of Micro-milling
The most frequent application in micro-milling comprises the fabrication of products with thinwall features. However, due to the reduced stiffness and high requirements on tolerances and
burr appearance, the micro-milling of thin walls is very demanding to achieve. In order to reduce deformations provoked by bending, process forces must be kept as low as possible and
adequate milling strategies must be developed. It is acknowledged that the use of brittle material is beneficial compared to the softer material. To achieve thin micro-structures, several
factors must be addressed. This includes the properties of the work piece material, the milling
strategy, and the tool path planning. Due to the tool engagement situation and arising process
forces, the direction of milling has to be adapted to the machining conditions. Min et al. [121]
conduct micro-milling slots in steel 304 and aluminum 6061-T6511 using a tool diameter of
Ø = 254 µm. It is reported that the quality of the down-milling side convinces with lower roughness and higher dimensional accuracy in comparison to the up-milling side. Liu et al. [109]
present the results of a comprehensive study when micro-milling copper thin-wall structures. It
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is found out that down-milling reduces the burr formation compared to up-milling. The maximum deformation of the thin wall is detected at the edges; however, the thickness of the wall
has a non-linear impact on the deformation. Llanos et al. [110] apply the down-milling direction,
high spindle speed n, and low feed rate vf to achieve lower surface quality when micro-milling
thin structures. According to Li et al. [105], the quality of structures is dominated by machining
parameters and tool path strategies. Due to acting forces normal to the long side of the walls,
up-milling is beneficial. General force reduction is obtained by decreasing feed per tooth ft and
width of cut ae. The depth of cut ap exhibits a subordinate significance, and thus can be increased in terms of higher productivity.
Llanos et al. [110] analyze three milling strategies: constant Z-step, variable Z-step, and ramp.
Using the constant Z-step strategy, the material is removed layer by layer, as displayed in
Figure 2-6 a). Doing so promotes deformation as the supporting effect on the opposite structure size is low, causing deformations and inaccuracies. The critical points of deformation are
located at the ends of the structures. In contrast, the deformations are reduced when applying
the variable Z-step strategy, as shown in Figure 2-6 b). The first side of the structure is removed
with half of the depth of cut ap. The following material removal is performed with the full depth
of cut ap. This strategy guarantees material support on the opposite side of each tool path. The
ramp strategy is a modification of the variable Z-step strategy, where the tool constantly impinges the material in Z-direction along the tool path. Smoother resultant surface quality is
expected. However, the tool must be capable of removing material on the minor cutting edges,
as demonstrated in Figure 2-6 c).
a)
b)
c)
ap/2

depth ap

tool path

ap

ap/2

constant z-step

variable z-step

ramp

Figure 2-6 Tool path planning for machining thin-walled structures; a) constant Z-step strategy; b) variable Z-step strategy; c) ramp strategy.
Annoni et al. [4] report that down-milling has to be considered critical, due to the higher reduction of the width of cut ae when the wall is bent compared to the up-milling direction, as shown
in Figure 2-7 a) and b). Additionally, lower process forces for up-milling direction are measured
than for down-milling. Li et al. [105] compare the constant Z-step strategy with the variable Zstep strategy when micro-milling steel AISI H11. It is demonstrated, that the deformations are
reduced by the factor of 3.5 when applying the variable Z-step strategy, as shown in Figure
2-7 c) and d).
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500 µm

h)

200 µm

Figure 2-7 Micro-structures machined by micro-milling; a) micro-wall machined in up-milling
direction; b) micro-wall machined in down-milling direction; c) micro-wall machined using
constant Z-step strategy; d) micro-wall machined using variable Z-step strategy; e) micropillar made of brass; f) micro-wall made of brass; g) micro-wall made of steel; h) micro-wall
made of brass.
Denkena et al. [9] produce wall features with a thickness of 18 µm and an aspect ratio AR of
AR = 1:24 when micro-milling CuZn39Pb2 using cemented carbide micro-tools. When applying monocrystalline diamond as cutting material, the wall thickness is further reduced to 8 µm
at an aspect ratio AR of 1:13. Bang et al. [12] design a 5-axis milling machine that allocates a
spindle with maximal speed n = 30.000 rpm. Having micro-milling tools with diameters of
Ø = 200 µm, respectively Ø = 100 µm allows a generation of walls with a width WW = 25 µm
and height HW = 650 µm in brass. Further, pillars with dimensions of 30 µm x 30 µm x 320 µm
are machined. Using 5-axis machining, a micro-pillar with a width and length of
WP = 30 x 30 µm and height HP = 650 µm is presented, as seen in Figure 2-7 e). However,
pronounced burr formation is visible. Gietzelt et al. [61] machine micro-structures in brass having a width of WW = 55 µm and a height of HW = 600 µm, as presented in Figure 2-7 f). However, low form accuracy and inclined flanks are observed. Using micro-milling Guber et al. [63]
fabricates a brass embossing mold with a cavity depth and width of Dcav = Wcav = 50 µm each.
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The sidewalls exhibit a roughness Ra of 200 nm. Mecomber et al. [119] mill micro-embossing
molds made of aluminum using a micro-tool diameter Ø = 51 µm, whereas Bissacco et al. [23]
employ a diameter Ø = 200 µm to produce micro-injection molds made of hardened steel. Liu
et al. [109] further mention that producing a wall width of WW = 20 µm tends to inadmissible
bending. In contrast, a width of WW = 45 µm and WW = 70 µm deliver acceptable results.
It is suggested to adjust appropriate process parameters in order to reduce bending; however,
no significant impact of the feed rate vf is detected. By performing a detailed parameter study,
lower roughness with decreasing width of cut ae is concluded. Filiz et al. [55] conduct micromilling of micro-walls for medical implants and carry out optimal process parameters for feed
per tooth ft, spindle speed n, and depth of cut ap. It is reported that the spindle speed n shows
the most prominent effect on forces and roughness. In tremendous research, Li et al. [105]
produce micro-walls with high aspect ratios AR using ultra-fine cemented carbide tools with
diameter Ø = 500 µm. In steel AISI H11 dimensions of 15 µm x 2000 µm x 500 µm are feasible to produce with negligible defects, as displayed in Figure 2-7 g). Llanos et al. [110] produce
flawless micro-walls in brass (CuZn36Pb3) and aluminum (Al6061-T4) with a width of
WW = 50 µm and a height W H = 1.5 mm using cemented carbide micro-tools with a diameter Ø = 500 µm, as shown in Figure 2-7 h).
Kou et al. [98] successfully use auxiliary support when micro-milling thin walls with a width of
WW = 15 µm in beryllium bronze. Applying a low-melting-point alloy (LMPA) as support enhances the stiffness and rigidity of the micro-structure and thus provides optimal results. The
subsequent removal is performed when liquefying the alloy at a temperature T = 80 °C.
Takeuchi et al. [149] employ a single-crystal diamond cutting tool for micro-milling prismatic
and cylindrical micro-pillars with a diameter DP = 25 µm and a height HP = 1 mm in brass. A
special feature is a triangular roof of each pillar. Different tool paths, like a spiral and sectionwise machining, are used. Je at al. [80] machine pillars with a diameter DP = 30 µm and
height HP = 700 µm in brass. Also, rectangular structures with a surface area of
42 µm x 200 µm and height HP = 200 µm in tungsten reinforced copper are feasible to produce.
When comparing the results from the literature, it can be stated that the capabilities of manufacturing flawless micro-structures are still limited. The main issues can be summarized as
bending and twisting of the structures, poor form inaccuracies, pronounced blunt edges and
inclined flanks, burr formation. Also, grain pull out on the corner is observed. No research could
be found regarding the form accuracy of the machined micro-structures, where geometrical
deviations of the desired shape to the measured achieved shape are discussed. Also, edge
radii of the structures are neither measured nor discussed. The significant variations in quality,
dimensions and aspect ratios AR of the presented micro-structures are caused by different
machining centers, employed tools, and machining conditions. By optimizing milling strategies,
and using high-precision machining centers, the limits in micro-milling can be shifted towards
smaller dimensions and higher quality of micro-structures.

2.3

Electrical Discharge Machining (EDM)

2.3.1 Physical Background
Electrical discharge machining (EDM) is considered as a subtractive manufacturing process.
According to DIN 8590, material removal occurs due to heat introduced by electrical spark
discharges. The phenomenon of erosion due to electrical discharges was discovered by the
English scientist Priestley in 1770. However, industrialization was implemented by the Russian
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scientists and married couple Romanowitsch and Lasarenko in 1943. The first EDM machine
was introduced by the company AG für industrielle Elektronik (AGIE) in 1955.
In EDM the discharge happens between two electrodes, whereby one is acting as the tool and
the other as the work piece. Both are immersed by an electrical non-conductive dielectric insulator and subject to an electric open-circuit voltage ui. Unlike chipping processes, the electrodes maintain a distance throughout the process that is declared as the working gap width
G. The gap size is defined by the machine control algorithms, which has to react within a time
scale in the micro-meter scale, depending on machine parameters used. The assumption that
the electrodes do not touch may be impaired, as debris can lead to short-circuits. This results
from the combination of high material removal, tiny gap sizes and low performance of the motion control mechanisms and thus insufficient flushing conditions. Also, the work piece has to
be electrically conductive in order to be machined, although Hanaoka et al. [67] and König et
al. [96] show the capabilities of eroding insulating ceramics. However, EDM constitutes an
economical worthy process independent of the work piece hardness while guaranteeing superb surface quality and a high level of dimensional accuracy. The tool electrode is commonly
made of pure copper, tungsten or tungsten reinforced copper. Also, graphite is used, as these
materials ensure excellent electrical and thermal conductivity. As a dielectric either a liquid or
a gas can be utilized. To initialize a discharge, a voltage ue is applied between the two electrodes whilst the distance is reduced. The approach of the electrodes causes an increase in
the electric field, which exceeds the threshold of the burning voltage of the dielectric. As a
result, the dielectric breaks down, creating a plasma channel and a spark happens. The spark
locally heats the material beyond the melting point θM and boiling point and forms a crater.
Many researchers claim that material removal happens as a combination of melting and vaporization. Tsai et al. [156], Hockenberry and Williams [74] and Zolotykh [196] describe the
material removal mechanism as the result of high pressure and high temperature. In contrast,
Yoshida and Kunieda [192] state that the reduction of pressure is not a precondition for material removal. However, Guerrero-Alvarez et al. [64], Willey et al. [181], Lhiaubet and
Meyer [106], and Benzerga et al. [19] point out that the material removed due to vaporization
merely adapts up to 10 % of the total volume of removed material. In contrast, Wang et
al. [25] mention that the material removal at discharge energy above W e > 0.03 J happens due
to melt-splashing, whereas at low energy below We < 0.001 J material removal is caused by
vaporization. The crater size and shape are a function of electrode material pairing, machine
parameters, and other factors. Summarizing, Wong et al. [182] state that the volume of the
removed material is solely influenced by the discharge energy W e. The target is to maximize
the material removal on the work piece and minimize the removal of the tool, which is considered as wear. Once the voltage ue is terminated, the discharge is stopped and the molten
material is flushed by the surrounding dielectric, in order to remove debris. Also, the flushing
restores the insulating properties of the dielectric. After one cycle, the discharge is repeated
up to MHz frequency, until the desired work piece shape is achieved. Besides many input
parameters, such as voltage ui, current ie, pulse duration ton, delay time td, and others, the output parameters are classified into material removal rate (MRR), wear rate 𝜗 and surface quality. The MRR describes the volume of removed material on the work piece per time unit. The
wear rate 𝜗 considers the volume of removed material on the work piece Vw and the tool Vt
side per time unit, as described by:
𝜗=

𝑉𝑡
𝑉𝑤

(2-10)
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The electrical discharge is summarized in four consecutive phases, which are mainly defined
by the state of voltage ui and current ie: ionization, initialization, discharge and termination
phase. These phases are summarized in Figure 2-8.
a)

b)

c)

d)

Figure 2-8 Discharge phases during EDM; a) ionization; b) initialization; c) discharge; d)
termination according to Klocke [92].
The voltage between the electrodes forms an electrical field, which promotes the ionization of
particles in the dielectric, as described in Figure 2-8 a). Also, the ions are accelerated. The
duration of the ionization is dependent on the dielectric and is declared as the delay time td.
During the initialization, an electrically conductive plasma channel is formed, as shown in Figure 2-8 b). The responsible underlying mechanisms are depicted differently in the literature.
Based on the electron avalanche theory, Horsten et al. [76] and van Dijck [166] describe the
development of the channel due to an avalanche-like increasing of free charge carriers. In
contrast, Schumacher [141] holds remaining particles, such as debris and pollution, in the
working gap width accountable for the development. On the contrary Badent [10] and Schulze
et al. [140] describe the occurrence of electromagnetic streamers.
As the discharge channel has been fully developed, the dielectric breaks down and electrodes
and ions are released from the electrodes, as displayed in Figure 2-8 c). This leads to the
discharge phase. Thereby, the current ie remain constant. The anode absorbs kinetic energy
introduced by the bombarding of the negatively charged electrons, whereas the cathode absorbs kinetic energy introduced by the bombarding of the positively charged ions. This causes
the melting and vaporization of the material. Also, the ejection of the material leads to the
formation of a constantly expanding gas bubble. Due to the different masses and thus different
acceleration of electrons and ions, the material removal behavior of the anode and cathode is
much different. The anode undergoes material removal immediately after ignition, albeit less
pronounced. In contrast, the cathode is exposed to higher material removal, which ascends
through the discharge. These quantitative and temporal inequalities of the material removal
allow the economically worthy application of the EDM process. However, this phenomenon
requires the appropriate allocation of anode and cathode. During short discharges, i. e. in micro-EDM, the tool acts as a cathode, and the discharge is terminated before the ions impact.
For longer discharges, the assignment is the opposite, where the tool acts as an anode.
When the discharge is terminated, the plasma channel extinguishes and the gas bubble collapses, as presented in Figure 2-8 d). Due to the collapse, the dielectric flushes the molten
material and conveys the debris from the crater. The rapid cooling of the remaining material
promotes the formation of a white recast layer. In this termination phase, the voltage ue and
current ie drop to zero.
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Figure 2-9 Gap phenomena and crater formation during a single discharge, according to
Kliuev et al. [91].
In Figure 2-9 the main phenomena of a single discharge are summarized. According to Kliuev
et al. [91], the ignition of a spark causes an ionization of the dielectric, which promotes the
formation of a plasma channel. The channel penetrates the anode and cathode and consists
of high-density and low-density plasma. The rim of the crater is tending to expand, as the
pressure p increases throughout the process. As the ions and electrons collide with the surface, the impact zone is heated up to several thousands of Kelvins. As a consequence, a melt
pool with different areas is generated. In combination with the pressure p, evaporation is suppressed to a high extent and a superheated area is pronounced. Due to the high temperature,
the surrounding area is molten, whereas the temperature adopts a lower level. Also, the bulk
material is affected by the heat flux. The material is not molten but rather thermally damaged.
Under certain circumstances, this can lead to the formation of a heat-affected zone (HAZ), a
recast layer, or micro-cracks. The shape of the melt pool is primarily defined by the behavior
of the plasma channel. It is observed that the channel expansion is resolved in space and time.
As the material is evaporated, a gas bubble is formed. Due to the expansion, the neighboring
dielectric is displaced and thus compressed.
The energy input during a single discharge is the main parameter in order to control the process. In Figure 2-9 the energy distribution is visualized by a Sankey diagram. The energy
contributes to the formation of the melt pool on the electrodes and also to the development of
the plasma channel. However, for each case, a loss of energy can be observed, which is described by the fraction coefficient Fcoeff. This can be explained by heat dissipation into the electrode or dielectric.
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The discharge energy We of a single discharge is given as:
𝑡𝑜𝑛

𝑢𝑒 (𝑡) ∙ 𝑖𝑒 (𝑡) ∙ 𝑑𝑡

𝑊𝑒 = ∫

(2-11)

0

The energy is further distributed into the anode and cathode, resulting in a heat flux 𝑄̇ :
𝐹𝑐𝑜𝑒𝑓𝑓,𝑎,𝑐 ∙ 𝑢𝑒 (𝑡) ∙ 𝑖𝑒 (𝑡)
(2-12)
𝐴𝑤
Where Fcoeff,a,c denotes the energy fraction on the anode respectively cathode side and Aw
denotes the surface area affected by the plasma. Wong et al. [182] and DiBitonto et al. [45]
observe that the energy fraction Fcoeff is dependent on the electrode material pairing and on
the discharge energy W e applied. As displayed in Figure 2-9, the heat flux is resolved in space
and time and is approximated as a Gaussian distribution. Space and time resolution requires:
𝑄𝑎,𝑐̇ (𝑡) =

+∞

𝑄𝑎,𝑐 (𝑡) = ∫
−∞

̇
+∞
𝑞𝑎,𝑐 (𝑟, 𝑡) ∙ 𝑑𝑟 = ∫

𝑎∙𝑒

𝑟2
(− 2 )
2∙𝑐

∙ 𝑑𝑟 = 𝑎 ∙ 𝑐 ∙ √2 ∙ 𝜋

(2-13)

−∞

The coefficients a and c describe the properties of the Gaussian function, where a is described
as:
𝑓(𝑥) = 𝑎 ∙ 𝑒

(−

𝑥2
)
2∙𝑐 2

(2-14)

The coefficient c represents the radius of the plasma channel rp and is considered as three
times the standard deviation of the Gaussian function, as:
𝑐=𝜎=

𝑟𝑝
3

(2-15)

When integrating (2-15) into (2-14), the coefficient a can be found:
𝑎=

𝑄𝑎,𝑐
𝑐 ∙ √2 ∙ 𝜋

=

3 ∙ 𝑄𝑎,𝑐

(2-16)

𝑟𝑝 ∙ √2 ∙ 𝜋

2.3.2 Micro-EDM
Due to the increasing demand for parts having micro-features, micro-EDM is growing in significance. Desired shapes are commonly adapted from micro-parts and scaled into micro-dimensions. However, scaling effects are often neglected. In micro-scale, material properties have
to be assumed anisotropic and material grain size is often in the same magnitude as the feature
size. Also, the machining of multi-phase material leads to unequal material removal conditions.
In addition, the economic manufacturing of micro-structures has to be considered. For the
mass production of micro-features, i. e. for the electronic-, medical- or chemical-industry, micro-injection molding is often applied. Micro-EDM represents the primary way of shaping the
molds, in particular, if micro-features are needed. However, the application of micro-die-sinking
EDM is limited due to high tool electrode wear and long machining durations. Also, the machining of tool electrodes has to be performed carefully, as often filigree structures with extreme aspect ratios AR are required. In conclusion, micro-die-sinking EDM includes not only
the restrictions of the EDM-process but also the machining and handling of tool electrodes. It
is unambiguous that the use of micro-EDM is a suitable choice if high requirements on tolerances and surface quality are placed. Uhlmann et al. [159] compared the machining of molds
having micro-features by using micro-milling and micro-EDM. Despite the higher MRR in mi25
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cro-milling, merely micro-EDM ensures the highest level of tolerances. Pham et al. [127] mention some complementary problematic areas for micro-EDM. These include electrode and part
handling, electrode and work piece preparation, machining process and measurements.
According to Uhlmann et al. [158], in micro-EDM, the discharge current can be ie = 0.01 to 2 A
and the discharge duration of ton = 0.2 µs. This results in discharge energy of a single discharge below W e = 5 µJ. A further reduction of the discharge energy W e is limited to the electrical components of the EDM-generator. However, Uhlmann et al. [160] suggest the implementation of relaxation generators having capacitors with a capacity below C < 10 pF. These
provide discharge energy below W e < 0.1 µJ. As a result, the gap width can adopt values below
G < 5 µm. Also, the MRR of a single discharge is low. As mentioned by Masaki et al. [116], the
impulse frequency has to be maximized, in order to guarantee an economically worthy process. Wong et al. [182] investigated the efficiency of micro-EDM by applying a resistancecapacitance (RC) circuit. It is shown that the efficiency below discharge energy W e < 50 µJ is
up to four times higher compared to machining using discharge energy We > 50 µJ. As the
pulse duration ton is significantly reduced, the heat transfer into the bulk material is fewer. As a
consequence, the temperature rises locally, and thus promotes melting and vaporization.
The low discharge duration ton does not only result in a low MRR but also in an inversion of the
polarity during the EDM process. When long a pulse duration ton is set up, the tool electrode is
commonly chosen to act as an anode. This effect is because the heavier and positive charged
ions have sufficient time to collide at the cathode side. In contrast, when the pulse duration ton
is low in the case of micro-EDM, the polarity is inverted. The discharge is terminated before
the ions collide. However, the lighter and negatively charged electrons have sufficient time to
collide with the anode. Therefore, in micro-EDM, the tool electrode is designated as the cathode.
As low discharge energy W e in case of micro-EDM is required, the current ie and the pulse
duration ton have to be minimized. Therefore, the micro-EDM process imposes high demands
on the generator type and servo control of the machine. According to Klocke and König [92] in
EDM two types of pulse generators are applied. The relaxation-capacitance (RC) pulse generator is commonly used in micro-EDM, whereas the transistor-pulse generator is applied in
conventional EDM. Han et al. [66] compare both generator types. The RC pulse generator
provides low discharge energy W e by minimizing the capacitance in the circuit. However, the
MRR is poor, as the discharge frequency fd is low. This is due to the relatively high charging
duration of the capacitor after each discharge. Also, the discharge energy We tends to vary. In
contrast, the transistor pulse generator is commonly used in conventional EDM, as it allows a
high MRR. This is due to the absence of capacitors, which have to be charged. Furthermore,
a major and important advantage is the fact that the pulse can be shaped. To implement the
advantages of the transistor pulse generator to micro-machining, Masuzawa and Fujino [118],
Nakazawa et al. [122] and Hara et al. [69] applied a modified transistor generator for microEDM applications. This is realized by switching on the transistor periodically. However, the
electrical breakdown cannot be guaranteed whenever open voltage is applied, as the discharge delay time td can be longer for certain conditions than the pulse duration ton. This results
in low MRR and poor surface quality. To overcome this issue, the iso-duration discharge current pulse (isopulse) for the transistor pulse generator is introduced, which was successfully
applied by Wachi et al. [170] and Hara [68]. Han et al. [66] integrate the transistor isopulse
generator with an improved servo feed control system, which allows the reduction of the pulse
duration to ton = 30 ns. Besides the implementation of modified pulse generator types, also
high requirements are placed on the feed control. As in micro-EDM low discharge energy W e
is used and thus the gap width can be smaller than G < 5 µm. These extreme conditions can
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cause discharge anomalies, such as short circuits, discharge arc formation, and insufficient
flushing. Therefore, Masuzawa [117], Koch et al. [95] and Han et al. [66] recommend the adaption of a servo feed control.

2.3.3 Applications
Figure 2-10 presents an overview of micro-die sunken-structures. Maradia et al. [115] introduce a spark location adaptive process control in meso-micro-EDM. It is shown in Figure 2-10
a) that by suppressing defective and lateral discharges a near-zero wear during roughing is
achievable. This allows the use of only two electrodes for roughing and finishing.
a)

b)

5 mm

c)

d)

100 µm

100 µm

e)

Figure 2-10 Micro die-sinking EDM applications; a) cavity with macro- to micro-scale features described by Maradia et al. [115]; b) complex micro-freeform part, described by Hollenstein [75]; c) perforations of stainless steel, described by Takahata and Gianchandani
[148]; d) graphite honeycomb structure, described by Takahata and Gianchandani [148]; e)
dental disposable mold, described by Uhlmann et al. [159].
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Hollenstein [75] discusses the challenges of preparing electrodes and their subsequent use in
the micro-EDM operation. Therefore, in Figure 2-10 b) the application of a micro-gripper is
shown, which consists of multiple free-form surfaces. Takahata and Gianchandani [148] machine multi-array batch electrodes by LIGA. These allow the erosion of 400 cavities in a single
operation. A single RC pulse generator is used for experimentation. Figure 2-10 c) presents
the eroded cavities in a stainless steel plate having a thickness of 50 µm. Figure 2-10 d) displays the erosion of a honeycomb structure fabricated in a graphite plate having a thickness
of 125 µm. Uhlmann et al. [159] present a process development and optimization in the microdie-sinking EDM of micro-molds for dental applications. It is pointed out that flushing reduces
form errors, as debris is transported out of the machining zone. Also, a higher MRR is evidenced. Furthermore, a polishing strategy using relaxations discharges is introduced, leading
to a minimization of wear and reduction of roughness on the work piece. Figure 2-10 e) shows
the final mold having micro-features when applying the optimized micro-EDM strategy.
However, the literature provides no information on the number of electrodes required in order
to manufacture a shape in compliance with given tolerances. Also, no quality measurement
methods are described. Furthermore, no guidance exists for a proper electrode material
choice. A generic statement of the electrode material limitations is missing. Therefore, it is
difficult to predict precisely until which micro-structure dimension which material has to be
used. Concomitantly with the goal of the thesis, the possibilities of micro-die-sinking EDM are
extended. The focus here is placed on the application limits of Cu and WCu as electrode materials, detection of wear formation and achievable accuracy. Along with that, the feasibility of
reducing the electrode structures is evaluated.
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In literature, die-sinking EDM is often considered as an individual process, although a process
chain consisting of electrode design, electrode production, EDM, and cleaning is required. Especially in the field of micro-manufacturing, the demands on electrode quality and error propagation due to flawed electrodes are not mentioned. The higher the demands on the surface
and geometry of the work piece are, the less the isolated consideration of EDM is suitable.
Also, the same applies to the electrode manufacturing process. If fine and small structures are
needed, higher requirements are placed on the cutting tool and cutting process. The dissertation aims to analyze and develop an optimized process chain for the production of complex
micro-structures on hardened steel.
The steadily increasing demand for miniaturized components requires the further development
and optimization of manufacturing methods. Due to manufacturing limitations, the economical
fabrication of micro-structures on components is limited. An example is the electronic industry.
The manufacturing of minimized components (i. e. micro-connecting elements) is limited by
machining the smallest structures in the injection molds. The growing demand for passenger
cars spurs the demand for connectors in automotive electronic systems. However, these are
needed in automotive and consumer electronics like cameras, smartphones, and computers,
which need to be ever more compact while improving functionality. Miniaturization of connectors is limited by the dimensions of the pins. The goal is to reduce pin dimensions while increasing the aspect ratio AR. Also, in order to increase the performance while decreasing connector
size, the density, and the number of pins have to grow. This can be realized by a reduction of
the pitch distance between the features. It is estimated that the height of the pins and the pitch
distance to each other are situated on the micrometer scale. Furthermore, a trend of miniaturization can be observed in the Biosystems industry. A wide field is the use of Lab-on-a-Chip
and Organ-on-a-chip, which are used to perform micro-mixing of liquids or to grow and evaluate bacteria cultures and body cells. Nowadays, the manufacturing of these chips is conducted
manually as the use of micro-injection molding is not feasible. Also, the process is limited to a
small variety of plastic materials.
To shift the current boundaries and limitations in micro-machining, the organization of the thesis and the research objectives is categorized as follows:
1. Micro-Milling
The micro-milling of complex 2.5-D and 3-D micro-structures on electrodes using conventional and individually manufactured micro-tools is not extensively described. However, no sufficient information can be found regarding tool wear, component quality,
and economy. In order to enhance the efficiency and quality of the process, tool wear
and burr formation should be reduced, and the form accuracy increased. Milling strategies must be developed, such as burr-free tool path trajectory planning or the intelligent combination of tools with different diameters during machining. An increase of the
aspect ratios AR of the micro-tools and thus of the micro-structure in the electrode are
machined. This enables the manufacturing of final parts having features, which cannot
be considered as industrially applicable nowadays. Therefore, before the planning of a
process chain, the desired final geometry must be clarified. Based on this, a proper
selection of milling tools, milling strategies, electrode material, and so on can be made.
Furthermore, it is not comprehensively described how burrs are formed. The mechanisms involved in burr-formation are not explained. Therefore, experimentation with
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varying process parameters, conditions, and tools are necessary to analyze burr-formations for ductile and brittle materials in micro-milling. The micro-structures presented
in the literature are often of poor quality and no possible improvements are suggested.
Besides optimizing process parameters and conditions, the tool path trajectory can be
designed so that burrs are avoided and form accuracy of the structure enhanced. The
influence of tool-run out is discussed by many researchers; however, only as a part of
basic micro-milling experiments. The impact of tool-run out to a resultant structure has
to be investigated.
Micro-milling tool manufacturing methods are nowadays limited to grinding. As grinding
allows the production of high-quality tools, automatization, and high process stability,
this process is widely used by the tool manufacturers. However, disadvantages can be
found, which the tool manufacturers desire to avoid. These include the high consumption of machining oil, the influence of wear of grinding wheels, and high scrap rates for
micro-tools. The most pressing issue is still the need to offer tools having a high length
to diameter ratio and the flexibility in tool geometry design. In literature, alternative tool
manufacturing processes are described, such as FIB, micro-WEDM, and laser ablation.
The use of WEDM has to be excluded due to the limitation in flexibility and wire diameters. The FIB process is merely applicable in a vacuum chamber and only allows the
shaping of 2.5-D structures. Only the laser-ablation process depicts an economical alternative to grinding, as the requirements to the environmental conditions are low. The
laser beam ablates material in a defined spot, which significantly boosts the flexibility.
As the laser beam ablates material force-free, tools having an extreme aspect ratio AR
are feasible to machine, which is not possible by grinding. The ultra-short pulse laser
process is an often described variant in laser ablation, which avoids thermal damage
on the work piece. Therefore, it is an excellent choice for micro-machining. Due to the
complex 3-D geometry of a tool, a CAM-system in necessary for tool-machining using
laser ablation.
2. Mold manufacturing
The generation of micro-structures on a component by a micro-die-sinking EDM process should be performed efficiently. This includes minimizing electrode wear and thus
reducing the number of electrodes needed for eroding a cavity. Due to the small working gap width in micro-die-sinking EDM, adapted flushing movements should effectively
remove debris from the processing zone. This leads to increased achievable surface
quality, reduction of short circuits provoked by particles, and improved process effectiveness. The reproduction of an electrode geometry on the work piece in micrometer
scale and the impact of wear formation is not sufficiently described in the literature and
thus is discussed in this work. For example, there are no facts available in which extend
the outer radius of the electrode corner defines the inner radius of the sunken shape.
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3. Replication by means of micro-injection molding
Lithography-based micro-manufacturing, such as photolithography, chemical etching,
and LIGA, can be used to fabricate structures in small dimensions. However, this process is strongly restricted to generate 2.5-D shapes and a small variety of work piece
materials. To guarantee an economic and high-quality mass production, injection molding has to be applied. In order to ultimately be able to provide a competitive product,
the achievable precision of injection molds, including the replication ability of microstructures, must be increased further. The basis for this is described by EDM processes
that can be controlled with high resolution and the electrode as an eroding tool, which
in turn can be produced by different selected manufacturing processes.
The realization, limitations, and restrictions when deriving a process chain are not well explained yet. No sufficient guidance currently exists on how to reliably obtain an excellent process chain. The interactions of the processes, error propagation from one process step to the
subsequent and the requirements which are placed to each step are not investigated. Additionally, the manufacturing takes place in the micro-scale, which differs from the macro-machining. Since electrodes are used as tools for die-sinking EDM, these must exhibit features
of the desired end product. These features are individually manufactured for implementation.
Micro-milling with micro-tools is used as a manufacturing option for the electrodes.
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4.1.1 Machine Setup
The micro-milling experiments are conducted with a 5-axis-machining 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 MACHSWISS provides a rotation speed of
nmax = 200.000 rpm. Due to the high rotation speed, the spindle is designed with an air bearing
and cooled with liquid coolant to maintain a constant temperature and reduce expansion. It is
capable of clamping tools with a tool shank of Ø = 3 mm. Lubricant can be supplied additionally
to the working zone if needed. The lubricant is pumped through a nozzle system with three
outlets oriented towards the tooltip. BLASER Blasogrind HC 5 is used as a lubricant and is
based on synthetic oil, with a viscosity ν = 5 mm2/s at a temperature T = 40 °C and a density ρ = 0.85 g/cm3 at a temperature T = 20 °C. Tool diameter and cantilever length are detected by a BLUM laser micrometer bridge. The radial measurement uncertainty of the bridge
is 0.2 µm and the measurement uncertainty in length is 0.3 µm.

a)

b)

c)

Figure 4-1 Machining equipment; a) 5-axis-machining center Mikron HSM 400U; b) ALICONA
INFINITEFOCUS microscope for tool measurement; c) Cu specimen.

4.1.2 Force Measurement and Evaluation
The employed force dynamometer is a unique design by IWF, ETH ZÜRICH, which contains
two force sensors of the type 9017B, from KISTLER in Switzerland. The work piece is clamped
in the dynamometer in such a way, that the edges maintain linearity with the machine axes, as
shown in Figure 4-2 a). It is capable of acquiring forces below 1 N with a sensitivity of
S = 12 pC/N for X-direction and S = 26 pC/N for Y- and Z-direction. The first eigenfrequency
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value of the measuring device is 15.8 kHz and thus lies far enough above the tooth engagement frequency ftooth = n / 60 s ∙ z = 6.67 kHz using z = 2 and n = 200.000 rpm.
Due to the high spindle speed n, the sampling frequency is set to f = 40 kHz, which allows the
force acquisition per tooth. In Figure 4-2 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 (4-1). Additionally, the forces in the Z-direction are
acquired.
(4-1)

𝐹𝑎 = √𝐹𝑥2 + 𝐹𝑦2

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 Figure 4-2 c). It is shown that the force Fa loads one tooth as a result
of the combination of Fx and Fy. The force Fx in the feed direction adapts to the highest values.
The normal force in the Z-direction Fz adopts the lowest values. The force values depend on
the engagement angle φ. When the tooth engages material, the forces rise from zero to a
maximum peak value and subsequently fall to zero when exiting the material, as seen in Figure
4-2 d).

a)

c)
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Figure 4-2 Process forces in circumferential milling; a) clamping situation of the work piece
in force dynamometer; b) tool-work piece engagement; c) forces in X-, Y- and Z-direction; d)
forces Fx, Fy, and Fz per tooth.

4.1.3 Tools
The experiments are carried out using cemented carbide micro-end-milling tools of the type
Dixi 7240 from DIXI POLYTOOLS in Switzerland. The tools have a diameter Ø = 200 µm, a cutting edge length lc = 200 µm and are manufactured by grinding. The tools exhibit a positive
rake angle γ and a positive chip flute angle λCF. Figure 4-3 a) presents a rotatory 3-D-scan
using an ALICONA INFINITEFOCUS microscope of the tool with 200x and 1000x magnification.
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a)

b)

rc = 3 µm

Figure 4-3 3D scan of Dixi 7240 micro-tool; a) 200x magnification 3-D rotatory of the tool;
b) 1000x magnification of cutting edge.
A precise determination of the cutting edge radius rc is a crucial factor when performing micromilling 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. Figure 4-3 b)
presents the cutting edge geometry with 1000x magnification. The measurements are performed along the cutting edge on 3 positions with a distance of 0, 50, and100 µm from the tool
face. In each position, an area of ±10 µm is analyzed by 50 profiles. Figure 4-4 presents the
deviation of the cutting edge radii. The cutting edge radius rc is 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 mechanics in the grinding process of the tools.
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Figure 4-4 Distribution of the cutting edge radius rc.

4.1.4 Material
The micro-milling experiments are conducted using pure copper (Cu) and tungsten reinforced
copper (WCu). Both materials are commonly applied in die-sinking electric discharge machining (EDM) and thus need to be shaped by micro-milling. Consequently, high requirements are
placed on both materials, such as machinability, electrical and thermal conductivity, and wear
behavior in the EDM process. The components of the materials are listed in Table 4-1.
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Table 4-1 Alloy components of Cu and WCu.
mass percentage in % for Cu
Cu
Bi
min 99.9
max. 0.0005
mass percentage in % for WCu
Cu
W
min 24.9
75

O
max. 0.04

Pb
max. 0.005

and accompanying elements

Essential mechanical properties for both materials are given in Table 4-2, 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), homogeneous
material and its machinability is classified as moderate to severe. 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 4-2 Mechanical and physical properties of Cu and WCu at 20 °C [43], [153], [39].
Cu
WCu
Designation
Cu-ETP (Electrolytic Tough-Pitch)
WCu Sparkal-X A25NiF
Density ρ
8.93 g/cm3
14.5 g/cm3
Melting Point θM
1083 °C
W: 3420 °C
-6
-1
Linear expansion αexp
16.8 10 ∙K
9.7 10-6 ∙K-1
El. conductivity σcon
Specific heat cheat
Heat conductivity λheat
Specific resistance Ρres
Elastic modulus E
Tensile strength Rm
Hardness HV N/mm2
Diameter Grain d

4.2

55.5 m/(Ω∙mm2 )
0.386 J/(g∙K)
394 W/(m∙K)
0.018 (Ω∙mm2)/m
110 MPa
290 MPa
70
20 µm

21 m/(Ω∙mm2 )
0.211 J/(g∙K)
140 W/(m∙K)
0.047 (Ω∙mm2 )/m
225 MPa
440 MPa
190
20…25 µm

Laser Machining

4.2.1 Machine Setup
An AMPHOS 200 laser is used for tool manufacturing, and the laser setup is shown in Figure
4-5 a), as shown by Büttner et al. [28]. This solid-state laser system generates wavelengths of
λ1 = 1030 nm and λ2 = 515 nm. The pulse duration ranges from τP = 1 ps to τP = 10 ps at an
average power of Pmax = 200 W for λ1 and 150 W for λ2. The pulse frequency fp ranges from
1 kHz up to 400 MHz. Retardation plates installed in the laser beam path ensure a circular
polarization. A variable beam expander is used to adjust the beam diameter ω0. The laser
beam is guided into an INTELLISCAN 14 scan head, which deflects the beam along with the Uand V- axis with a speed of up to v = 2000 mm/s in the working plane. The laser beam is
focused to a spot diameter of ω0 < 10 µm using F-Theta lenses with a focal length of 65 mm.
The work piece is positioned via the mechanical X- and Y-axis while the linear Z-axis places
the scanner and thus the focal plane. As shown in Figure 4-5 b), the tool blank is clamped in
the rotational A-axis, of the type APR150 from AEROTECH. A RENISHAW NC4 laser probe and
a Dino-Lite Edge microscope camera are applied to analyze the tool blank during the process.
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The tool blanks are ground and have a diameter Ø = 2.5 mm at the cutting region. Tangential
laser ablation allows the subsequent reduction of the tool blank diameter below Ø < 200 µm.
b)

a)

Figure 4-5 Laser setup; a) laser beam guidance; b) machining space.

4.2.2 Tool Blank Material
The tool blanks are made from fine-grained cemented carbide. According to García et al. [60],
cemented carbide is a powder metallurgical composite material consisting of one or more hard
material phases (e.g. cemented carbide) and a binder metal (e.g. cobalt). The material is characterized by extreme hardness, high wear resistance and heat resistance and is used in various areas where high wear resistance is required. Important parameters for optimizing the
properties with regard to the application are the proportion of cobalt and the grain size of the
hard material phase. The cemented carbide grains have an average size of less than 0.2 μm
up to several micrometers.

4.3

Die-sinking EDM

4.3.1 Machine Setup
The micro die-sinking experiments are conducted with a machine from GFMS, type Form
S350, which is suitable for micro-EDM applications. Due to the high mechanical precision of
50 nm, thermal control and low discharge energy, a gap size width < 10 µm is achievable.
Furthermore, this also allows the use of electrodes with features < 50 µm. The generator technology enables a reduction of the electrode wear, as a reopening of the discharge spark is
suppressed. A high adaptive flushing rate, introduced by the movement of the z-axis, allows
the efficient removal of debris in the working zone having large aspect ratio cavities.

4.3.2 Work Piece Material
The work piece used for the experiments is a hot work tool steel from BÖHLER, type W300.
This material has a high toughness, very good hot strength properties and a particularly good
ability for air hardening. The material is also well suited for water-cooled applications. One
main application of W300 are highly stressed hot work tools, primarily for the use as plastic
molds. The properties as listened in Table 4-3.
Table 4-3 Properties of W300 at 20°C [24].
Density ρ
Specific heat cheat
Elastic modulus E
Linear expansion αexp @ 100°C
Heat conductivity λheat @ 100°C

7.8 g/cm3
0.46 J/(g∙K)
215 MPa
11.5 10-6 ∙K-1
26 W/(m∙K)
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The chemical components of W300 are shown in Table 4-4.
Table 4-4 components of W300 [24].
C
Si
Mn
0.38
1.10
0.40

4.4

Cr
5.00

Mo
1.30

Y
0.40

Injection Molding

4.4.1 Machine Setup
The injection molding tests were carried out on a BATTENFELD Smart Power 60/210 Unilog B6,
see Figure 4-6 a). The injection molding machine has a plasticizing unit with a screw diameter
of 25 mm and a clamping force of 60 tons. This machine is also suitable for the special injection-compression molding process, which is why the machine was used for experimentation.
a)

b)

Figure 4-6 Machine setup; a) Injection Molding Machine of the type Smart Power 60/210
Unilog B6 from BATTENFELD [16]; b) Switching Unit Vario-5 with temperature control devices [15].
Various temperature control units were used for the temperature control of the injection mold.
A Vario-5 changeover unit from HB-THERM was used for the variothermally tempered area of
the mold, as shown in Figure 4-6 b). This switching unit, together with two temperature control
units, forms a variothermal system based on the fluid-fluid process and alternately connects
the hot and cold units to the same temperature control circuit in the injection mold. An HBTHERM Thermo-5 HB-180Z3 was used as the hot unit and an HB-THERM Thermo-5 HB-140Z3
as the cold unit. The remaining temperature control circuits of the injection mold (isothermal,
frame and base plates) were tempered with a W ITTMANN TEMPRO plus D 2 160°C temperature
control unit.

4.4.2 Injection Molding Tool
In injection molding, the hot plastic melt is injected into a cool mold. In the injection phase, the
melt hits the cool mold surface during injection. The mold must be cool so that the heat can
flow out of the melt, the component cools down and thus becomes dimensionally stable. The
mold temperature depends not only on the material, but also on the requirements for component quality and cycle time. Higher temperatures increase component quality, and the highest
possible mold temperature is also recommended for molding microstructures, although this
has a negative effect on cycle time. For this reason, variothermic or dynamic temperature control of the injection mold is used in such cases. In this way, the mold wall temperature is as
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high as possible during injection and at the beginning of the holding pressure phase, and then
the mold temperature is lowered so that the molded part can be demolded. Various methods
are used for variothermal mold temperature control to heat the mold surface. The water-water
process was used for the tests. Here, hot and cold water flows alternately through the temperature control channels in the mold, controlled by the machine cycle. To prevent the entire mold
from being heated and cooled, the areas close to the cavity are designed with separate temperature control channels. The temperatures are set on the two temperature control units. In
addition, there is a temperature sensor in the mold, which means that the switchover or start
for injection can also be made dependent on the mold temperature in order to increase process
reliability.
A 2-cavity test mold for injection molding was used in the experiments. The mold was designed
in such a way that different component geometries can be molded, therefore different inserts
with micro-structures can be installed and replicated. The mold was also designed with plunge
edges, so that an injection compression molding process is also possible. The molded part is
injected with a hot runner valve gate nozzle via a film gate. In addition to two isothermal temperature control circuits, the mold has a third, thermally insulated circuit which can be variothermally temperature controlled and can heat up and cool down the zone of the micro-structures close to the contour. A pressure/temperature sensor is installed in each mold to monitor
the process. It is important that the dynamically tempered mold inserts in particular are designed to withstand the temperature changes.
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All micro-milling experiments are carried out using a work piece with a size of 14.7 x
14.7 x 5 mm, which are clamped in a dynamometer. A previous face milling operation using
an end mill with a diameter of 1 mm is conducted to guarantee planarity. Subsequently, steps
are machined with a cylindrical micro-end-mill with a diameter of 200 µm, as seen in Figure
5-1. 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 work piece has up to 20 steps,
which results in a maximal cutting volume of Vw,max ≈ 15 mm3 when using a width of
cut ae = 30 µm and depth of cut ap = 30 µm. In Figure 5-1 a) the arrangement of the steps is
shown in front view, where the hatched areas are removed. The first stair can hold up to n =
10 steps. To increase the cutting volume, the number of steps can be increased up to 20 within
a second stair. All steps have a height equal to the depth of cut ap. A representative work piece
of Cu is shown in Figure 5-1 b). To maintain high accuracy and planarity, each step is milled
with a constant Z-position of the tool and thus only the X- and Y-axis are moving. All experiments are performed in up-milling, as suggested by Hartnett et al. [71]. Previous experiments
reveal a significantly larger burr formation in down-milling.
a)

11

b)

12
...
...

20

5 mm

n=1
n+1
...
ap
...
10

14.7 mm
Steps 11 ...20

14.7 mm

Steps 1 ...10

Figure 5-1 Procedure of milling steps; a) schematic arrangement of steps, b) representative
Cu work piece.

5.2

Influence of Parameters on Machining Performance

No sufficient guidance currently exists on how to reliably obtain excellent process results while
machining WCu material, whereas tool manufacturers give general instructions on machining
Cu. 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
𝑄 = 𝐴𝑐 ∙ 𝑣𝑓 = 𝑎𝑒 ∙ 𝑎𝑝 ∙ 𝑣𝑓 with 𝑣𝑓 = 𝑛 ∙ 𝑓𝑡 ∙ 𝑧

(5-1)

where Ac denotes the cutting cross-sectional area, vf is the feed rate, n is the spindle speed
and z is the number of teeth. In order to machine micro-structures in the micrometer range
using micro-tools, the process forces must be as low as possible to avoid the 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 repetitions of each
parameter combination are made in WCu work pieces, see Table 5-1. To determine linearity,
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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 as the cutting
edge radius rc = 3 µm. The upper cutting speed vc = 125 m/min is limited by the maximum
spindle speed nmax = 200.000 rpm. Previous parametric screening experiments revealed that
tool breakage often happens when using width ae or depth ap of cut above 80 µm.
Table 5-1 Cutting parameters for basic research of micro-milling WCu.
Parameter
1st level
center point
cutting speed vc [m/min]
60
92.5
feed per tooth ft [µm]
3
6.5
width of cut ae [µm]
30
55
depth of cut ap [µm]
30
55

2nd level
125
10
80
80

active Force Fa

To determine the process forces from each experiment and compare them with each other,
the initial force Fa,init is found after a removed volume Vw. In Figure 5-2, the process forces Fa
are shown and marked as black dots depended on the removed volume Vw. Also, the standard
deviation of each force is represented by grey bars. Over a volume Vw = 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-square fit through the force values for Fa reaching from Vw = 0 to
3.5 mm3 is drawn, as described by Figure 5-2. 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 volume Vw is observed,
as seen in Figure 5-2 and in Figure 5-5 c).

linear least-square fit

removed Volume VW [mm3]

Figure 5-2 Process force determination of a micro-milling experiment; linear least-square fit
through the force values for Fa reaching from Vw = 0…3.5 mm3 in red having an intersection
point with the force Fa axis.
The experimentation shows a strong significance between the initial force Fa,init, and 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 Figure 5-3 a). The ANOVA test
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a)

vc [m/min]

ft [µm]

ae [µm]

ap [µm]

0.30

initial force Fa,init [N]

0.27
0.24
0.21
0.18
0.15
60 92.5 125 3 6.5 10 30 55 80 30 55 80

removed volume Vw,max [mm3]

proved the statistical significance of each parameter setup. To verify the behavior for micromilling Cu, random testing is conducted and the results are compared to WCu.
b) vc [m/min]
16.5

ft [µm]

ae [µm]

ap [µm]

15.0
13.5
12.0

10.5
9.0

60 92.5 125 3 6.5 10 30 55 80 30 55 80

Figure 5-3 Main Influence Diagram regarding a) initial force Fa,init and b) removed Volume Vw
for micro-milling WCu.
The behavior of the process parameters follows a different trend when observing the durability
of the tools, as seen in Figure 5-3 b). Analyzing the maximal achievable removed volume Vw,max, the cutting speed vc exhibits a significant major influence on the lifetime of both
materials. Although the speed has no significant influence on the forces, the wear increases
with increased speed vc, as confirmed by the guideline for copper machining [44]. By increasing the speed vc, a rapid rise of wear can be detected. The depth of cut ap reveals a linear
influence on the removed 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 5-2 presents an overview of the achieved MRR and attained removed material Vw before tool breakage. It is observed that for micro-milling WCu with a cutting
speed vc = 60 m/min and MRR of Q = 4.5 mm3/min, the average cutting volume is
Vw = 20 mm3. By increasing the MRR to Q = 12 mm3/min, while maintaining the cutting
speed vc = 60 m/min, the average attained volume of removed material sinks about 20 % before tool failure occurs at Vw = 16 mm3. It is confirmed that the cutting speed vc has a major
impact on the average tool life: by increasing the vc = 60 m/min to vc = 125 m/min, the average
attained removed material before tool failure drops to Vw = 7 mm3 for an MRR of
Q = 4.5 mm3/min and to Vw = 2 mm3 for an MRR of Q = 12 mm3/min. This corresponds to onethird (33 %) and one-eighth (12.5 %) of its respective original values. When machining Cu
applying an MRR of Q = 4.5 mm3/min and cutting speed vc = 60 m/min, the volume of removed
material before tool breakage is Vw = 40 mm3. If the MRR is increased to Q = 12 mm3/min, the
reachable volume of material drops to Vw = 33 mm3. This coincides with a drop of 20 % of its
original value. It is observed for Cu that if the MRR is kept constant at Q = 4.5 mm3/min, and
the cutting speed vc is increased to vc = 125 m/min, the attained average volume of removed
material drops from Vw = 40 mm3 to Vw = 13 mm3. Using lubricant significantly increases the
tool life, and thus the attained removed volume Vw. When machining WCu in wet condition
while applying an MRR of Q = 4.5 mm3/min and a cutting speed vc = 125 m/min, the attained
removed material increases from Vw = 7 mm3 to Vw = 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 conditions.
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Table 5-2 Cutting speed, material removal rate and average material removed before tool failure for WCu and Cu.
Use of lubricant
Material
vc [m/min]
Q [mm3/min]
Vw [mm3]
No
WCu
60
4.5
20
No
WCu
60
12
16
No
WCu
125
4.5
7
No
WCu
125
12
2
No
Cu
60
4.5
40
No
Cu
60
12
33
No
Cu
125
4.5
13
Yes
WCu
125
4.5
12.5
no tool breakYes
Cu
125
4.5
age
Besides resultant force reduction in wet conditions, the chip evacuation is enhanced due to the
decrease of friction and temperature in the cutting area. Hence, chip clogging leading to tool
breakage is avoided, and the formation of build-up edges is reduced. For each case in the wet
condition, the reproducibility is improved. A stable process is guaranteed when selecting width
and depth of ae = ap = 30 µm for both materials. Therefore, these parameters are chosen as a
base for further force analysis.

5.3

Process Forces and Specific Cutting Energy

To identify the transition between ploughing and chip formation, the feed per tooth range is
increased to ft = 1 to 15 µm, as seen in Figure 5-4 a) – d). Width and depth of cut
ae = ap = 30 µm are selected, as these values offer the best trade-off between tool life and
machining time. For both conditions in wet and dry milling, the force progression reveals an
abrupt change at a mean uncut chip thickness hm = 1.2 µm, respectively if the feed per tooth ft
is set equal to the cutting edge radius rc = 3 µm, as seen in Figure 5-4 a). It is expected that
the force continuously decreases as the uncut chip thickness decreases. However, when
choosing a feed per tooth ft << rc, the ploughing and rubbing state is reached (Zone I) which
leads to higher friction and to strain hardening effects. Therefore, the process forces and consequently the tool wear increases. When setting ft >> rc (Zone II), the mechanics of material
removal are tantamount to those in conventional milling where the forces arise at a higher
uncut chip thickness. 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 a 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 (2-2) a feed per
tooth ft = 3 µm and respectively an uncut chip thickness hm = 1.2 µm, results in an effective
rake angle γeff = -50° and remains negative until a feed per tooth ft = 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 d = 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. [151], reduced repeatability of results in the ploughing state is to be expected.
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Figure 5-4 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.
The repetition of the experiments using lubricant as flushing with vc = 60 m/min and
vc = 125 m/min, ft = 1 to 15 µm and ae = ap = 30 µm are shown in Figure 5-4 b). The frequency
range of the noise introduced by the lubricant is f lubricant = 1 to 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 = 20 Hz is applied to the force signals. The characteristic development of the
force Fa,init remains with an equal threshold at f t = rc. Due to enhanced chip evacuation and
reduced friction in wet milling, which results in stable tool conditions, the repeatability is greatly
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improved. For both materials, a reduction of deviations by 50 % is achieved. Applying lubricant
leads to a consistent decrease of the force Fa,init up to 60 % for machining WCu and up to 20 %
for machining Cu. Figure 5-4 c) 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 crosssection A, where A is calculated in (5-2) and re denotes the tool corner radius.
𝐴 = 𝑓𝑡 [𝑎𝑝 +

𝜋
𝜋
𝑓𝑡 − (1 − ) 𝑟𝑒 ]
16
4

(5-2)

According to Oliveira et al. [41] and Kang et al. [85] the development of the cutting energy kc
can be approximated by a power function. An exemplary power function fit of the form k c =
k1 ∙ f −k2 through the cutting energy kc of milling Cu at a speed vc = 125 m/min is shown in Figure 5-4 c) and d). As shown, it rises progressively below the threshold at ft = rc. The power
function fit can be applied to all experimentation, leading to a coefficient of determination R2 = 0.8687 to 0.9314. In accordance with Filitz et al. [54], an increase in cutting energy kc
and high standard deviations are expected when milling copper at a low feed per tooth ft. In
zone I, the energy kc adopts for WCu values up to kc = 31 GPa and for Cu up to kc = 7 GPa in
dry condition. The energy falls below kc = 1 GPa at increasing feed per tooth ft for both materials. In Figure 5-4 e) and (5-2) 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 = 1.2 µm. This can then be attributed as the minimum uncut chip thickness hmin. Hence, the normalized uncut chip thickness λn = 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.

5.4

Wear Formation

For wear analysis, the resultant steps on the work piece are observed by optical microscopy.
Figure 5-5 a) shows the top view and cross-section of the first 10 steps of a WCu work piece
as a universal example. It has been machined using vc = 60 m/min, fz = 10 µm, ae = 40 µm,
and ap = 40 µm in dry condition. Having favorable tool conditions, such as low wear and absence of tool chipping, steps with demanded geometry and high accuracy are feasible to machine. This test piece reveals information about the tool condition, i. e. progression of the wear,
tool corner radius re change, tool chipping, and tool breakage. 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. However,
as the process continues, the tool wear becomes more prominent.
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Figure 5-5 Identification of tool failure, a) flawless step milling (step 1 to 10), b) defect steps
due to tool failure (step 11 to 20), c) process forces, d) abrasive wear on the cutting edge,
e) tool chipping, f) abrasive wear and tool chipping on the face side.
As shown in Figure 5-5 b), tool damage occurs in step 12, as its height is far below the depth
of cut ap. Tool chipping leads to a mark, as seen in the top view of step 13. The top view of
step 12 already leads to assuming that the surface quality is poor. However, with continuing
machining progress, the tool still engages and removes material in an undefined manner. Geometrically 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 Figure 5-5 c). This phenomenon evidence of the tool failure and is confirmed by each
test. In Figure 5-5 d) abrasive tool wear on a cutting edge is presented. In Figure 5-5 e) tool
chipping is displayed, leading to improper milling results. In Figure 5-5 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. [150] further describe 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 conditions. Whereas lubricant acts as a flushing medium and improving chip
evacuation. In the case of micro-tools, this effect is not observable due to the 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 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 Figure 5-5 b). However, it is evident that the process becomes highly unstable, resulting in poor accuracy, excessive burr formation, 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 signal as well as in non-uniform wear of the flank faces of both edges,
as shown in Figure 5-6 a). The images are recorded with 1000x magnification using a microscope of the type VHX 5000 from KEYENCE. The presented tool has removed a total volume Vw = 18.3 mm3 in WCu in dry condition.
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Figure 5-6 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.
The dynamic force signal in Y-direction confirms that due to tool run-out, edge 2 was barely
engaged in the material removal process since the force difference to edge 1 adopts a value
of Fx = 0.075 N for Vw = 0.1 mm3. If the tool run-out is greater than the width of cut ae, one
cutting edge does not engage the work piece material. However, the realistic width of cut ae of
the other cutting edge is greater than the set up width of cut ae. Under these conditions, the
tool is loaded one-sided which results in high tool deflection and may lead to tool breaking. For
Vw = 18.3 mm3 the difference increases by 33 % to 1 N. Due to wear mechanism, the force
signal increases from Fx = 0.78 N at Vw = 0.1 mm3 to Fx = 2.03 N at Vw = 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.
Because edge 2 does not contribute significantly to material removal, wear formation is negligible as the force signal shows a single symmetric peak. The duration for one rotation, respec-
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tively the peak-to-peak time from edge 1 to edge 1, is TPP = 60 s / 200.000 rpm = 0.3 µs. Figure 5-6 b) presents a tool used for machining Cu in dry conditions. 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 Figure 5-6 b) can be applied for Figure 5-6 c): no tool breakage is detected
and wear is evenly distributed between the secondary cutting edges. However, by using a
lubricant on the milling experiment, the wear on the primary and secondary cutting edges is
severely diminished in comparison to experiments without lubricant.

5.5

Burr Formation

Burr formation in micro-milling has a severe detrimental implication to the product's 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 work piece
materials, flushing conditions, tool geometry, tool material, and so on), although not ad libitum.
Material properties have a main impact factor on the burr formation.
In Figure 5-7 to Figure 5-10 the burr formation corresponding to steps 17 (Vw = 14.15 mm3),
18 (Vw = 14.28 mm3) and 19 (Vw = 14.42 mm3) are shown and compared. A visual comparison
between Figure 5-7 and Figure 5-8 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-milling WCu corresponds to a width and depth of cut ae = ap = 30 μm, cutting
speed vc = 125 m/min and feed per tooth ft = 10 to 15 μm. For the cutting speed vc = 60 m/min,
a feed per tooth ft = 15 μm also presents satisfying results. No measurable burr formation is
achieved by three out of the ten possible configurations. While analyzing the first row of Figure
5-7, a trend is visible: the burr formation decreases with higher values for the feed per tooth ft.
For a cutting speed vc = 60 m/min merely with a feed per tooth ft = 15 μm, the burr formation
is small enough to be considered indiscernible. For a feed per tooth ft = 1 μm, however, the
burr formation is noticeable. The cutting speed vc exhibits no significant influence on burr formation in dry conditions. Analyzing Figure 5-8, 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 the greater part of the first: only at a feed ft = 1 μm and
speed vc = 60 m/min is the burr formation discernable. Strong bold lines dividing the steps are
visible. It is noted from the work piece 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.
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Figure 5-7 Burr evolution for different vc and ft in WCu without lubricant, having a tool with
rc = 3 µm.
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Figure 5-8 Burr evolution for different vc and ft in WCu with lubricant, having a tool with
rc = 3 µm.
Similar to WCu, lubricant has a positive influence on the finished milling quality of Cu as seen
in the comparison of Figure 5-9 and Figure 5-10. However, 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 increase in feed per tooth ft. In Figure
5-9, the burr formation is generally present. For cases with a cutting speed vc = 125 m/min,
only at feed ft = 10 and ft = 15 μm the burr formation is small enough to be considered indiscernible. On the other hand, most of the cases presented excessive burr. In Figure 5-10 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 between
ft = 3 to 5 μm.
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Figure 5-9 Burr evolution for different vc and ft in Cu without lubricant, having a tool with
rc = 3 µm.
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Figure 5-10 Burr evolution for different vc and ft in Cu with lubricant, having a tool with
rc = 3 µm.
Similar to WCu, lubricant has a positive influence on the finished milling quality of Cu as seen
in the comparison of Figure 5-9 and Figure 5-10. 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 increase in feed per tooth ft.
In Figure 5-9, the burr formation is generally present. For cases with a cutting
speed vc = 125 m/min, only at feed ft = 10 and ft = 15 μm the burr formation is small enough to
be considered indiscernible. On the other hand, most of the cases presented excessive burr.
In Figure 5-10 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 between ft = 3 to 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 a low feed per tooth ft,
the temperature rises due to excessive rubbing and high cutting forces Fa. As the temperature
rises, the material undergoes softening. This promotes the tendency of plastic deformation
rather than material shearing. At underrun of the normalized uncut chip thickness λn = 0.4 for
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feed ft ≤ 3 µm and a cutting edge radius rc = 3 µm, the 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 lubricant's cooling efficiency, a
reduction in temperature is achievable, which weakens the softening effect. Additionally, the
tool behaves in a state of low wear. The impact of the speed vc is insignificant due to the
annihilation of the thermal softening and strain hardening effects. Beier and Nothnagel [18]
and by Dornfeld and Ko [94] confirm the results. Ductile materials indicate a higher tendency
towards burr formation than brittle materials. Wo et al. [184] observe burr reduction when copper is machined at a lower feed per tooth ft. Aminimum burr size is observed on the up milling
side. Kim et al. [88] and Piquard et al. [129] describe burr reduction for brittle materials when
the feed per tooth ft is increased.
To further analyze and quantify the burr formation, a 3-D-scan is performed using an ALICONA
INFINITEFOCUS microscope. The size of the entrance and exit burr throughout the experiments
is found to be small or nonexistent and thus these burrs are neglected. The bottom side burr
is removed by subsequent milling passes of the following step. However, the formation and
dimensions of the Poisson burr, as shown in Figure 2-5 and highlighted in red, are in the scope
of the investigation. The average burr height HB and average burr width W B are measured
along the edge of the steps to investigate the relationship between cutting conditions and burr
formation quantitatively.
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Figure 5-11 Procedure of burr measurement; a) 3D optical imaging; b) reference plane fit;
c) filtering of topography; d) free cut of burr: projected burr surface area AB,prj, height HBurr,
and width of burr W Burr.
Figure 5-11 demonstrates the procedure of the burr measurement. As shown in Figure 5-11
a), the 3D-scan is arranged in such a way that the bottom of the machined step (I), a relatively
large surface of the pre-machined surface (II) and the burr formation (III) are in focus. Using a
MATLAB script, the burr structure can be separated for further analysis. A reference plane highlighted in red is introduced on the pre-machined surface (II) in order to distinguish the burr
structure and the pre-machined surface, as presented in Figure 5-11 b). This allows a color
coding of the measured z-values. Also, the reference plane defines the zero level and aligns
the machined surface in the X-Y-plane. Due to the small dimensions of the burr in the micrometer range, the surface topography needs to be considered. In Figure 5-11 c) the topography
is filtered and the adjusted reference plane is presented and highlighted in blue. The evaluation
of the burr dimension is feasible by separating the burr structure from the machined surface
using the adjusted reference plane, as shown in Figure 5-11 d). The maximum height (IV) and
width (V) of the burr formation per path are marked in the plot. Based on this, averaged values
and corresponding standard deviations of the burr width W B and burr height HB can be calculated.
Burr formation is highly sensitive to tool wear, thus the burr measurement is restricted from
step 1 to 4 for each work piece. This respectively results in material removal of Vw = 4.5 mm3
per work piece. In Figure 5-12 a) and b) the width WB and height HB of the burrs are shown for
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a cutting speed of vc = 60 m/min and vc = 125 m/min. For each case, the burr expands more
laterally than in the height direction. The ratio λB of the width of the burr W B to the height of the
burr HB is 1.95 ± 0.25.
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5-12 Burr formation in micro-milling Cu and WCu; a) width W B and Height HB of burr
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of Cu and the lubricant. Choosing improper machining parameters not only leads to larger burr
dimensions but also leads to higher standard deviations of the burr dimensions. The material
to be removed cannot be entirely cut and is rather plastically deformed. This results in discontinuous and partially extremely large burr size.
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Figure 5-13 Evaluation of the projected burr surface area AB,prj measured along 4 steps,
resulting in a total length of 60 mm and section top view images of the steps.

5.6

Roughness

In Figure 5-14 a), the influence of the machining parameters when machining Cu and WCu to
the roughness Ra is shown under lubricated conditions. The roughness Ra is measured using
a tactile measuring device from TAYLOR HOBSON according to DIN ISO 4287/88 along feed
direction of the tools. Measuring the roughness transverse to the feed direction of the tool
would result in higher values, due to the impact of the transition from one milling path to the
subsequent path. Due to the high reflectivity of the surfaces, optical measurement led to inaccurate results as the recorded image exhibited voids. Tactile measurements are performed on
each of the 20 steps per specimen in order to gather sufficient statistical data. The feed per
tooth ft reveals a major impact on the roughness Ra. As the feed ft increases, the roughness Ra increases when milling Cu and WCu. Due to the increase of process forces at a higher
feed per tooth ft, a larger deflection of the tool and a larger kinematic roughness Rkin have to
be assumed. No significant influence on the cutting speed vc is detected in either case. Due to
the inhomogeneity, WCu exhibits for each case a larger roughness Ra compared to Cu. Having a cutting speed vc = 125 m/min and a feed per tooth ft = 5 µm, the lubricant reduces the
roughness Ra by 40 % for WCu to Ra = 0.043 µm and by 27 % for Cu to Ra = 0.031 µm. The
tool condition exposes no significant influence on the roughness Ra. Throughout a total cutting
length lc = 16.170 mm in WCu and Cu, the roughness Ra remains in a deviation of ± 5 % for
Cu and ± 10 % for WCu. Thus, the tool wear has a minor impact. Figure 5-14 b) presents the
surface when micro-milling Cu. Due to the ductility, plastic deformation in the nanometer scale
is detected, as marked with (I). However, the homogeneity of Cu guarantees a low roughness Ra. In Figure 5-14 c) fewer plastic deformations at the surface are present and the two
phases of WCu are recognizable. The darker areas represent Cu, whereas the brighter areas
represent W. Due to the inhomogeneity, partial grain pull-out occurs, as marked with (II). The
ductile Cu is removed primarily during milling and the brittle W has greater resistance against
cutting, as marked with (III). Also, both elements exhibit a different modulus of elasticity. Consequently, the spring back effect behaves disparately. The influence of multi-phase on the
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surface structure in micro-cutting is explained by Simoneau et al. [143]. By machining the dualphase structured AISI 1045 steel, consisting of soft ferrite and hard pearlite grains, dimples
occur at the transition of the hard to the soft grain. However, no dimples occur at the transition
of the soft to the hard boundary. This can be explained by the cutting energy dissipation in the
region of the cutting edge. Harder grains do not absorb the energy, but rather the energy
evolves inside the softer, upcoming grain. The formation of dimples happens along the cutting
direction. It is shown that the softer grains deform in a lower magnitude than the harder grains.
In many cases, the harder grains get pulled out whereas the softer grains remain in the latter
and are being cut.
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roughness Ra: WCu and Cu for vc = 60 m/min and vc = 125 m/min
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Figure 5-14 Evaluation of the roughness Ra when micro-milling Cu and WCu; a) roughness Ra in relation to the feed per tooth ft and the cutting speed vc; b) plastic deformation in
nanoscale when micro-milling Cu, c) grain pull-out and spring back effect when micro-milling
WCu.

5.7

Conclusion

The challenges and limits of micro-milling WCu and Cu have been discussed by using a cemented carbide milling tool with a diameter Ø = 200 µm having a cutting edge radius rc = 3 µm.
The implemented spindle provides a maximal speed nmax = 200.000 rpm and thus realizes a
maximum cutting speed vc,max = 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 work piece and so on adapt comparable dimensions. 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 limit of
the uncut chip thickness to the onset of material removal above mere ploughing and rubbing
is detected.
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The limits and restrictions of micro-milling Cu and WCu are:
 The tool life for machining WCu and Cu is influenced by both the MRR and the cutting
speed vc. If the cutting speed for WCu is increased from vc = 60 m/min to vc = 125 m/min
at constant MRR, the achieved removed material volume Vw decreases significantly. The
same behavior is observed when machining Cu.
 The lubricant has positive impacts on the reproducibility and the tool life of both materials.
Although still subject to wear, the tool life for machining WCu almost doubled when using
Blasogrind HC5 as a lubricant. For Cu, this effect was even more pronounced: no tool
breaks or tool chipping were detected in milling Cu while using a lubricant.
 On the other hand, for both materials, the influence of the cutting speed vc to the force Fa
is negligibly low in the conventional milling state. However, an increase in the speed vc
leads to a reduction of tool lifetime due to wear. When milling in ploughing state, the influence of the cutting speed vc is significantly high due to wear progression. The depth of cut
ap has a linear influence, which leads to a proportional increase of the force Fa. The width
of cut ae exhibits the lowest impact on the force Fa.
 Due to size effects, an increase of the force Fa and the specific cutting energy kc is observed while reducing the feed per tooth down to ft = 1 µm. From this experimentation, the
transition of chip formation to mere ploughing is derived. The minimum uncut chip thickness for Cu and WCu is hmin = 1.2 µm. This suggests that the ratio of the cutting edge
radius rc to the minimum uncut chip thickness hmin must not drop below the value of normalized thickness λn = 0.4 for both materials.
 A closer analysis of the tools reveals that tool failure occurs due to the following different
mechanics of both materials: abrasion, breakage or tool chipping. However, no adhesion
wear is evidenced throughout the experiments. A correlation between wear evolution and
process forces can be derived: As the tool proceeds in wear formation, the force Fa rises
simultaneously. This phenomenon is highly pronounced when machining in dry condition.
If tool chipping occurs, the force Fa drops and the normal force Fz grows.
 The higher the feed per tooth ft, the lower the burr dimension for WCu becomes. Whereas
the burr formation for Cu behaves oppositely. The burr formation is considerably reduced
when applying lubrication. Due to its ductility, Cu tends to have larger burr formation than
WCu.
 A high dependency on material to the roughness Ra is found. Due to the homogeneity of
pure copper, a significantly lower roughness Ra is detected compared to the inhomogeneous tungsten reinforced copper.
 The tool run-out error can be visualized with force signals, according to Figure 5-6. It is
shown, that due to the run-out one side of the tool engages the work piece less than the
other side. In consequence, this affects the realistic width of cut ae during milling, which
impacts according to (2-7) the minimum uncut chip thickness hm. Therefore, at a higher
run-out of the tool, the chip thickness hm increases.
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Micro-Milling of Structures
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6.1.1 Milling Strategy
Many factors have to be addressed when performing micro-milling, such as a proper selection
of machining center, milling tools and the optimization of milling parameters. Also, the machinability of the work piece material must be investigated. To minimize the micro-structure dimensions and to guarantee burr-free machining, a milling strategy is developed and the order of
material removal considered. Furthermore, the machinability of Cu and WCu is investigated. It
is shown that the milling parameters feed per tooth ft and cutting speed vc exhibit a major impact on the cutting forces and resultant quality. The depth and width of cut are restricted to an
upper limit ae = ap = 30 µm, as higher values promote tool breakage. In order to optimize the
ratio of productivity and structure quality, the MRR has to be increased, and optimal tooth path
planning developed. Burr formation must be avoided, as subsequent deburring operations
damage filigree structures. Also, for minimizing the micro-structures on a final plastic part, the
minimal achievable structure sizes on the electrodes have to be found. Besides the miniaturization, also high requirements on the quality of the micro-structure are placed. Besides other
factors, the following aspects have to be addressed during micro-milling:
•
Preventing burr formation.
•
Ensuring sharp edge radii rs.
•
Consideration of milling direction.
•
Optimizing of process parameters and conditions.
•
Form accuracy and high flank steepness.
•
Mechanical properties of the work piece.
The micro-milling experiments are conducted on a 5-axis-machining center of the type HSM
200 U LP from GEORG FISCHER MACHINING SOLUTIONS (GFMS), Switzerland. It is equipped
with a direct linear drive and glass scale with a nanometer resolution. Thus it ensures the
precision of 4 µm and a repeatability of 2 µm. A LEVICRON spindle provides a rotation speed
up to nmax = 90.000 rpm. The experiments are supported by a minimum quantity lubrication
(MQL) system. The laser tool setter of the type LTS35 from H&M allows the measurement of
tools with diameters down to 25 µm with a repeatability of 0.2 µm. The diameters of the microtools of the type DIXI 7240 from DIXI POLYTOOLS are tolerated with 0/-10 µm for a diameter of
200 µm. The employed specimens are made of pure Cu and WCu. However, the materials
differ strongly from hardness and strength. Therefore, a different material response during machining has to be expected. Micro-tools made of cemented carbide (WC) with two cutting edges
are employed for investigations. The tools have a diameter of Ø = 200 µm and a cutting edge
length of lc = 200 µm. To achieve these requirements, it is essential to optimize the micromilling strategy. In Figure 6-1 a) a structure in conventional milling with strong burr-formation
is shown. The areas indicate burr-formation, where area I and II are burrs at the edge, area III
is top burr and are IV is lateral burr. However, by applying a burr-free milling strategy, the
quality of the structure significantly enhances, as shown in Figure 6-1 b). This strategy comprises three sequential steps, as shown in Figure 6-1 c) to e).
Initially, the machining is performed until the desired dimension is reached, as displayed in
Figure 6-1 c). The tool is fed into the material with a width ae and depth ap of cut. In this step,
special attention must be given to the edge sharpness of the micro-structures. It is important
that the tool exits an edge in a loop-trajectory with a defined radius rl and engages the edge
tangentially in the direction of the subsequent path. Doing so allows the formation of sharp
edge radii rs and prevents structure bending. The loop radius rl must be chosen in accordance
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with the deceleration and acceleration distance of the machine drives. As the final dimension
is reached, the tool is guided around the micro-structure without lateral infeed having a width
of cut ae = 0 µm, as shown in Figure 6-1 d). This procedure allows the subsequent removal of
lateral burrs.
a)

b)
III

IV
50 µm

I & II

50 µm

Figure 6-1 Milling Strategy for burr-free machining; a) burr formation when micro-milling; b)
burr-free micro-structure; c) roughing to achieve final dimension; d) deburring of lateral burrs;
e) deburring of top burrs.
During the concluding step, the tool moves along the top surface without infeed in the vertical
direction having a depth of cut ap = 0 µm. This step has to be performed in the up-milling direction, to bend an occurring burr in the direction of the structure and thus, guaranteeing material shearing. Also, the tool overlaps the surface 70% of the structure width, as shown in
Figure 6-1 e). The developed burr-free milling strategy for generating micro-walls in Cu and
WCu is summarized in Table 6-1.
Table 6-1 Burr-free milling strategy for micro-walls in Cu and WCu.
Step Process
1
Face milling of work piece
2
Roughing of wall
3
Face milling of wall top surface
4
Finishing of wall to desired dimensions using ap = 5 µm (DM)
5
Removing lateral burr using ae = 0 µm (DM)
6
Removing top burr using ae = 70 % of wall width (UM)
7
Removing lateral burr using ae = 0 µm (DM)
8
Removing top burr using ae = 70 % of wall width (UM)
DM = down-milling
UM = up-milling

Tool Ø
1 mm
1 mm
200 µm
200 µm
200 µm
200 µm
200 µm
200 µm

6.1.2 Quality of Micro-Structures
Besides the optimization of tool path planning, also the direction of cutting must be evaluated.
As described by Heisel et al. [10] and Llanos et al. [13], up-milling leads to a higher surface
quality compared to down-milling. However, Li et al. [12] mention that a high fluctuation of
process forces when up-milling adversely influences the form accuracy. In concordance, Annoni et al. [1], Kiswanto et al. [11] and Li et al. [12] discuss the process force reduction when
performing down-milling. For micro-milling Cu and WCu a similar behavior is observed. When
performing up-milling, surface defects at the bottom of the flanks become pronounced. For the
investigation, a structure is machined first in up-milling and then in down-milling, where the
flank quality is analyzed. Figure 6-2 displays the impact of the milling direction when machining
Cu on a flank. Due to ploughing effects at the area of the tool corner, the material is not entirely
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removed and scales are formed, as shown in Figure 6-2 a). In contrast, a sharp transition of
the flank to the base is feasible when performing down-milling, as seen in Figure 6-2 b).
Table 6-2 Roughness in Cu and
WCu.
a)
b)
Cu
WCu
direcRa
Rz
Ra
Rz
tion
[µm] [µm] [µm] [µm]
up
0.04 0.33 0.09 0.60
down 0.03 0.24 0.12 0.85
Figure 6-2 Impact of milling direction when machining Cu; a) surface defects in form of
scales in up-milling; b) enhance of surface quality in down-milling.
Also, the roughness Ra and Rz are affected by the milling direction. An ALICONA microscope
of the type InfitieFocus is used for measurements. The measurement area is located at the
half-height and half-length of the flank. Each measurement consists of 250 profiles longitudinal
to the milling direction, which are averaged. In the case of machining Cu, the down-milling
direction leads to a lower roughness Ra and Rz compared to up-milling. However, the behavior
in machining WCu is the opposite, although the difference between up- and down-milling does
not appear to be quite so great. According to Table 6-2, the roughness of WCu adopts higher
values than Cu, as the material consists of two phases. These results correlate to chapter 5.6.
In concordance with Li et al. [105] and Annoni et al. [4], the down-milling is preferable for each
case, as besides the roughness also the cutting forces adapt lower values.
Besides the milling direction, also the milling parameters exhibit a strong influence on the
achievable form accuracy. To define the impact of the MRR to the form accuracy, the parameters feed per tooth ft and depth of cut ap are modified. Although Figure 5-7 to Figure 5-10
show an increase of burr formation, high quality is expected when applying the optimized burrfree milling strategy. As a test case, a thin wall with the dimensions LW x WW x HW =
5 mm x 70 µm x 190 µm is machined. The spindle speed was kept constant at n = 90.000 rpm
and the width of cut at ae = 30 µm. In Figure 6-3 a) the wall made in Cu using a depth of
cut ap = 30 µm is presented. However, each layer in Z-direction is visible. This effect negatively
affects a subsequent use as an electrode. To avoid these marks, the depth of cut was progressively reduced ranging from ap = 30 µm to 5 µm. As seen in Figure 6-3 b) smooth surfaces of
the flanks are feasible to machine, when using a depth of cut ap = 5 µm. Machining results in
Cu and WCu are different due to different material properties. As WCu has a higher hardness
than Cu, the formation of marks is less pronounced, as displayed in Figure 6-3 c). Also here
the surface quality is enhanced when reducing the depth of cut to ap = 5 µm. Due to the decrease of the MRR caused by a lower depth of cut ap, the machining duration linearly increases. To compensate for the higher machining time and increase efficiency, the feed per
tooth ft is increased. The machining duration for the test case takes t = 480 s. Experiments are
carried out in which the feed per tooth is increased from ft = 3 µm to 10 µm, respectively a feed
rate vf = 540 mm/min to 1800 mm/min. The spindle speed was kept constant at n = 90.000 rpm
and the width of cut at ae = 30 µm. The variation of feed rate vf for machining Cu is shown in
Figure 6-3 e) – g). The increase of the feed rate vf, does not adversely affect the resultant
quality of the micro-wall. In combination with the burr-free milling strategy, the burr formation
is prevented. The same applies when machining WCu, as presented in Figure 6-3 h) – j). Also,
in this case, the quality of the wall remains the same. This optimization leads to a machining
time reduction by 66 % to t = 162 s.
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The potential of the optimized milling strategy is demonstrated. Despite the burr formation behaves opposite when machining Cu and WCu, burrs are avoided when applying the optimized
strategy. This leads to an economically machining of flawless structures.
a)

ap = 30 µm

b)

ap = 5 µm

c)

ap = 30 µm

d)

ap = 5 µm

Y

X
Z

50 µm

50 µm
e)
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f)
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Figure 6-3 Micro-milling of micro-structures; a) milling Cu with ap = 30 µm; b) avoiding marks
when machining with ap = 5 µm; c) milling WCu with ap = 30 µm; d) avoiding marks when
machining with ap = 5 µm; e) – g) variation of feed rate in Cu; h) – j) variation of feed rate in
WCu.
Also, the form accuracy and the edge radii of the micro-structures have to be observed. The
edge radii rs of walls in Cu and WCu are measured using an optical microscope of the type
Alicona InfiniteFocus, as shown in Figure 6-4. The radii are analyzed in two regions and categorized as inner radius ri (as highlighted in green) and outer radius rs (as highlighted in red). It
is observed that both radii differ from each other, as the corner shape of the tool is replicated
along the inner radii ri. This results in a higher value when compared to the outer radii rs. However, the inner radius ri becomes unimportant, when in subsequent die-sinking EDM this area
is not in interaction with the work piece. The outer radius rs adopts similar values for both
materials. As WCu is a sintered material, edge defects occur due to partial break out of individual grains, which is indicated by the arrow at measuring position 4 in Figure 6-4. This results
in an enlargement of the outer radii rs and a higher standard deviation in comparison to Cu. In
contrast, the edge quality for Cu is presented at measuring position 3. It can be reasonably
assumed that the formation of the inner radii ri is influenced by the tool wear, as the cutting
edges respectively the tool corner radius re undergoes an enlargement throughout the process.
In contrast, the outer radii rs is primarily influenced by the milling strategy.
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Figure 6-4 Representation of edge measuring locations; the lower corner quality of WCu is
recognizable due to the distinctive ductile and brittle phases.
Besides the tool path planning and optimization of process parameters, the micro-tool's clamping situation has to be considered. It is evident that the tool run-out has a major influence on
the milling result. The grinding process loads the tools with process forces and thus causes
bending of the blank. This results in a significant run-out error, which has to be carefully considered before starting the process. It is feasible to evaluate the tool run-out error by using the
laser tool setter. The tool is measured on four positions in 90° steps. To separate the run-out
error of the spindle, the tool is re-clamped on each position. Also, the deviation of the tool
diameter has to be analyzed. It is shown that for each case the actual tool diameter is smaller
than the nominal diameter. As shown in Table 6-3, the run-out error is ER = 5.53 µm ± 3.05 µm.
To compensate for the run-out error, the tool has to be re-clamped in the lowest measured tool
diameter position. The resulting diameter error adopts values of ED = 3.69 µm ± 2.30 µm. The
diameter error is compensated by the machine control, which allows the milling of precise
structure dimensions.
Table 6-3 Radial run-out and
diameter error of ground tools
having a diameter Ø = 200 µm
AverStandard
age
deviation
ζ = 90°
ζ > 90°
5.53
Run-out
3.05 µm
µm
50 µm
50 µm
Diame3.69
2.30 µm
ter error
µm
Figure 6-5 Deviations in form accuracy when micro-milling Cu; a) deviations introduced due
to tool run-out; b) high form accuracy when reducing run-out.

a)

b)

Figure 6-5 presents the side view of micro-walls in Cu for the two cases with and without compensation of the tool run-out error. The width of the machined structure is W W = 40 µm, and
the height is HW = 200 µm. The tool run-out error causes poor milling results, as displayed in
Figure 6-5 a). Electrodes having a wall inclination angle larger than ζ > 90°of the flanks cannot
be considered in a subsequent EDM process. This issue can be avoided if the tool is clamped
in the position where it appears to have the lowest diameter in the measuring bridge. Doing so
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leads to steep flanks with an inclination angle of ζ = 90°, as shown in Figure 6-5 b). The same
effect is observed when machining WCu.

6.1.3 Geometrical Limitations
It is discussed that the micro-milling depends on the proper choice of machining parameters
and the adapted milling strategy. However, also the mechanical properties of the material to
be cut have to be considered carefully. As Cu behaves ductile and WCu is a brittle material, a
disparate material response has to be expected. Thus, the achievable dimensions of microstructures adopt different values. A theoretical approach comparing both materials is feasible
when the structures are assumed as a bending beam. The deflection of the beam on a location
x can be described with the following linear differential equation:
𝑤 ′′ (𝑥) = −

𝑀𝑦 (𝑥)
𝐸𝐼𝑦

with

𝐼𝑦 =

𝑏 ∙ ℎ3
12

(6-1)

Equation (6-1) is described by the bending moment My, the area moment of inertia Iy of the
beam cross-section and the modulus of elasticity E of the beam material. The moment of inertia
Iy depends on the dimensions and shape of the cross-section. As the analyzed micro-structures
are in the shape of a square or rectangle, the second equation of (6-1) can be applied. According to Table 4-2, the modulus of elasticity is for Cu is E = 110 MPa, and thus is 50 % lower
than the WCu used here. For an investigation of the geometrical limitations during micro-milling
Cu and WCu, two cases are defined. In the first case, the limitations of micro-walls with a
constant length of LW = 5 mm and varying height HW and width WW are considered. For each
case, 2 different heights and 4 different widths are analyzed, which results in 8 combinations.
The investigated dimensions are listed in Table 6-4.
Table 6-4 Dimensions for machining micro-structures in Cu and WCu.
Micro-walls
Micro-pillars
Height [µm]
190 & 290
190 & 290
Width [µm]
10, 15, 20, 25
20 x 20, 30 x 30, 40 x 40, 50 x 50
Length [mm]
5
To find the minimal achievable width W W, walls with a height of HW = 190 µm in combination
with a width in a range of WW = 10 to 25 µm in 5 µm steps are machined. The process parameters are kept constant, where the feed per tooth is ft = 10 µm, the cutting speed is
vc = 55 m/min, the width of cut is ae = 30 µm and the depth of cut is ap = 5 µm. The resultant
walls in Cu are shown in Figure 6-6. Figure 6-6 a) shows the wall having a width WW = 10 µm.
A large deformation of the wall is visible. Also, the burr formation is pronounced, as the tool
corner radius re is greater than the wall width WW. Thus the removal of top burrs cannot be
performed. Due to the reduced stiffness k at decreasing width WW, the wall is prone to profuse
bending. The aspect ratio AR has reached such a critical level, that the wall height is fully
removed above a height of HW = 100 µm. By increasing the width to WW = 15 and 20 µm, the
height of HW = 190 µm is finally reached, as displayed in Figure 6-6 b) and c). However, the
deformations and a conical shape are still observable. When comparing the width at the root
of the wall with the width on the wall tip, a rejuvenation of R = 8 µm is ascertained. In the case
of a wall width WW = 15 µm, burr formation is still detected. Only if the wall width is further
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increased to WW = 25 µm, the bending of a structure is significantly reduced, as shown in Figure 6-6 d). These dimensions correspond to an aspect ratio AR of 7.5 and a rejuvenation of
3 µm. With respect to the wall width WW the rejuvenation is decreased from R = 40 % to 12 %.
a)

b)

Bending

d)

c)
Burr
WB = 15 µm

WB = 10 µm

WB = 25 µm

WB = 20 µm

190 µm

R

Figure 6-6 Micro-walls in Cu; a) bending of the wall and dissipated regions f; b) burr formation visible; c) wall with rejuvenation; d) flawless wall with concordant dimensions.
The capabilities of shaping WCu are significantly different to the shaping of Cu, as shown in
Figure 6-7. Unlike in machining Cu, for each case, the height HW = 190 µm is reached. However, the burr formation behaves the same for smaller wall widths WW. Merely the wall having
a width WW = 10 µm tends to bend in a low magnitude, as seen in Figure 6-7 a). By increasing
the wall width WW, a high form accuracy can be guaranteed, as seen in Figure 6-7 b). The
rejuvenation is only 0.5 µm or 2.5 %, as presented in Figure 6-7 c) and d). As the depth of cut
is ap = 5 µm, the formation of a smooth flank surface without feed marks is feasible. Hence, for
WCu micro-wall having an aspect ratio AR of 12.5 can be realized. This corresponds to an
increase of 66 % compared to Cu. It can be summarized that WCu is preferable material for
micro-milling compared to Cu. Due to the higher modulus of elasticity E, WCu allows the formation of thinner walls and guarantees higher form accuracy. While applying the burr-free
milling strategy, the machining duration adopts the same value as for Cu. Furthermore, the
dimension of the cutting edge radius rc plays an important role for micro-milling. As discussed
in chapter 2.2.1, the lower the cutting edge radius rc becomes, the higher the uncut chip thickness h is. This in turn allows a reduction of the width of cut ae.
c)

b)

a)

d)

Bending
WB = 10 µm

WB = 15 µm

WB = 20 µm

WB = 25 µm

190 µm

Figure 6-7 Micro-walls in WCu; a) bending of wall and dissipated regions f; b) burr formation
visible; c) wall with rejuvenation; d) flawless wall with concordant dimensions.
To investigate the machining of micro-structures with a higher aspect ratio AR, the tool is
changed. The micro-tool of the type Dixi 7240 exhibits a diameter of Ø = 150 µm and a cutting
edge length lc = 300 µm. Applying this tool enables the reduction of the pitch distance P and
an enlargement of the structure height H. However, the geometrical deviations have to be
found when increasing the wall height to HW = 290 µm. The machining parameters remain the
same, merely the cutting speed is reduced to vc = 45 m/min, as the spindle speed is limited to
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n = 90.000 rpm while the tool diameter is reduced. Based on the existing results, as shown in
Figure 6-6 and Figure 6-7, potential structure dimensions are derived. Therefore, the initial wall
width is WW = 30 µm, which is increased to WW = 40 to 60 µm. As presented in Figure 6-8, the
wall height HW has a significant impact on the form accuracy. In order to machine a flawless
micro-wall having a height of HW = 290 µm, the width WW must be increased. For each case,
it can be emphasized that merely negligible burr formation occurs. Also, the flank quality remains superb throughout the geometrical variations. Figure 6-8 a) displays the wall having a
width WW = 30 µm. Rejuvenation along the height is clearly pronounced. By increasing the
width to WW = 40 µm and WW = 50 µm, the rejuvenation is reduced to R = 6.4 µm respectively
12.8 %, as shown in Figure 6-8 c). The aspect ratio AR results in 5.8. The behavior of WCu
when generating micro-walls is comparable to Cu, as revealed in Figure 6-8 d) – f). However,
the wall width can be decreased to WW = 40 µm. This corresponds to an aspect ratio AR of
7.25.
a)

WB = 30 µm

b)

WB = 40 µm

d)

c)

WB = 50 µm

WB = 30 µm

e)

WB = 40 µm

f)

WB = 50 µm
290 µm

290 µm

Figure 6-8 Enlargement of structure height when machining Cu and WCu; a) – c) increasing
wall width WW = 30 to 50 µm in Cu; d) – f) increasing wall width WW = 30 to 50 µm in WCu.
It can be determined that the height HW cannot be increased ad libitum. As walls having a flank
steepness of ζ = 90° are required, the width WW must be adjusted accordingly. Increasing the
height from HW = 190 µm to HW = 290 µm leads to a rise of 52 %. To maintain steep flanks, an
enlargement of the width WW of 100 % for Cu and WCu is required. Therefore it must be concluded that an increase of the height HW necessitates a disproportionate growth of the width
WW. The achievable aspect ratio AR shrinks from 7.6 to 5.8 for Cu and from AR = 12.6 to 9.6
for WCu. For both cases, this corresponds to a cut of by 23 %.
If the wall length LW is set equal to the wall width WW, pillars are generated. Pillars are highly
filigree structures. The micro-milling dynamics introduce vibrations and thus promote bending
and damaging of the structure. Also, due to the reduced stiffness k, the burr formation is more
pronounced. In order to investigate the limitations of machining pillars, micro-milling experiments are conducted using a feed per tooth ft = 10 µm, cutting speed vc = 55 m/min, width of
cut ae = 30 µm and depth of cut ap = 5 µm. Flawless and burr-free pillars having a width
WP = 50 x 50 µm at a height HP = 190 µm are feasible to machine in Cu, as demonstrated in
Figure 6-9 a). The rejuvenation is only R = 0.7 µm. By reducing the width to W P = 40 x 40 µm,
a superb form accuracy is still achievable. However, strong development of the burr formation
becomes recognizable, as shown in Figure 6-9 b). For machining WCu, the same behavior is
observed. Pillars with a width of W P = 30 x 30 µm can be machined without introducing defects,
as displayed in Figure 6-9 c). The rejuvenation is R = 0.3 µm. As the width W P is further reduced, the pillar starts to bend, as presented in Figure 6-9 d).
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a)

b)

c)

d)

W B = 50 x 50 µm

W B = 40 x 40 µm

W B = 40 x 40 µm

W B = 30 x 30 µm

e)

H. Büttner

f)

Figure 6-9 Micro-pillars having a height HP = 190 µm; a) flawless pillar in Cu; b) bent micropillar in Cu; c) flawless micro-pillar in WCu; d) bent micro-pillar in WCu; e) cross-section of
Cu pillar; f) cross-section of WCu pillar, where the darker areas indicate the appearance of
W.
In order to determine the resistance of grains and phases against cutting, cross-sections are
prepared. These allow the exposure of grains and phases within the work piece. Previous tests
reveal that the use of bakelite in combination with hot melting under pressure damages the
filigree structures. Therefore the specimens are embedded in a cold hardening resin. Figure
6-9 e) and f) show polished micro-sections of Cu and WCu. In Figure 6-9 e), a cross-section
of Cu is shown, which was first ground, polished and finally etched. For etching, a combination
of 100 ml water, 10 g K2Fe(CN)6, and 10 g KOH at room temperature with an exposure time of
three times 10 s is used, as proposed by Walker and Tarn [171]. The grain dimensions of the
tungsten in WCu is smaller compared to the grain size in the Cu specimen. In the case of
cutting Cu, it is observed that the cut happens through the grains and no grain pull out occurs
along the flank. The same observation can be drawn when analyzing the cutting of WCu. Also,
in this case, the cut happens through different phases, as displayed in Figure 6-9 f).

6.1.4 Flank Angle
The flank angle ζ for the structures is a crucial factor and deviations are replicated throughout
the process chain. As shown in Figure 6-6 and Figure 6-8, the flank angle ζ depends on the
aspect ratio AR, cross-section area, and the material properties of the structure. The target
value of the angle is ζ = 90°. However, this value cannot be met under all circumstances when
machining micro-structures. Due to process forces in combination with a reduced stiffness k,
the micro-structures are subjected to bending. Also, the thickness of a structure is in the range
of the grain size of the material and thus leads to local anisotropy and inhomogeneity in the
cutting zone. Furthermore, the flank angle ζ depends on the work piece material. Figure 6-10
represents the flank angle ζ for multiple situations. The flank angle is measured by a Keyence
VHX 5000 microscope, as shown in Figure 6-5. For each value, 5 equal flanks are measured.
It is seen that for each case, the angle adopts values greater than ζ > 90°, which is considered
as a positive deviation. Independent on the aspect ratio AR and cross-section area, the angle ζ
for WCu is lower compared to Cu, as stiffness of both materials is different. Figure 6-10 a)
describes the impact of the aspect ratio AR. When maintaining the height and reducing the wall
width WW, the deviation from 90° of the flank angle ζ increases. Also, unstable conditions are
observed, as the standard deviation is enlarged. The same behavior is represented in Figure
6-10 b) when machining pillars having a height of HP = 200 µm.
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Figure 6-10 Flank angle ζ when micro-milling micro-structures; a) resultant flank angle ζ for
walls; b) resultant flank angle ζ for pillars having a height of HP = 200 µm.
The interdependencies between flank angle ζ and the aspect ratio AR and material properties
can be described using a linear system of equations of the type y=mx+n, with the steepness m
and intersection with the ordinate n. These are summarized in Table 6-5, where x denotes the
width and y depicts the angle ζ. Based on the equation systems it can be derived that the
deviation of the flank angle ζ is reduced by 90 % when changing the material from Cu to WCu.
Table 6-5 Equation systems describing the flank angle ζ and x is the width.
Structure Wall
Equation
Structure Pillar
Equation
WCu: Height 290 µm y=0.2073x+90
WCu
y=0.0992x+90
WCu: Height 200 µm y=0.1588x+90
Cu
y=0.1794x+90
Cu: Height 290 µm
y=0.4436x+90
Cu: Height 200 µm
y=0.2583x+90

6.1.5 Conclusion
The importance of adapted milling operations for shaping tool electrodes is comprehensively
discussed. As two materials are employed for electrodes, the different response of the material
during machining is presented. Furthermore, geometrical limitations of micro-structures are
evaluated and the feasibility of fabricating high-quality shapes is investigated. By deriving an
adapted milling strategy in combination with optimized milling parameters, discrete and defined
structures in previously unattainable dimensions can be manufactured. From the point of view
of an industrial application, these structures open up a new field of possibilities in micro-machining and shifting the borderlines of today’s production. In terms of scientific investigation,
the machining of micro-structure with dimensions in the same magnitude as the grain size is
discussed. It is established that the shape and accuracy of the micro-structures primarily depend on the mechanical properties of the materials. The limitations and capabilities are summarized as follows:
 Due to an innovative milling strategy, burr-free machining is made possible. Furthermore, the strategy allows the formation of sharp corners, as the tool exits the structure
at a corner and tangentially engages the upcoming structure feature.
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The flank surface of a structure is primarily defined by the depth of cut ap, which has to
be chosen as low as possible. However, the resultant increase of machining time t can
be counteracted by an increase in the feed rate vf.
The tool run-out was found to be a limiting factor of structure quality. It is shown that
the flank angle ζ is highly affected by the run-out. A reduction of the run-out guarantees
flank angles of ζ ≈ 90°. Further analysis shows that the achievable flank angle ζ is influenced by the aspect ratio AR and the material used.
Despite the structure dimensions are in the same magnitude as the grain size, the cut
along the flanks happens through single grains, as proved by cross-section imaging for
Cu and WCu.
The pitch distance between structures and the aspect ratio AR is also predefined by the
tool used. It is crucial that the tool diameter with the consideration of the tool run-out
error is smaller than the distance between two structures. When using tools with a
smaller diameter and longer cutting edges, denser and higher structures can be machined. However, a further modification of the structures needs micro-tools which are
not possible to grind. As an alternative, laser-ablated tools can be implemented in micro-milling.

Micro-Machining by means of Laser-Ablation

As an alternative to micro-milling, the micro-machining by means of laser ablation is discussed.
Many advantages over milling are expected, such as nonappearance of wear-formation and
absence of process forces. Furthermore, materials with high hardness can be machined economically. However, these factors are contrasted with thermal damage, lack of precision towards defined structures like walls and slots. To determine whether laser ablation's performance confers an advantage, experimentations are conducted in micro-machining Cu tool
electrodes.
Therefore, a DUETTO ultrashort pulse laser beam source from TIME-BANDWIDTH PRODUCTS was used, which generates pulses with a duration of 12 ps. The device provides an
average laser power of 15 W at 1064 nm and pulse energies up to 200 µJ with frequencies up
to 50 kHz. Frequency doubling was used to set the laser beam wavelength to 532 nm because
of the considerably lower reflection-absorption-ratio in copper machining with a lower wavelength. For machining independent of feed direction, circularly polarized light was used.

6.2.1 Slotting-Experiments
In precise micro-machining using laser ablation, the geometric accuracy of the structure is a
matter of substantial interest. The depth of ablation can solely be calculated with the two-temperature-model, which is highly dependent on material properties and laser process parameters. Hence, an analytical prediction of contour divergence cannot be performed without an
extensive amount of experimentation. Engelhardt et al. [157] described the material removal
per pulse in correlation to the fluence. Large increase of the fluence, brings the material removal to saturation. But before saturation is reached, thermal damage may be limiting for the
process. To reach a higher material removal rate, the repetition of scanning passes is increased. Its effect is limited by the formation of a taper angle and defocusing, thus lowering of
local fluence. Besides the laser process parameters, also the properties of the scanning system play a role in material removal. In the performed experimentation, slots with a length
of 5 mm are machined for each setup. The maximum feasible aspect ratio AR in the µm-range
is investigated. The applied parameters for the investigations are given in Table 6-6.
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Microscopy cannot gather sufficient information from depths with high aspect ratios AR. To
visualize the machined slot profile, a cross-section of all specimens was made by electric
discharge wire cutting. This cutting process introduces mechanical and thermal stresses;
therefore, the cross-sections were ground, polished and etched. The prepared slot profiles are
recorded with an ALICONA INFINITEFOCUS Microscope. To ensure repeatable measurements, a
MATLAB image recognition script was programmed to investigate attributes, such as width,
depth, and material removal rate, as well as the taper angle.
Table 6-6 Process parameters for slot-experimentation.
Parameter
Value
pulse energy Ep
1.1 … 30.7
frequency fp
50
scanning velocity vs
50
repetitions N
10 … 5000
laser beam focus radius ω0
<5
532
wavelength λ
12
pulse duration τp

Unit
µJ
kHz
mm/s
µm
nm
ps

In Figure 6-11 a) it is shown that a maximum depth of the slot with a width of DS = 430 µm is
achieved with N = 5000 scans; however, 81 % of the depth was already reached after N =
1000. By keeping N = 5000, 70% of the depth can be reached with 37 % pulse energy of Ep =
30.7 µJ. Figure 6-11 b) visualizes that a slot width WS larger than the laser beam focus radius
ω0 can be machined. The width W S can be maximized by increasing the number of repetitions
N or the pulse energy Ep and reached up to W S = 27 µm. In the first 1000 repetitions, 69 % of
the final width was already reached by using Ep = 30.7 µJ. With 36 % of the final applied pulse
energy Ep, 77 % of the final width was already generated.
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Figure 6-11 Achievable dimensions in slot machining; a) depth of slot DS vs. repetitions of
machining passes; b) Width of slot W S vs. repetitions of machining passes; c) depth of slots
DS vs. width of slots W S.
Figure 6-11 a) and b) show that a given depth or width can be machined with different combinations of pulse energy Ep and repetitions N. From a physical point of view, this assumption
misrepresents the power of those parameters. On the one hand, the machining time leads to
an inadmissible duration with numerous repetitions. To reach slots with high quality and extreme aspect ratios AR, a trade-off must be made with the machining time, respectively the
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material removal rate (MRR). Due to the saturation behavior of the depth, the MRR drops
drastically by raising the number of passes. It is confirmed that 80% of total material removal
is achieved during the first 100 repetitions when using maximal pulse energy. Over the first
1000 repetitions, 90% of the material is removed. An increase of 4000 repetitions merely leads
to an additional 10% material removal after a machining duration that is four times longer..
A correlation between the width W S and depth DS of a slot can be found, according to Figure
6-11 c). To increase the depth, the number of repetitions must be increased. However, saturation was observed. The depth cannot be set up independently from the width, because the
depth saturates by an increase of the number of repetitions. Therefore, shifting the limit must
be performed by increasing the pulse energy Ep, which leads to further enlargement of the
width. The fitted lines of N = 10, N = 1000 and N = 5000 predict the formation of the slot
dimensions. The lines intersect in the origin, where the dimensions are zero. The hatched
region is out of the possible machining range. High aspect ratios AR up to 17 are achieved.
Before saturation of the depth growth, the depth develops faster than the width. Yet, the width
continues to grow by further repetitions, even when the depth growth is saturated. This effect
leads to a reduction in the aspect ratio AR.
It is found that the taper angle is strongly dependent on the number of repetitions, see Figure
6-13 a). The appearance of the taper angle reduces the quality of a micro-structured surface.
Hence the inclination of machined flanks differs from the desired shape. For the evaluation of
the taper angle, only the middle 80 % of the flank length l are taken into account to exclude
edge effects. Thawari et al. [58], Pfeifer et al. [135] and Dubey and Yadava [47] described the
taper angle θ in laser drilling as:
𝜃 = 𝑡𝑎𝑛−1

𝑑𝑒𝑛𝑡𝑟𝑦 − 𝑑𝑒𝑥𝑖𝑡
2𝑡

(6-2)

where dentry is the entrance, dexit the outlet diameter and t the thickness of the material to be
machined. In fact, in this present research, no material was cut through, the taper angle θ must
be calculated as:
𝜃 = 𝑐𝑜𝑠 −1

0.8𝑑
𝑙

(6-3)

l

d = 80 %

For this calculation method, a linear interpolation of the middle 80% of the depth (ignoring the
top and bottom 10% depth) is used to evaluate the measuring length l, as shown in Figure
6-12

Figure 6-12 Determination of the taper angle θ by using the measuring length l and 80 % of
the depth d.
It was observed that the taper angle falls below zero above a certain number of repetitions,
which might be explained by multiple reflection effects. Numerous reflected light rays are held
captive on the bottom of the slot if the aspect ratio AR exceeds 1:13 for Ep = 2.8 µJ and
respectively 1:17 for Ep = 30.7 µJ. The material removal continues at such aspect ratios AR
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due to less scatter losses at multiple reflections, which leads to a greater width at the bottom
compared to the width at the entry of the slot, see Figure 6-13 c).
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Figure 6-13 Slot quality; a) taper angle vs. repetitions of machining passes; b) slot with
rejuvenation; slot with ramification.
Final slot geometries of high aspect ratio AR and steep flanks are shown in Figure 6-13 b) and
c). The slot in Figure 6-13 b) was machined by using a pulse energy Ep = 30.7 µJ and a number
of repetitions N = 1000, whereas the slot in Figure 6-13 c) was machined with Ep = 30.7 µJ and
N = 5000. However, ramification, which is defined as deviations from the theoretical straight
path, is pronounced with rising repetitions. In Figure 6-13 b) the depth is DS = 340 µm and the
width is W S = 21 µm and at a higher amount of repetitions, in Figure 6-13 c) the depth increases
to DS = 441 µm and the width to W S = 29 µm. A MATLAB scrip analyzes the images, detects
the contours of the flanks and measures the resultant angles on each slot. Figure 6-13 b)
delivers a slot having steep flanks with a taper angle of θ = 4.8°; however, the taper angle
decreases down to θ = -8° in Figure 6-13 c).

6.2.2 Thermal Damage
For single slot machining, many process parameter combinations are feasible to fulfill necessary geometrical requirements. If a slot is machined in bulk material of high thermal conductivity, thermal effects to the surrounding material can be neglected. Multiple slot-experimentation leads to the detection of thermal influence respectively damage to surrounding material as
a consequence of heat accumulation. Thus, the remaining material can bend and melt. This is
why multiple slots were machined and aligned together with a defined pitch. The used parameters are shown in Table 6-7. These parameter combinations generate slots with equal widths
and equal depths.
Table 6-7 Parameter setup for multi-slot with a constant pitch.
Figure
Ep
N
width slot
depth
[µJ]
[µm]
slot [µm]
3 (a)
30.7
42
3 (b)
7.2
100
10
100
3 (c)
2.8
1000
3 (d)
1.1
5000

pitch wall
[µm]

width wall
[µm]

20

10

With high pulse energy, thermal damage occurs, as shown in Figure 6-14 a). The remaining
walls are supposed to retain a width of 10 µm from a theoretical point of view, but thermal
damage removes the surrounding material. Due to heat accumulation, the copper material
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starts to bend in Figure 6-14 b) without any further ablation of remaining walls. In Figure 6-14
c) a better result is achieved. The bars present a normal orientation related to the surface. With
an extreme number of repetitions in Figure 6-14 d), ramification is highly developed due to
multiple reflections on the bottom of the slots. The one-sided inclination of the slots is due to
the angular offset of the scan head.
a)

c)

b)

d)

50 µm

Figure 6-14 Thermal damage at multi-slot generation, shown in a cross-section; a) destruction of slots due to excessive pulse energy; b) bending of remaining material due to heat
accumulation; c) trade-off between pulse energy and repetitions; d) ramification introduced
by an excessive number of repetitions.

6.2.3 SEM and EDX-Analysis
Chemical modifications of copper bulk material due to laser machining were investigated using
energy-dispersive X-ray spectroscopy (EDX). Three representative machining settings are
compared in Figure 6-15 a). The polished copper specimen acts as a benchmark. To show
differences between two settings, extreme machining durations are compared. An excessive
amount of repetitions for large surface machining, leading to a machining time of over 20 hours,
and an optimized amount of repetitions are used to show the influence of machining time. The
EDX analysis shows the occurrence of the same elements, but the amount of each element
changes. By increasing the machining time a proliferation of oxygen was found. In Figure 6-15
b) two slots and a remaining wall is shown from the top view by using a scanning electron
microscope (SEM). On the pre-machined surface, the debris of removed material was impinged and deposited.
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Figure 6-15 Modification of surface during laser beam machining; a) EDX-analysis of machined copper specimen normalized to the copper peak at 0.9 keV; (C = Carbon, O = Oxygen, Cu = Copper); b) SEM shot; HV: 10.00 kV; det: ETD; mode: SE.
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6.2.4 Conclusion
The machining of flawless micro-structures using laser beam ablation is highly dependent on
the setup of process parameters. It is found that resulting depth is coupled with width and vice
versa. For a given slot geometry, different parameter combinations are possible:
 High pulse energy primarily develops the depth.
 The slot shape can be influenced by pulse energy and number of repetitions. An excessive number leads to inefficient machining durations and a ramification at the slot
bottom due to multiple light reflections.
 To avoid thermal damage and thus allowing sufficient time for material cool down, a
trade-off between pulse energy and number of repetitions must be found for a given
slot length.
The limits of slot geometries and deformation effects are shown. A reliable machine setting for
machining a single slot as well as multiple slots with a defined pitch to each other is presented.
However, laser beam machining is not suitable for the generation of discrete micro-structures,
such as pillars and cavities. With the given machine set up it is shown that steep flanks are not
feasible to machine, due to the formation of the taper angle θ. Also, the generation of defined
geometrical attributes is not possible, as edge rounding is pronounced.

6.3

Micro-Wire-EDM

6.3.1 Electrode Shaping
If simple 2.5-D structures are needed, the shaping can be performed by means of wire-EDM.
The technological feasibility of generating micro-structures using wire-EDM strongly depends
on the gap width G between wire and work piece. For micro-machining applications, it is desirable to reduce the gap as much as possible. The lowest gap size is limited by the lowest
possible discharge energy, which still allows reasonable machining. To achieve low gap sizes,
the discharge energy W e must be reduced by reducing the discharge current or the duration of
discharge.
The experiments are carried out with a wire EDM machine AGIE PROGRESS V4 from GEORG
FISCHER MACHINING SOLUTIONS (GFMS) using the standard generator module 0. A brass wire
with a diameter Dw = 200 µm served as the working tool. The experiments were performed
with water as dielectric. The discharge current is controlled by the machine parameter I without
any unit, which is proportional to the capacitance in the EDM circuit. Thus, reducing the parameter I results in lower discharge energy and respectively a lower working gap width, which
can be reduced down to 25 µm. The dependency between gap width G and machine parameter I is shown in Figure 6-16 a).

Gap G [µm]

a)

b)
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Figure 6-16 a) Gap width G dependent on machine parameter I; b) micro-structures on a 15
x 15 mm copper surface with 43 walls, DW = 200 µm, PW = 250 µm, I = 1, Ton = 32 µm, t =
1h.
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Machine Parameter I

Due to thermomechanical loads introduced by the EDM process, the widths of remaining copper walls cannot be reduced ad libitum, so pitch distances must be adjusted. To investigate
the limits of feasibility, wall widths WW reaching from 5 µm up to 150 µm with a height of HW =
350 µm each are generated using machine parameter I = 1, 8 and 15 according to Figure 6-17.
The quality of the walls is categorized as flawless, flawed and failed. Flawless walls are bent
less than 5° whereas flawed walls are bent more than 5° but remain within the full height. Failed
walls are fully dissipated from the root on. According to Figure 6-17, flawless wall widths of 50
µm are feasible to produce with I = 1.
16
a)
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flawed
failed
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Figure 6-17 Quality of ribs machined in copper; a) bent structures; b) flawless structures.
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With excessive parameter combinations using I = 8 the copper walls lead to bending and are
for further die-sinking EDM processes not usable, as shown in Figure 6-17 a). With optimized
parameters flawless micro-wall structures of WW = 70 µm, HW = 350 µm, and a pitch PW = 320
µm in copper material can be manufactured using wire EDM as seen in Figure 6-17 b). Figure
6-16 b) presents a 15 x 15 mm micro-structured electrode surface with 43 ribs.

6.3.2 Conclusion
The pitch distance on the electrodes is limited by the wire diameter DW, the gap width G and
the minimum achievable structure thickness in the material without damage. This suggests a
strong potential for further reduction of the pitch and reaching denser micro-structures by using
smaller wire diameters. However, this limits the possible structure height and leads to excessive wire cutting time, as less energy is used for smaller wire diameters. A possible strategy is
therefore firstly wire cut electrodes with big wires (i. e. diameter of 200 µm) and consequently
higher pitches, enabling thin structures with high aspect ratios AR on larger areas. Secondly,
perform multiple die sink erosions with a lateral offset of the electrode. With this strategy, the
wire cut pitch can be further divided while performing the die sink erosion, which leads to
smaller and denser structures on larger areas. The limits of micro-machining using EDM can
be summarized as follows:
 As a wire is used, the geometrical flexibility of tool electrode structuring is restricted
into square cross-sections.
 The wire diameter DW in combination with the gap width G defines the pitch distance of
the structures.
 Flawless micro-walls with widths of WW = 70 µm and heights up to HW = 350 µm are
feasible to machine using wire-EDM.
 Due to the thermal ablation in wire-EDM, discrete geometrical attributes, such as sharp
corner edges, cannot be generated.
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The capabilities and limitations of micro-machining electrodes by means of USP-laser ablation
and wire EDM are shown and discussed. Table 6-8 summarizes and compares these two
technologies with the micro-milling of electrodes. It is clearly observed that the electrodes can
only be precisely machined by micro-milling.
Table 6-8 Comparison
trodes.
Attribute
Structure width, min.
Structure height, max.
Aspect ratio, max.
Sharp edges
Form accuracy
Geometrical flexible
Thermal damage
- - very poor

of different manufacturing technologies for micro-machining elecWire-EDM
50 µm
350 µm
~5
< 10 µm
+
- poor

USP-Laser
10 µm
100 µm
~ 10
< 25 µm
++
-+ good

Micro-milling
20 µm
300 µm
~6
< 3 µm
++
++
++
+ + very good
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7.1

Ultra-Short Pulse Laser Ablation

H. Büttner

Due to the permanent development and improvement in the field of laser beam machining
(LBM), precise geometries in the micrometer scale can be laser-machined. This technology
also enables to machine micro-tools with defined cutting edges. The entire process depends
highly on processing conditions, such as laser beam characteristics, environmental influences,
properties of the material to be machined, and the initial surface topography. Losses by reflection and scattering whilst heat diffuses into the bulk matter, change the material removal behavior. For precise micro-machining using laser ablation, the pulse duration plays a dominant
role.
Ultrashort-pulse laser ablation (USP) had proved to be a powerful technique for the high accuracy and high-resolution micro. The USP mechanism involves nonlinear laser-matter interaction, electron avalanche, and multiphoton ionization processes, which enhance the localized
material removal and improves the material processing possibilities. The heat affected zone
(HAZ) in a laser processed material depends not only on the material parameters but also on
laser fluence, pulse duration, repetition rate and feed rate. Bauerle [17] observed that the HAZ
can be significantly reduced by using ultrashort pulses for machining. According to Cheng et
al. [35] the shorter the pulse duration is, the smaller is the thermal effect. Also, USP laser
ablation is capable of an ablation without phase change while working above the ablation
threshold fluence Fth.
According to the two-temperature model, in USP the energy transfer from the electron subsystem to the lattice cannot happen immediately. It depends on the electron-phonon coupling
strength. If the laser pulse duration τp is short when compared to the duration of the thermalization of electron energy τe, the hot electron gas causes the fracture and ablation by phase
explosion, while the lattice stays at low temperature, as explained by Leitz et al. [103]. Campbell et al. [32] further investigate that if the ablated material redeposits on the surface, the
surface will be cold enough to avoid bonding. This assures clean ablation with almost no HAZ
and a burr-free surface. For the machining of the micro-tools associated with this dissertation,
a pulse duration of τp = 1 ps is used. According to Neuenschwander et al. [123], the optimal
pulse duration for precise machining is below a picosecond.
Below a local fluence threshold depending on the number of pulse repetitions, termed as ablation threshold Fth, no material removal takes place. By setting up an excessive fluence
Fl >> Fth, thermal damages happen in the boundary area of the impact zone, which are located
below the ablation threshold. This leads to heat accumulation and can induce burrs. However,
massive material removal is feasible, which can be beneficial in roughing operations. The fluence F is defined as energy per area and is calculated as (7-1), where Ep describes the pulse
energy, ω(z) the radius of the laser beam at position z in the propagation direction of the beam
and r the radius coordinate.
2

𝑟
2𝐸𝑝
−2 2𝑎𝑏𝑙
𝜔 (𝑧)
𝐹(𝑟, 𝑧) =
𝑒
𝜋𝜔 2 (𝑧)

(7-1)

The term 2Ep /π𝜔2 (𝑧) indicates the peak fluence. Along the propagation direction, the beam
converges to a waist onto the beam focus and from there it spreads diverging. According to
Figure 7-1 a) the ablation radius rabl, where efficient material removal is possible, is given by
the threshold fluence Fth and can vary in function of the peak fluence FPeak. The higher the peak
fluence FPeak is, the higher is the ablation radius rabl becomes. According to Jaeggi et al. [79],
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the spatial Gaussian intensity distribution of the beam leads to a characteristic ablation profile
introduced by one pulse with a depth d, see Figure 7-1 b). Hashida et al. [72] interrelated the
limitation of ablation depth dabl [cm] of the first pulse to the absorption coefficient αab [1/cm2]
and threshold fluence Fth of the material. Based on this, a logarithmic dependence of the ablation depth can be found:
𝑑𝑎𝑏𝑙 =

1
𝐹
𝑙𝑛 ( )
𝛼
𝐹𝑡ℎ

(7-2)

To increase the depth, the fluence can be adjusted, which will cause thermal damage in some
conditions. As an alternative, the number of pulses can be increased in order to penetrate the
pre-machined surface multiple times. It must be noted that the laser beam strikes with a pause
duration between the pulses to avoid head accumulation. However, as shown by Büttner et al.
[27], the depth d of an ablated structure in USP laser machining saturates after multiple pulses
to a lower bound.
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Figure 7-1 Laser beam machining; a) Gaussian distribution of laser beam; b) shape of ablation crater; c) – g) schematic representation of ablation depth and crater shape in dependency
of the number of repetitions N.
In Figure 7-1 c) a crater can be seen after the laser beam was directed perpendicular to the
surface. By setting up a higher number of repetitions N according to Figure 7-1 d) – f), the
ablation depth increases; however, saturation happens with decreasing kerf width and limits
the depth. The sequent pulses interact with an inclined surface, whereas in Figure 7-1 c) the
first pulse interacts with a normal incidence on the surface. Due to the inclination of the flank,
the beam illuminates a larger area, thus the fluence decreases, and the material removal rate
drops. However, as shown in Figure 7-1 d) the material removal of a single pulse decreases
with the number of pulses. Yeo et al. [190] suggest that by increasing the aspect ratio AR,
multiple reflections from the crater walls at shallow angles of incidence channel the optical
energy to the center of the crater. Summarizing, the reduction of fluence and the losses from
the reflection limit the achievable crater depth.
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In precise micro-machining using laser ablation, the geometric accuracy of the structure is a
matter of substantial interest. The depth of ablation can solely be calculated with the two-temperature-model, which is highly dependent on material properties and laser process parameters. Hence, an analytical prediction of contour divergence cannot be performed without an
extensive amount of experimentation. Engelhardt et al. [157] describe the material removal per
pulse correlated to the fluence used.

7.2

Development of a CAM-System

Due to synchronized multi-axis LBM, complex micro-tools are feasible to produce. For realization, a CAM-system for 2.5-D and 3-D laser processing is developed by Büttner et al. [28] and
is discussed. This system post-processes the trajectories derived from a CAD model of the
desired micro-tool. Due to adaptive laser beam control and innovate calculation methods of
the trajectories, a low roughness Ra and a high form accuracy is guaranteed on each feature.
A graphical user interface displays the calculated trajectories for easy error detection and adjustments. Based on this, major and minor cutting edges, chip flutes with any chip flute angles λCF and low cutting edge radius rc are feasible to generate having a 4-axis machine setup.
For machining a cylindrical work piece, tangential and radial laser machining is implemented.
Both strategies exhibit fundamental advantages that complement each other. Axial machining
is not considered, as the laser beam caustic interferes unwantedly with the work piece. While
performing radial machining, the energy is conducted efficiently into the surface of the work
piece. This leads to a high energy density and maximal heat accumulation due to the fast
consecutive pulses resulting in a high MRR. Also, the high geometrical flexibility allows the
generation of undercuts, pockets, and slots with steep flanks and so on. However, radial machining replicates the surface structures, microstructural differences, and roughness when removing material. Also, surface defects and roughness on the initial surface may be perpetuated throughout the process and thus the surface is not stabilized. Therefore, the radial laser
machining results in lower surface quality. To enhance surface quality when machining in radial
orientation, the layer-by-layer removal is conducted with a parallel offset. Thereby, the trajectories of the laser are not placed over the other for subsequent layers. In contrast, superb
surface quality is feasible when applying tangential machining. This process allows the
smoothing of a surface without a wasteful ablation of the bulk material, as discussed by Tokarev et al. [155]. The beam is partially reflected when striking onto the work piece. As a consequence, the energy input is lower compared to radial machining, leading to a reduced MRR.
In this case, the geometrical flexibility is restricted, as the beam is comparable with a grinding
wheel. The tangential laser processing is only applicable to tool geometries in which the focused laser beam can be adapted tangentially to the surface of the work piece. Walter et
al. [172] apply tangential machining for dressing and profiling grinding wheels and achieve high
accuracy with deviations below 3 µm. Compared to conventional mechanical processes, LBM
machining offers a high variation of geometric possibilities and allows micro-machining of
highly abrasive materials.
The coding of the CAM-system for radial laser machining is performed in MATLAB. This enables
the processing of complex geometries like a chip flute with a variable chip flute angle λCF and
the shaping of the major and minor cutting edges. The first step is to design the geometry of
the desired tool geometry, see Figure 7-2 a). With this geometry and boolean operations, a
negative shape is created which defines the volume that has to be removed by ablation, see
Figure 7-2 b).
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Figure 7-2 Tool trajectory calculation procedure; a) CAD model of desired tool shape; b)
defining of material to remove; c) slicing operation; d) calculation of path trajectories; e) generation of NC-Code.
The material is ablated layer by layer, starting from the top surface until the desired depth is
reached. A slicing operation calculates the contour of each layer for a given ablation depth,
see Figure 7-2 c). For material removal, the laser beam travels along with a set of parallel
trajectories with constant distance, see Figure 7-2 d). To ensure precise ablation and accuracy,
skywriting trajectories are added at the beginning and end of each laser ablation trajectory. On
these, the laser is turned off. They allow the beam delivery system to accelerate and decelerate
the mirrors in the scanner and the focal point of the laser. Thus, constant speed and constant
ablation rates on the ablation trajectories are reached. Through the variation of the trajectory
angle between each layer, a better surface finishing is possible. Without considering the trajectory angle variation, the direction of the laser trajectories would line up, resulting in grooves
on the bottom of the ablated volume. With the laser trajectories of each layer, an NC-Code is
generated, which can be executed on the laser setup, see Figure 7-2 e).
The micro-tool manufacturing procedure is presented in Figure 7-3. The tool blank can be
prepared either by grinding or laser ablation. The ablation of the chip flute is conducted in the
radial orientation of the laser beam, as seen in Figure 7-3 a). The laser beam is indicated in
green and is deflected by two highly dynamic galvo motors in the scanning head.
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Figure 7-3 Micro-tool manufacturing procedure; a) radial ablation of chip flute; b) rotation
along A-axis; c) tangential shaping of minor cutting edges; d) tangential shaping of major
cutting edges; e) tangential reduction of diameter.
At the scan head, an F-Theta lens is mounted. Thus, independent of the orientation of the
mirrors in the scanner, the focus of the laser always stays in the working plane. The scanning
head is mounted on a mechanical Z-axis, which allows the focusing of the laser beam on the
work piece. The cylinder blank is clamped in the rotation A-axis. This, in turn, is mounted on a
mechanical X and Y axis mechanical stage. All mechanical axes and the scanner head are
from AEROTECH. The chip flute machining is conducted in series. Having removed the material
of one flute, the tool is rotated by the A-axis to the position of the subsequent flute, as seen in
Figure 7-3 b). The remaining material at the tool face is ablated by using tangential machining,
as seen in Figure 7-3 c). To obtain a defined geometry on the tool face for the creation of the
minor edges, the laser beam is adjusted about the tilt angle αl. The tool rotation among the Aaxis enables precise material removal leading to completely shaped minor cutting edges. In
Figure 7-3 d), the profiling of the clearance angle α is demonstrated, by moving the laser beam
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tangentially at the cylindrical surface due to the synchronized motion of the mechanical X-axis
and the rotation of the A-axis. A reduction of the blank diameter is the concluding step of the
tool manufacturing. As the diameter Dp behind the cutting edges is smaller than the diameter
at the cutting region D, an interaction between the shaft and the work piece is prevented, see
Figure 7-3 e).

7.3

Manufacturing of Tools

7.3.1 Parameter Study
USP laser processing of brittle materials requires an accurate and agile experimental investigation. The laser process is defined by many process parameters, such as pulse frequency fP,
pulse energy EP, scanning speed vS, pulse overlap UP, line overlap UL, and layer thickness LT.
These parameters influence independently from each other the resultant quality. The purpose
of the investigation is to evaluate the effect of the parameters on the resultant form accuracy,
cutting edge geometry, cutting edge radii rc, and roughness Ra. The tool blank is made of cemented carbide (WC) and has a composition of 12 % Cobalt (Co) and 88 % Tungsten carbide
(WC) with a grain size of dg = 0.1 μm. The wavelength is set to λ = 515 nm. A parameter study
for radial laser ablation is conducted on the tool blank to select the optimum parameters for
tool manufacturing. The study is executed by ablating a structure, consisting of two geometries:
a V-notch to analyze the achieved depth of ablation d and a chip flute to evaluate the machining
quality, as shown in Figure 7-4 a). In Figure 7-4 b) and c), the ablated portions on the blank
with two different parameter sets are shown. Figure 7-4 c) has good geometrical accuracy and
surface quality when compared to Figure 7-4 b). Also, the time taken for laser processing is
appreciable.

b)

Parameter

Ø = 230 µm

a)

c)

Pulse duration τP
Pulse frequency fP
Laser power P
Scanning speed vS
Line distance DL
Layer thickness LT
Pulse energy EP
Line overlap UL
Pulse overlap UP
Process time t

poor

satisfactory

1 ps
400 kHz
0.23 W
800 m/s
3 µm
0.3 µm
0.575 µJ
62.5 %
75 %
60 s

1 ps
400 kHz
0.03 W
200 m/s
1 µm
0.5 µm
0.075 µm
87.5 %
93.75 %
144 s

Figure 7-4 a) Target geometry; b) surface and edge defects using improper process parameters; c) defined edges and improvement of surface quality visible.
The study revealed that the parameters scanning speed vS, pulse energy EP, and line overlap UL have a significant influence on the resultant quality. By reducing the scanning speed vS
and increasing the line overlap UL, while decreasing the pulse energy EP, an improvement of
the machining resolution is observed. Due to the decrease of the pulse energy EP, thermal
damage introduced by heat accumulation at higher line overlap UL can be avoided.

7.3.2 Manufactured Micro-Tools
By using optimized the laser process parameters, the manufacturing of a tool having a diameter of Ø = 50 µm is feasible. The aim geometry is adapted from a Dixi Polytool micro-tool of
the type 7240. Figure 7-5 a) – f) presents representative tools with diameters Ø = 150 to 50 µm
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having two respectively four cutting edges. The diameter along the prolongation length lp is
divided into two sections. The diameter Dc in the cutting region of the tools is larger than the
diameter Dp in the region between cutting edges and the conical part of the tool, as described
in Figure 7-5 g). This prevents the interaction of the non-cutting part with the work piece but
enables a larger cutting depth. All tools are cleaned after manufacturing; however, pollution
due to re-positioning of ablated material on the tools happens, and is shown in Figure 7-5 a)
and c).
Ø = 150 µm

Ø = 100 µm

Ø = 50 µm

c)

a)

g)

e)

I

III

Ds

Dp

Dc
lp

II
100 µm
b)

50 µm
d)

75 µm

lc

100 µm
Dp

f)
50 µm

25 µm

lp

lc

Dc

λCF

Figure 7-5 REM images of laser-processed micro-tools, each tool exhibits positive rake angles γ and a prolongation length lp = 300 µm; a) tool having a diameter Ø = 150 µm and two
teeth, region I points out pollution due to re-deposition of ablated material; b) side view of
one tooth with chip flute angle λCF = 30°; c) tool having a diameter Ø = 100 µm and two teeth,
region II and III point out pollution; d) tool having a diameter Ø = 100 µm and four teeth; e)
tool having a diameter Ø = 50 µm and two teeth; f) tool having a diameter Ø = 50 µm and
four teeth; g) schematic diagram of micro-tool length and diameter.

7.3.3 Geometrical Deviations
An ALICONA microscope is used for the measurements of the laser-processed micro-tools. The
rotational 3-D scan is performed with an automated external rotational and swiveling axis. The
microscope allows highly precise and accurate non-contact measurements. Also, it is capable
of obtaining 3-D measurements of the cutting tools and cutting edges for quality control purposes. In addition to the 3-D data, the measurement device also delivers false-color information for each measurement position, which is linked to the height data. For verification of
form deviation, a difference measurement is used to compare the laser-processed tool and a
CAD model of a ground tool. Figure 7-6 presents the form accuracy of three selected tools.
The false-color indicates deviations of the machined tool to the CAD model of the desired
micro-tool geometry.
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Figure 7-6 Comparison laser-processed micro-tool to CAD model along the cutting portion
of the tool; a) micro-tool having a diameter Ø = 150 µm and two teeth; b) micro-tool having
a diameter Ø = 200 µm and four teeth; c) contour plot overlap of micro-tools having a diameter Ø = 150 µm.
In Figure 7-6 a), the cutting portion of a tool having a diameter Ø = 150 µm and two teeth is
seen. By overlapping the 3-D scan with the CAD model, form deviations are visible. However,
the deviations adopt values smaller than 10 µm along the cutting portion, as this region is
machined by tangential ablation. The most considerable form deviations are located at the
outer circumference and adopt values up to 10 µm. However, as the chip flute does not contribute to the cutting process, the deviations are considered negligible. The major cutting edges
of a lasered tool are in great concordance to the ground tool cutting geometry. The clearance
angle is for ground tools α = 14 ± 0.7° and for lasered tools α = 15.8 ± 0.3°. Having a clearance
angle of α = 15° the friction between tool and work piece is reduced. The wedge angle is for
ground tools β = 80.3 ± 2.1° and for lasered tools β = 89.8 ± 2°, which guarantees a high stiffness and a high heat dissipation of the cutting edge. Due to the USP-laser process, flawless
cutting edge radii rc are realizable to replicate, as discussed in chapter 7.3.5. In Figure 7-6 b),
the cutting portion of a tool having a diameter Ø = 200 µm and four teeth is seen. The comparison proves that the CAM-system is capable of replicating micro-tools featuring multiple major
and minor cutting edges. In Figure 7-6 c), the overlap of two cross-sections of a laser-processed tool and a CAD model is shown, which allows a more detailed analysis of the cutting
edges. Based on this, the cutting edge dimensions, such as rake angle γ and clearance angle α, match with the desired geometry. Furthermore, a good agreement was found when comparing the contours and diameters.

7.3.4 Heat Affected Zone
A significant reduction in the quality and the lifetime of the cutting tool is expected to be caused
by the generation of the heat-affected zone (HAZ) during laser processing. To characterize the
HAZ, a cross-section of the cutting edge of the tool is generated using Focused Ion Beam
(FIB). To support the FIB-process, a diamond-like carbon (DLC) layer is deposited on the cutting edge. Edge preparation using other methods, like grinding, polishing, or wire-EDM, causes
edge rounding and diffusion. Besides, the exposed surface may be adversely affected by the
introduced heat and residual stresses by the preparation processes. For FIB, an exemplary
tool produced with optimized process parameters is located in an SEM in such a way that one
cutting edge is oriented upright.
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Figure 7-7 SEM-imagining of micro-tools; a) ground micro-tool with Ø = 200 µm and two
teeth; b) magnification of a cross-section of the cutting edge made by FIB with a positive
rake angle γ and the white arrow indicates the DLC layer; c) laser-processed micro-tool with
Ø = 200 µm and four teeth in a simplified form without minor cutting edges; d) magnification
of a cross-section of the cutting edge with a negative rake angle γ.
Figure 7-7 a) shows a ground micro-tool with a diameter of Ø = 200 µm. The two cutting edges
exhibit a positive rake angle γ. Due to the grinding process, a texture is visible along the grinding direction, as shown in Figure 7-7 a). A smooth surface with a low roughness Ra can be
expected. In Figure 7-7 b), the cutting edge exposed by FIB is presented. In the cross-section,
the WC appears as bright grains, and dark regions in between the grains indicate Co-binder.
No visible HAZ can be detected. Figure 7-7 c) illustrates a laser-ablated micro-tool having a
diameter of Ø = 200 µm. The four cutting edges exhibit a negative rake angle γ. The curved
surface area (region I) is ablated in a tangential direction and defines the clearance face. In
contrary, the chip flute (region II) is ablated in a radial direction and defines the rake face. The
surfaces of laser-processed micro-tools exhibit a rather rougher surface compared to ground
tools, as shown in Figure 7-7 d). Besides, a difference between the surface when ablated in
tangential and radial direction can be identified. Unlike the clearance face, the rake face reveals a stepped structure in the sub-micrometer scale. However, both surface structures are
unambiguously affected by the laser. As the binder requires a lower threshold fluence Fth for
ablation compared to WC, it is removed primarily. Furthermore, it is observed, that at the surface, the binder is completely removed. This indicates that the surface only consists of WC
grains and reveals enlargement of the roughness Ra. Additionally, when machining in radial
orientation, the heat accumulates to a greater extent, as the energy is absorbed almost completely by the material along the direction of propagation of the laser beam. In comparison, the
energy in tangential machining is directed into the removing material. Hence, a higher surface
quality can be expected.

7.3.5 Roughness and Cutting Edge Radius
As the removed material is transported along with the chip flute during machining, the roughness Ra in the flute is a crucial factor and significantly depends on the laser process parameters. The higher the pulse energy EP and the longer the process duration is, the higher the
roughness Ra becomes. The radial ablated chip flute surface is evaluated for tools with the
diameters Ø = 150, 100, and 50 µm and the results are summarized in Table 7-1. The optical
measurement of the roughness Ra and cutting edge radius rc is performed using the ALICONA
microscope. Due to the relatively low material removal and thus low machining duration when
reducing the tool diameter, the tool with the diameter of Ø = 50 µm reveals the lowest roughness Ra. Due to the superb surface quality in the grinding process, the roughness Ra of a
ground tool (Tool #4) in the chip flute adapts the lowest value of Ra = 0.13±0.04 µm. The Anderson-Darling test proves a normal distribution of all measurements.
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Table 7-1 Comparison of roughness Ra in the chip flute for different micro-tools.
Tool
Properties
Removed Material per
Machining Time per
Roughness
flute
flute
Ra
#1
#2
#3
#4

Ø = 50 µm, Teeth = 4
Ø = 100 µm, Teeth = 4
Ø = 150 µm, Teeth = 2
Ø = 150 µm, Teeth = 2

2.595 ∙ 10-5 [mm3]
2.0 ∙ 10-4 [mm3]
1.0 ∙ 10-3 [mm3]
-

16.07 s
123.8 s
619.26 s
-

0.18±0.03 µm
0.24±0.02 µm
0.75±0.15 µm
0.13±0.04 µm

A precise measurement of the cutting edge radius rc is crucial 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 below the cutting edge radius rc , which must be avoided. Using an Alicona InfiniteFocus microscope, the measurements are performed along the cutting edge on three positions
and the values are shown in Figure 7-8. In each position, an area of ± 5 μm is analyzed by 50
profiles. In Figure 7-8 a) a profile of a cutting edge is presented. In order to evaluate the cutting
edge radius rc, two auxiliary lines are placed along the rake and clearance flanks of the cutting
edge. Doing so allows the placing of a reference circle tangentially to the two lines at the edge
tip. The radius of the reference circle represents the cutting edge radius rc. In Figure 7-8 b) the
distributions of the radii are shown. The sharpness of the cutting edge radius rc shows a similar
behavior as the formation of the roughness Ra. For smaller tools, the radius rc adapts lower
values. The laser-processed tools have cutting edge radii rc in the same magnitude as the
ground tools.
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Figure 7-8 Comparison of cutting edge radii rc for different tool diameters for laser-processed and ground tools.

7.3.6 Micro-Milling Experiments with Laser-Manufactured Tools
To demonstrate the performance of the laser-processed tools, micro-milling experiments are
conducted and compared with commercially available ground tools. Due to small tool diameters having a large prolongation length lp, extreme aspect ratios AR of tool diameter to length lp
up to 6 are realizable. In consequence, micro-structures having a small pitch distance P and a
large height H are feasible to machine. Micro-structures with high aspect ratios AR are commonly needed in micro-die-sinking EDM. Hence, Cu and WCu are chosen as work piece materials, as these are used for electrodes. In micro-milling, process forces and tool run-out are
crucial factors, as these may lead to tool damage. To guarantee high structure quality, process
parameters are selected according to Table 7-2. For Cu and WCu and for laser-processed and
ground tools, the same parameter combinations are chosen. Before each milling experiment,
the tool run-out was measured. Due to the negligible forces in laser ablation, the run-out error
adopts values for tools with Ø = 150 µm of 2.7±1 µm, for Ø = 100 µm of 1.7±1 µm and for
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Ø = 50 µm of 2.7±1 µm. These values can be attributed to the errors of the clamping system,
which are specified by the manufacturer to < 3 µm. In contrast, the ground tools have an error
of 8±1 µm.
Table 7-2 Parameters when conducting micro-milling experiments with laser-ablated and
ground tools.
feed per tooth ft
3 µm
feed rate vf
540 mm/min
cutting speed vc
40 m/min …15 m/min
spindle speed n
90.000 rpm
width of cut ae
5 µm
depth of cut ap
5 µm
The milling experiments are conducted on a 5-axis-machining center of the type
HSM 200 U LP from GEORG FISCHER MACHINING SOLUTIONS (GFMS). A LEVICRON spindle provides a rotation speed up to nmax = 90.000 rpm. The spindle is designed with an air bearing
and cooled with liquid coolant to maintain a constant temperature and reduce expansion. The
HSK-25 interface is capable of clamping tools with a tool shank of Ø = 3 mm. The experiments
are supported by a minimum quantity lubrication (MQL) system. Tool diameter and length are
detected by an M&H laser micrometer bridge, which allows the measurement of tools with a
diameter down to 25 µm with a measurement uncertainty of ±0.2 µm.

Figure 7-9 SEM-images of micro-structures manufactured by laser-processed tools; a) pillars with a height HP = 270 µm, Width W P = 50 x 50 µm and Pitch PP = 190 µm machined
with a tool diameter Ø = 150 µm in Cu; b) the side view of the pillars; c) walls with a height
HW = 270 µm, Width WW = 50 µm, Length LW = 2 mm and Pitch PW = 140 µm machined with
a tool diameter Ø = 100 µm in WCu; d) side view of the walls; e) walls with a height
HW = 75 µm, Width WW = 50 µm, Length LW = 2 mm and Pitch PW = 90 µm machined with a
tool diameter Ø = 50 µm in Cu; f) magnification of 2 walls.
Micro-walls with a width WB = 50 µm, height up to HB = 270 µm and length LB = 2 mm are machined in Cu and WCu. Additionally, micro-pillars with a width W P = 50 x 50 µm and a
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height HP = 270 µm are manufactured. The pitch distance depends on the tool diameter and
is chosen for Ø = 150 µm to 190 µm, for Ø = 100 µm to 140 µm and for Ø = 50 µm to 90 µm.
For evaluation, the form accuracy, flank steepness, and burr formation are analyzed. If the
distance between two flanks were the same as the tool diameter, one side would be machined
in down milling and the other side in up milling. This would result in different flank qualities.
Furthermore, the displacement of the tool could damage the opposite flank. The target width
of the wall cannot be reached due to run out.
In Figure 7-9 three cases are shown, when micro-milling Cu and WCu applying tools with diameters of Ø = 150, 100 and 50 µm. As presented in Figure 7-9, no burr formation can be
detected, as the structures were machined by using the burr-free milling strategy. Additionally,
due to the negligible low run-out, steep flanks, and a constant width of walls and pillars WW,P
is guaranteed. The high aspect ratio AR of the tools allows tight pitches of walls and pillars PW,P.
The tools are capable of machining ductile, such as Cu, and brittle, such as WCu, materials.
a

b

Figure 7-10 Micro-structures machined using laser-ablated tools; a) micro-pillars in Cu; b)
micro-walls in WCu, grain pull-out is indicated with white arrows.
Besides expanding the possibilities in geometrical flexibility, the application of micro-tools fabricated by laser-ablation also guarantees a stable process. Figure 7-10 presents an overview
of micro-structures fabricated by using laser-ablated tools. For this purpose, the micro-tool has
a diameter of Ø = 150 µm and a prolongation length of lp = 500 µm. The tool is equipped with
two cutting edges and is made from cemented carbide. In Figure 7-10 a) micro-pillars in Cu
are shown. These are arranged in a 5 x 5 array, resulting in 25 pillars. A reduction of tool
diameter simultaneously with increasing the prolongation length lp enables a dense fabrication
of micro-pillars having a high aspect ratio AR. Each pillar has a height of HP = 300 µm and an
edge width of W P = 40 x 40 µm and a pitch of PP = 190 µm. A negligibly small burr-formation
is observed when magnifying the contour of the pillars. The occurring burrs are too small in
order to precisely perform measurements; however, in the SEM-analysis a burr size smaller
than < 1 µm can be estimated with reasonable confidence. Also, a high quality of the edges
can be confirmed, as no break-outs of the contour or of single grains is detected. The machined
micro-structures meet all requirements on quality for a subsequent application in micro-die83
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sinking EDM, such as steep flanks and absence of burr formation. The generated micro-structures in WCu are presented in Figure 7-10 b). For this case, walls having a width of
WW = 40 µm, a height of HW = 300 µm, and a length of LW = 5 mm are shown. These walls
have a pitch distance of PW = 190 µm. Despite WCu consist of two phases, precise cutting of
each phase is possible. The main indicator for this is demonstrated in the SEM-image when
comparing the bright and dark areas, which represent tungsten respectively Cu. However, unlike machining pure Cu, in the case of machining WCu, partial grain pull-out at the edges is
observed. This, in turn, leads to a higher average edge radius rs, as discussed in Figure 6-4.
The achievable quality of micro-structures in Cu and WCu machined by using laser-ablated
tools is quantified in Figure 7-11. The flank angle ζ is discussed in Figure 7-11 a). As the runout error is significantly reduced for laser ablated tools, an average flank angle of
ζ = 90.02±0.02° is feasible for each case. In comparison, the flank angle in micro-structures
fabricated by ground tools is ζ = 90.6±0.2°.

Figure 7-11 Quality of micro-structures in Cu and WCu fabricated by using laser-ablated
micro-tools; a) flank angle ζ; b) form deviations calculated based on the percentage difference between the actual and set value.
However, no significant influence of the form tolerances based on structure width and height
to the type of tool can be drawn, as discussed in Figure 7-11 b). The percentage deviation is
calculated by comparing the target dimension with the achieved dimension. For each case,
positive deviations are found. This indicates that the structures are smaller than the specified
dimensions. In general, the height of the structures is met precisely, whereas the width evinces
higher deviations. Many factors can be held accountable for these effects. The main impact
however, is seen in the measurement accuracy of the laser measurement bridge in the machine. Additionally, the tool run-out error influences the percentage deviations.
Besides machining positive structures, laser-ablated micro-tools also enable the machining of
negative structures, such as slots having a high aspect ratio AR. The slot machining of Cu is
displayed in Figure 7-12. Micro-slots width varying depths DS according to the tool prolongation
length lp are machined. For each case, the slots exhibit a length of LS = 3 mm. Due to the high
aspect ratio AR of the tool, the resultant cutting forces Fres must be minimized as far as possible.
Therefore, the depth of cut is set to ap = 5 µm. The feed per tooth is set to ft = 3 µm in concordance to the cutting edge radius rc. The experiments are conducted at a spindle speed of
n = 90.000 rpm, resulting in a cutting speed of vc = 30 m/min for a tool with a diameter of
Ø = 120 µm. The milling is supported by an MQL-system. A tool having a prolongation length
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of lp = 200 µm is used to machine a slot having a depth of DS = 190 µm and a width of
WS = 120 µm, as shown in Figure 7-12 a). Perpendicular flanks are guaranteed, as the flank
angle is ζ = 90.1±0.2° on both sides. The achieved inner corner radius is ri = 4.6±1.5 µm and
is primarily affected by the tool wear. In order to avoid interaction between the non-cutting
region of the tool with the work piece flank, the tool is rejuvenated behind the cutting edges. A
slot having a depth of DS = 290 µm is shown in Figure 7-12 b). Also for this case, a high quality
is achieved, as the flank angle is ζ = 89.9±0.3° on both sides and the achieved inner corner
radius is ri = 4.0±0.1 µm. Throughout the slot milling experiments, neither tool breakage nor
cutting edge chipping occurred.

Figure 7-12 Micro-milling using laser-ablated micro-tools having high aspect ratio AR; a) slot
milling with a slot depth DS = 190 µm and corresponding tool; b) slot milling with a slot depth
DS = 290 µm and corresponding tool; c) effect of tool wear formation on surface milling, the
transition to chipped tool is indicated by the white vertical line; d) worn tool; e) resultant
process forces Fres for plane milling experiments using four laser ablated tools; f) resultant
normal forces FZ for plane milling experiments using four laser ablated tools.
However, in order to examine the impact of tool damage to the achievable quality and determine tool lifetime of laser-ablated tools, surface milling is performed. Therefore, a Cu specimen
is plane-milled by using a micro-tool made of cemented carbide having a diameter of
Ø = 120 µm and a prolongation length of lp = 300 µm. Additionally, process forces are acquired. Figure 7-12 c) demonstrates the change of surface quality in relation to the tool condition. As the tool undergoes wear formation during milling, a precise transition between initial
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tool state and beginning of cutting edge chipping respectively wear can be detected by observing the surface. After 20 milling paths, a clear modification is visible, as displayed in the magnification. The worn tool is shown in Figure 7-12 d). Chipping is seen for each cutting edge.
However, no tool breakage occurred.
The process force behavior is described in Figure 7-12 e) and f) for four tools with the same
geometry. In concordance to the milling experiments described in Figure 5-5 for tools having
a diameter of Ø = 200 µm, a change of force development takes place. Conforming with a
surface modification in path number 20, a sharp rise of the normal force FZ is confirmed in the
same path. Furthermore, the resultant cutting forces Fres are constantly increasing.

7.4 Conclusion
The fabrication of flawless micro-milling tools using USP-laser ablation in combination with a
multi-axis CAM system is discussed. It is found that the choice of laser parameters profoundly
influences the tool quality. The most crucial factors are pulse duration τP, scanning speed vs,
pulse energy Ep, and line distance dl. Tools made of WC with diameters down to Ø = 50 µm
and a prolongation length lp = 300 µm are possible to machine. Additionally, due to negligible
process forces during tool manufacturing, mechanical damage and tool deflection can be
avoided leading to a high form accuracy and low run-out error. Besides, extreme aspect ratios
AR of prolongation length lp to diameter are feasible. The CAM-system used enables the realization of multiple teeth, defined rake angles γ, and tools with different chip flute angles λCF.
The laser setup and CAM-system enables a reliable alternative tool manufacturing compared
to grinding. Following conclusions can be summarized:
 By combination of radial and tangential laser ablation, the same tool geometry as
ground tools is realizable to machine by having a laser machine setup consisting of 4
mechanical and 2 optical axes. This setup also enables the manufacturing of tools having more than 2 teeth and a higher aspect ratio compared to ground tools.
 USP-laser ablation leads to non-measurable thermal damage. Therefore, no HAZ is
detectable. However, release of cobalt from the surface was detected.
 The quality of a laser-processed tool does not only depend on the laser parameters
and machining strategy but also significantly on the tool diameter Dc. As less material
is removed when manufacturing a small tool after tool blank roughing, compared to a
larger tool, the machining duration is lower. Hence, less interaction between tool and
laser is required.
 Micro-milling experiments proved the high performance of laser-processed tools. Due
to the high aspect ratio AR of the tools, micro-structures with low pitch distances and
larger heights can be produced. The tools are capable of machining ductile material,
such as Cu, and brittle material, such as WCu.
 Flawless micro-structures are feasible to machine by using laser ablated tools. The
experiments reveal that the flank quality of the micro-structures is enhanced.
 Due to the reduced run-out error of lasered tools compared to ground tools, a higher
flank quality is achievable. As the tool blanks are lasered in a clamping system, which
is transferred to the milling machine, the run-out is significantly reduced. In contrast,
due to re-clamping errors between the grinding machine and milling machine, the runout error of ground tools is larger. It is found out that the flank angle of a structure
machined by ground tools having a run-out error of 8 ± 1 µm is up to ζ = 91 ± 0.25° and
machined by lasered tools having a run-out error of 1.7 ± 1 µm is ζ = 90 ± 0.1°.
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As a mold material hardened 1.2344 steel is chosen and the machining feasibilities for shaping
discrete micro-cavities with high aspect ratio AR are limited. Also, the need for small cavity radii
rcav, low surface roughness Ra and high requirements on flank angle ζ further narrow the possibilities. To fulfill these requirements, the shaping of the mold is performed using die-sinking
EDM applying micro-structured Cu and WCu electrodes. The electrode preparation is performed by using a 5-axis-machining center of the type MIKRON HSM 200U LP from GEORG
FISCHER MACHINING SOLUTIONS (GFMS), Switzerland, as shown in Figure 8-1. A LEVICRON
spindle provides a rotation speed up to nmax = 90.000 rpm. The spindle is designed with an air
bearing and cooled with liquid coolant to maintain a constant temperature and reduce expansion. The HSK-25 interface is capable of clamping tools with a tool shank of Ø = 3 mm. The
experiments are supported by a minimum quantity lubrication (MQL) system. Tool diameter
and length are detected by an M&H laser micrometer bridge, which allows the measurement
of tools with a diameter down to 25 µm with a measurement uncertainty of ±0.2 µm.
a)

b)

Figure 8-1 Machine tools used for electrode preparation and EDM; a) MIKRON HSM 200U
LP; b) FORM S350 FROM GF MACHINING SOLUTIONS.
The experiments are conducted using electrodes having micro-walls with a width in the range
of WW = 30 to 50 µm in a combination with a height of HW = 200 and 290 µm, as shown in
Figure 8-2. Also, electrodes having micro-pillars with a width in the range of WP = 40 to 60 µm
in a combination with a height of HW = 200 and 290 µm are applied. For the electrodes having
micro-walls, each electrode provides 5 structures with the same dimensions. For the electrodes having micro-pillars, each electrode provides 5x5 structures with the same dimensions.
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Figure 8-2 Employed electrodes for micro-die sinking EDM; a) micro-wall having width WW =
20 µm and height HW = 200 µm; b) micro-wall having width WW = 50 µm and height HW =
290 µm; c) micro-pillar having width W P = 50 µm and height HP = 200 µm; d) micro-pillar
having width W P = 40 µm and height HP = 290 µm.

8.2

Micro-Die Sinking EDM

The subsequent usage of the electrodes is conducted with a die-sinking machine of the type
FORM S 350, from GEORG FISCHER MACHINING SOLUTIONS (GFMS). The experiments are performed in IME 110 from oelheld as a dielectric, which is suitable for finishing applications.
Having already minimized the electrode size, the resulting die sunken structure size directly
depends on the gap width G, which is defined in Figure 8-3 f). Therefore to minimize the structure sizes on the work piece, a minimal gap width G is desirable. Furthermore, to mitigate wear,
the aspect ratio AR of the electrodes must be higher than the desired one on the work piece.
Alternatively, additional finishing electrodes need to be prepared. However, the electrode feature dimensions are limited by the size effect, which indicate the limitation in miniaturization.
Due to occurring stray capacitances, unwanted discharge happens, which also defines the
minimum discharge energy per pulse. These have a detrimental impact to the micro-features
as the size reduces. Furthermore, the minimum feature size is limited due to the discharge
forces, which causes the electrode to vibrate during erosion. The Form S 350 machine provides several erosion technologies, which differ in achievable gap width G and machining
times. Die-sinking EDM is highly affected by electrode tool wear. Hence, the wear is mitigated
due to polarity and optimization of process parameters, which are presented in Table 8-1.
Table 8-1 EDM-Parameters and condition.
pulse type
strategy
voltage
electrical capacitance

capacitor impulse
down
50 V
66 pF

Also, the use of multiple electrodes for one shape in the work piece can be deployed, depending on the required tolerances. Figure 8-3 summarizes the importance of flawless and burrfree electrodes. In Figure 8-3 a) an electrode having visible burr-formation is presented, which
was used in a subsequent EDM process. The eroded result is displayed in Figure 8-3 b). Low
edge quality is clearly recognizable. Therefore, high requirements have to be placed on electrode milling. A burr-free electrode is shown in Figure 8-3 c), and the eroded result is presented
in Figure 8-3 d). As the electrode has a significantly higher quality, the edges of the resultant
cavity are burr-free. Also, the flank conicity of the cavity is below 2 µm, as shown in Figure 8-3
e).
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Figure 8-3 Importance of electrode quality; a) flawed electrode having burr; b) eroded cavity
with edge defects; c) flawless electrode; d) eroded cavity with sharp edges; e) cross-section
of an eroded cavity; f) definition of working gap width G.
In Figure 8-4 the wear behavior of an eroded copper electrode is shown. Figure 8-4 a) represents five copper walls having a width of WW = 40 µm and a height of HW = 200 µm. In order
to be able to precisely follow what happens during EDM operation, merely half of the electrode
length is sunken into the work piece. The erosion depth is DEDM = 150 µm. When magnifying
in the transition area, as presented in Figure 8-4 b), a low wear formation is observed. No
lateral wear is developed, as lateral sparks are suppressed during erosion. In contrast, frontal
wear is clearly visible, leading to a rounding of the wall corners. However, frontal wear is below
< 2 µm leading to a wear of 1.5 %.
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Figure 8-4 Wear formation when performing die-sinking EDM using a Cu electrode.
Figure 8-5 displays a work piece made of 1.2344 steel having micro-cavities. It is machined by
micro-die sinking EDM using the Cu electrodes. The electrodes employed exhibit 5 walls with
a width of WW = 50 µm, a height of HW = 290 µm and a pitch of PW = 250 µm. According to
Figure 8-5 a), a non-measurable burr is formed during erosion. In Figure 8-5 b), a conicity
smaller than 2 µm along with a depth of the cavity Dcav = 150 µm is seen. The width of the
cavity results in W cav = 55 µm. Figure 8-5 c) and d) show, that a corner radius of rcav < 10 µm
is feasible to machine.

Figure 8-5 Work piece eroded using Cu electrodes.
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Experiments are conducted using electrodes with varying feature sizes in order to investigate
replicability. Figure 8-6 represents eroded cavities when using wall and pillar electrodes. The
erosion depth for each electrode has a height of DEDM = 150 µm. In Figure 8-6 a), the top view
of eroded cavities is shown. The width of the electrode feature is W W = 40 µm. The qualitative
observation reveals sharp inner corners and no edge defects. The same statement can be
derived when increasing the feature width up to WW = 50 µm, as represented in Figure 8-6 b).
Also, the erosion of micro-pillars is feasible, as shown in Figure 8-6 c). An array of 5x5 pillars
having a width of W P = 40 µm is applied as electrode for erosion. However, in order to perform
a quantitative analysis, the width W C and inner radius rcav of the cavities are measured and
compared to the electrode dimensions. This also allows the precise determination of the working gap width G.
a)

1
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b)
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Figure 8-6 Eroded cavities; a) eroded using an electrode with wall structures having a width
WW = 40 µm; b) eroded cavities using an electrode with wall structures having a width WW =
50 µm; c) eroded cavities using an electrode with pillar structures having a width W P = 40 µm.
The dimensional deviations are summarized in Figure 8-7 for the manufacturing steps of milling, EDM, and injection molding of ABS and PP. In Figure 8-7 a), the change of the width using
electrodes having wall features are shown for 6 cases. The width of the wall is increased from
WW = 30 to 50 µm, and the height is HW = 200 and 290 µm. The width of the cavity was measured along the cavity length at 3 positions: both ends and in the middle of the cavity length. It
is seen that the width remains constant along the cavity length and varies in the same magnitude as the electrode width. In Figure 8-7 b), the change of the width when using pillars as
electrodes is shown. It is obvious that the structure width of the electrode is smaller compared
to the eroded cavity. However, the structure width of the molded plastic part is smaller than the
width of the cavity. This phenomenon can be explained by shrinking effects. By comparison of
the measured widths of the electrode and cavity, the gap width G can be derived, as presented
in Figure 8-7 c). No correlation between structure dimension and gap width G exists. The same
observation is found when eroding with pillar electrodes, as described in Figure 8-7 d). Due to
the small dimensions of the structures in the case of pillars and the low ratio between attack
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frontal surface area to the gap width G, a transport of debris is impaired. This causes defective
discharges and thus an increase in the gap width G.
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Figure 8-7 Comparison of electrode features to eroded cavities; a) erosion using wall-structures; b) erosion using pillar-structures; c) lateral gap width G for wall-structures; d) lateral
gap width G for pillar-structures.
Figure 8-8 describes the radius formation throughout the process chain. It is seen that the
radius increases with each step. The milling process of the electrode allows the formation of
a radius rs < 4 µm. As the inner corner radius rcav of the cavity is dependent on the gap
width G, the radius r increases. The radius is further enlarged during the injection molding
process. However, here is a distinction between the behavior of ABS and PP recognizable.
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Figure 8-8 Growth of structure radius within the technology steps.

8.3

Micro-Injection Molding

Due to the small dimensions and high aspect ratios AR of the micro-cavities in the molds, several factors have to be considered when conducting micro-injection molding. To ensure a high
filling ratio R, a premature solidification of the melt has to be prevented. This can be achieved
by pre-heating the mold. The moldability is also determined by the melt volume-flow rate
(MVR), melting temperature θ, and type of plastic. Not only the process parameters and polymer materials define the minimum achievable structure size, but also the size effect when
decreasing the cavity dimension. An improper ratio between structure size and roughness of
the cavity flanks lead to ejection failure and thus resulting in tearing of the polymer structure.
Furthermore, the required draft angle cannot be fulfilled with such small sizes. For injection
molding, two strategies can be applied: isotherm and variotherm. In isotherm the mold is not
thermally controlled, whereas in variotherm the mold is heated throughout the process. The
applied parameters are listed in Table 8-2.
Table 8-2 Injection molding parameters.
injection speed vi
50 cm3/s
900 bar
injection pressure ρi
injection time ti
8s
Resting time tr
30 s
variotherm temperature Tv
180 °C
Injection temperature Ti
260 °C
Molding cavities having a width of W = 35 µm, height of H = 100 µm, and an aspect ratio AR of
5 using PMMA using variotherm leads to a filling ratio up to Rv = 100 % compared to isotherm
with a ratio of only Ri = 30 %, as displayed in Figure 8-9 a). The mold filling with variotherm
technology is highlighted in red, whereas the one with isotherm technology is highlighted in
blue.
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Figure 8-9 Injection Molding; a) comparison of mold filling ratios of PMMA for a slot cavity:
isothermal casting technology (blue), variothermal casting technology (red); b) comparison
of different polymer types regarding filling rate.
For further examination, the influence of the plastic-type is analyzed. Therefore four different
thermoplastics are used for micro-injection molding: Polymethylmethacrylate (PMMA), Acrylonitrile-Butadiene-Styrol (ABS), Polyoxymethylene (POM), and Polypropylene (PP). These materials are chosen due to surface tension and high viscosity. The associated properties are
listed in Table 8-3. The injection moldability of plastic is indicated by the melt volume rate
(MVR) and is a measure of the viscosity of the melt. The MVR is determined according to ISO
1133 with the aid of a capillary rheometer. In this process, the granules are melted in a heatable
cylinder and forced through a defined nozzle under pressure created by the contact load. The
exiting volume of the polymer melt is determined as a function of time.
Table 8-3 Properties of investigated polymers.
PMMA
3
1.06
density ρ [g/cm ] @ θ
230
melting point θ [°C]
80
expansion coef. αexp [10-6∙K-1] @ θ
3
melt volume rate [cm /10min]
3

ABS
1.04
220
90
5.6

POM
1.2
190
110
12

PP
1.07
220
56
22.5

Due to the different mechanical and physical properties of these materials, the achieved dimensions and thus the filling ratio Rv is expected to be different. Therefore, a preliminary injection molding test case is conducted. A mold with cavities having a width of W = 40 µm, a
height of H = 50 and 100 µm and a length of L = 2000 µm is filled. The attained volumes of the
replicated micro-features are measured and compared to the cavity volume, as shown in Figure 8-9 b). The filling ratio of the mold Rv is then derived. The filling ratio for ABS, PP and POM
is Rv = 100 %. However, for PMMA the filling ratio is Rv = 50 % and thus is not considered for
further analysis. ABS and PP reveal the highest potential, as the volumetric deviation is 5.3 %
and 2.4 %, whereas the deviation for POM is 17 %.
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Figure 8-10 Deviations of characteristic dimensions of thin a thin wall throughout the process
chain; a) structure width; b) structure radius.
Figure 8-10 shows the geometrical deviations from the structures throughout the process
chain. In Figure 8-10 a), the variation of a structure width is discussed. As a reference, the
width of an electrode is considered, which represents the structure number 1. During the erosion process, the generated cavity reveals a width larger than the electrode`s width and is
described by the structure number 2. The increase of the width is explained by the occurrence
of the EDM gap size. When filling the cavity in the concluding injection molding process, the
plastic product obtained is described as structure number 3 and features a width smaller compared to the cavity width due to the shrinkage during solidification and cooling. The formation
of the width W throughout the process chain can be described by a function of the type W n = fn ·
Wn-1, where n denotes the process step and f is the transfer function. The cavity width is described in (8-1), with βe,w as an erosion constant for width formation.
𝑊2 = 𝛽𝑒,𝑤 ∙ 𝑊1

(8-1)

To calculate the final structure width on the plastic part, the cases for PP and ABS have to be
analyzed, with α as an injection molding constant for width formation, according to:
𝑊3 = {

𝛼𝑃𝑃,𝑤 ∙ 𝑊2 ,
𝛼𝐴𝐵𝑆,𝑤 ∙ 𝑊2 ,

𝑓𝑜𝑟 𝑃𝑃
𝑓𝑜𝑟 𝐴𝐵𝑆

(8-2)

All parameters are listed in Table 8-4. It can be derived, that the EDM process has a major
impact on the final structure width W. The constants given correspond to the ratios of the
structure sizes in the respective steps.
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Table 8-4 Constants for structure width development in the process chain.
electrode width W 1
30…60 µm
0.83
injection molding constant ABS αABS,w
0.88
injection molding constant PP αPP,w
1.33
erosion constant βe,w

In Figure 8-10 b), the deviation of the structure radius R is described. The formation of the
radius R throughout the process chain can be described by a function of the type Rn = gn · Rn1, where n denotes the process step and g is the transfer function. Unlike the development of
the width, the radius rises continuously. The cavity radius is described in (8-3), with βe,r as an
erosion constant for radius formation.
𝑅2 = 𝛽𝑒,𝑟 ∙ 𝑅1

(8-3)

To calculate the final structure radius on the plastic part, the cases for PP and ABS have to be
analyzed with α as an injection molding constant for radius formation, according to:
𝛼𝑃𝑃,𝑟 ∙ 𝑅2 ,
𝑅3 = {
𝛼𝐴𝐵𝑆,𝑟 ∙ 𝑅2 ,

𝑓𝑜𝑟 𝑃𝑃
𝑓𝑜𝑟 𝐴𝐵𝑆

(8-4)

The constants are listed in Table 8-5. It can be derived, that the EDM process has also a major
impact on the final structure radius rs.
Table 8-5 Constants for structure radius development in the process chain.
electrode radius R1
3 µm
1.4
injection molding constant ABS αABS,r
1.2
injection molding constant PP αPP,r
2.8
erosion constant βe,r

8.4

Conclusion

The fabrication of micro-structures on a final customer-orientated product comprises several
areas to which improvements should be made. It is shown that the chronological sequence of
the manufacturing technologies micro-milling, micro-EDM, and injection molding is the preferable solution if high demands are placed on precision and accuracy. Each step exhibits characteristics and particular restrictions as well as restraints. Based on the preliminary research
of this thesis, existing restrictions could be detected and shifted. An isolated consideration of
each step is ineligible, but rather cross-process dependencies have to be evaluated. The first
step of micro-milling already has the main impact on achievable quality and dimensions. Therefore, the implantation of burr-free structures has to be guaranteed. It is shown that burr may
be replicated through the entire process-chain. The main challenges in EDM are described as
wear-formation of the electrodes, requiring multiple electrodes for geometrical accuracy and
the occurrence of the working gap width.
The concluding step of the process-chain comprises the injection-molding process. In order to
reach a form filling rate of 100 %, several modifications and adjustments are necessary. Also,
the proper choice of polymer material is crucial. To avoid premature solidification of the melt
and thus low filling rates, the variotherm technology is implemented. Also, the molding process
was preceded by an evacuation of the air in the cavity.
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When analyzing the two attributes of the achievable structure width W and structure radius rs,
significant tendencies are derived. The initial width W is defined by the milling process and due
to the gap width G enlarged during the EDM step. However, as the melt shrinks in the injection
molding process, the final width W shrinks below the cavity size. For a prediction, the influence
of the process technologies can be summarized in a transfer function. It can be concluded that
the EDM process has a major influence on the width and radius formation. Furthermore, it was
found out that ABS and PP allow the highest filling rate and form accuracy compared to PMMA
and POM. Thus these are the preferred choice for micro-injection molding.
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Conclusion and Outlook

The chronological sequence of electrode preparation by means of micro-milling, the implementation of the electrodes in die-sinking EDM and the concluding injection molding is the only
way for realization of the precise replication of micro-structures in plastic. In this work, it is
noted that the achievable quality and dimensions of the final product is already primarily defined at the beginning of this process chain. Therefore, the work focuses on the electrode
shaping. Based on this, transfer functions are derived in order to predict the variation of structure width and structure radii. It is observed that the width of the structures increases during
the erosion step by 34 %. However, a decrease of the width during the injection molding step
is shown and is dependent on the polymer type. When using ABS, the structure width shrinks
by 16 % and when applying PP, the width shrinks by 11 %. A different behavior is explained in
the case of structure radii development, as the size constantly increases. The increase of the
radius during the erosion step is 180 %. When using ABS, the radii grows by 40 % and in case
of PP the increase is 30 %. It can be presumed that for each case the erosion step has the
major influence to the structure shape variation.
Different manufacturing technologies for electrode shaping are analyzed, evaluated, and compared. These include milling, laser-ablation, and wire-EDM. For the implementation of microstructures high demands on the technologies are placed, such as compliance with tolerances
and accuracy, absence of thermal or mechanical damage, or the capability of machining high
aspect ratio AR. Within the research, it turned out that the machining by means of thermal
machining is not suitable for precise micro-machining. Despite the suppressing of wear formation in laser machining or wire-EDM, discrete structures cannot be generated. The laser
beam caustic pronounces the formation of a taper angle leading to inclined flanks. Also, lasermachining is limited in achievable aspect ratio AR. As the depth of a structure increases, multiple-reflection effects occur, as the light is held captive inside the machining area. That is
noticeable in the consequential formation of undercuts. Additionally, arising heat accumulation
when impinging a surface with a high number of pulse causes bending or even destruction of
micro-structures. Similar observations are found when machining with wire-EDM. When decreasing the width of micro-structures, inadmissible high bending of these structures is observed. As a wire is used as a tool, the achievable geometrical flexibility is limited. Therefore,
merely 2.5-D shapes are feasible to fabricate. The flexibility of wire-EDM is also restricted by
the wire diameter, as the radius of the wire is replicated on the base of a structure. Thermal
machining additionally promotes chemical reactions. Hence, modifications of the machined
surfaces can be found by EDX-observations. These can affect adversely the subsequent use
of the electrode as a tool for EDM. The choice of electrode material is determined by the EDM
process. Due to the superior thermal and electrical conductivity, resistance against wear, and
good machinability pure copper (Cu) is selected for further investigations.
Micro-milling fulfills the high demands on micro-shaping of the electrode. However, the underlying mechanics in micro-milling cannot be scaled down from conventional milling. As the distinctive parameters for the case of micro-milling are in the same magnitude as the grain size
of the work piece material, undesired effects may occur. This includes ploughing, where material is only deformed rather than sheared off. The elastic recovery of the material also leads
to an increase of wear formation of the tool. These effects have to be avoided or minimized as
far as possible. Therefore, many factors have to be considered, such as a precise measurement of the cutting edge radius rc, determination of the minimum uncut chip thickness hmin,
analysis of the run-out error of the employed tool, and measurement of process forces. In order
to identify the transition from mere ploughing to shearing, the normalized minimum uncut chip
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thickness λ is introduced, which is the ratio of the minimum uncut chip thickness hmin and the
cutting edge radius rc. For Cu and WCu the transition was found to be λ = 0.4. That means that
the feed per tooth must not fall below the dimension of the cutting edge radius rc = ft = 3 µm.
When the feed per tooth falls below ft = 3 µm, an increase of cutting forces is described. Further
wear analysis of micro-tools can be performed if in-situ microscopy in the machine space is
implemented. This allows the wear detection of the micro-tool without removing the tool from
the spindle. It has been discovered that the micro-milling of Cu behaves differently compared
to WCu. This is especially apparent when describing the burr formation. A significant reduction
of burr formation in the case of Cu is observed when setting up a low value for the feed per
tooth ft. In contrast, the feed per tooth ft has to be higher when machining WCu. Besides, as
WCu has highly abrasive properties, the tool lifetime is reduced by up to 50 %.
The limitations of micro-milling are not only defined by the material properties, but also by the
milling strategy and procedure, as well as the tool dimensions. By the implementation of adaptive tool path planning, burr-free machining can be guaranteed. Also, sharp corner edges are
achieved. Minimizing of the structure dimensions is crucial, as the size determines the size of
the final product. It is shown that by using micro-milling, flawless micro-structures having a
width of W = 20 µm are feasible to manufacture. In comparison, preliminary experimentation
reveals that the achievable width when using laser ablation is W = 60 µm and for wire-EDM,
the width is W = 50 µm. A linear function is derived to describe the variation of the flank steepness ζ between pure copper and tungsten reinforced copper. Despite WCu enables a smaller
structure size, an enlargement of edge radii are described. As WCu consists of two phases,
grain pull-out happens locally and thus deteriorates the edge quality. It is shown that the minimal width of structures in WCu is W = 20 µm and the corner radius rs = 3 µm. For the case of
Cu the minimal width is W = 25 µm and the corner radius rs = 2 µm. Also, the flank angle ζ in
dependency of structure dimension and material is comprehensively analyzed. Due to the
higher modulus of elasticity E, WCu turns out to be stiffer than Cu. This causes a higher accuracy of the flank angle for the case of WCu. Also, as the pitch distance P between structures
is defined by the tool diameter, and the aspect ratio AR by the tool length, an increase of the
tool cutting length to diameter ratio is necessary. This demand leads to tool dimensions, which
are impossible to grind.
As an alternative to grinding, tool manufacturing by means of ultra-short pulse laser-ablation
is described. This process enjoys comparative advantages over grinding. Tools having a
higher aspect ratio AR compared to conventional tools are feasible to machine, as process
forces in laser-ablation are negligible. In order to fabricate tools with the same geometrical
characteristics as ground tools, a laser set-up equipped with multiple axes is required. For a
simultaneous control of the machine axes, a CAM-software is applied. This allows the laser
fabrication of micro-tools having freeform faces, such as helical chip flutes. Also cutting edges
with rake and clearance angles can be precisely defined. It is shown that the cutting edge
radius rc of a laser-ablated tool is in the same magnitude as a ground tool. The capabilities of
machining tools in a diameter range of Ø = 150 to 50 µm are described and the performance
and ability tested. These tools enable the micro-machining of dense structures characterized
by a small pitch distance P and high aspect ratio AR. These configurations of micro-structures
are not possible to realize by using ground micro-tools. It also became apparent that the runout error of laser-ablated tools is reduced by up to 66 % compared to ground tools. This has a
major impact on the flank angle ζ of the machined structure. By comparison, a significant improvement of the flank angle ζ is found. Summarizing, laser-ablated tools not only shift the
frontier of micro-milling, but also enhance the achievable structure quality.
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By deriving an optimized strategy for electrode shaping, excellent boundaries are given for
further use in die-sinking EDM. A limitation in minimizing final structures is not only given by
electrode milling, but also by the EDM-process design. An enlargement of the structure is affected by the working gap width G. Due to an optimization of the EDM process, the gap width
is reduced to G < 12 µm. It turns out that the use of Cu electrodes enables inner radii of the
cavities smaller than if WCu is applied. However, novel electrode materials can be developed
which are intended for micro-manufacturing applications. These must exhibit good machinability. Furthermore, graphite is a commonly used material for roughing operations in EDM. Due
to the material properties, higher flexibility in shaping is expected. This can increase the aspect
ratio AR of the features of the electrode. The presented work comprehensively describes the
influence of burrs throughout the process chain and the negative effects to upcoming steps.
The burr formation in milling is explained and it is shown that the application of electrodes
having burr in EDM lead to imprecise cavities. To avoid this issue, an adaptive and novel milling
strategy is presented, which suppresses burr formation. In EDM experiments the formation of
flawless cavities is described.
These eroded cavities are further used as injection molds. To guarantee a precise and geometrically accurate replication of the structure, the injection molding process is performed under use of variotherm technology. Unlike isothermal technology, this process maintains a sufficiently high temperature of the melt to avoid premature solidification. Merely ABS and PP can
reach a volumetric filling rate of Rv = 100 % and thus should be selected for the use of microinjection molding.
By an equivalent selection of manufacturing technologies, tools, machining strategies as well
as process parameters, it was possible to produce micro-structures with aspect ratios AR and
pitch distances that were previously unattainable. The aspect ratio AR is limited by the deflection of the micro-tool during milling. The force applied to the tip of the tool results in the tool
being displaced from the structure, which enlarges the base of the structure. The results presented here can be used as support, especially for the design and optimization of a process
chain for the production of micro-structures on injection molds as well as for mass replicated
end products.
This work gives the base for exceeding the range of applications for micro-structures. The
achievable structure dimensions are in the micro-meter range and thus fulfill the requirements
for novel applications. These can include the manufacturing of functional surfaces like selfcleaning surfaces, which needs micro-structures having a high aspect ratio AR and a tight pitch
distance Pi. Furthermore, the replication of security features can be tested. As the generation
of pre-defined micro-structures requires the combination of advanced manufacturing technologies, product counterfeiting may be hardly practicable.
In future investigations, a more sophisticated micro-tool geometry, which is adapted on the
work piece material, could be developed considering the inputs given by the present work. This
may include a variation of the rake angle γ from positive to negative values. A negative rake
angle γ would increase the cutting edge stiffness, which might be suitable for machining brittle
material. For the machining of ductile material, the rake angle γ can have a positive value, to
guarantee shearing. Also, a reduction of the cutting edge radius rc can be evaluated, which in
turn allows the reduction of the feed per tooth ft without undergoing the normalized minimum
uncut chip thickness λn. This will result in lower process forces and thus increase of tool lifetime
and work piece quality. However, it must be noted that any large reduction of the cutting edge
radius rc increases the possibility of edge chipping. Having a larger radius rc could be beneficial
for the machining of brittle materials, as the cutting edge stability increases. Also, the wear
resistance of the cutting edges can be increased. Furthermore, the cutting edge geometry can
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be adapted to the work piece material when using lasered tools. To further increase the stability, more cutting edges can be deployed on the circumference resulting in a shallow chip flute
depth. By the tool optimization in combination with alternative electrode materials, the achievable aspect ratio AR and structure density can be enlarged. This work focusses on micro-tools
made of cemented carbide. However, as laser-ablation removes material independent of the
hardness, a wider range of cutting tools can be produced. It is expected that the milling performance of tools can be improved by the use of mono- or polycrystalline diamond and also by
cubic bornitrid (cBN).
This work presents the impact of the erosion and injection molding steps on the final structure
dimensions, which was not discussed in literature yet. Due to the coherent view of the entire
process chain, it is revealed that the erosion process exhibits the major influence. Therefore,
further investigation in the die-sinking erosion could lead to an improvement of results. This
includes adapted flushing movements for more efficient debris removal. When applying a lower
discharge energy, a reduction of the discharge forces and thus reduction of a vibration of the
electrode can be achieved. Also, the intelligent use of roughing and finishing electrodes should
be implemented. However, therefore the capabilities of precise electrode change without
clamping and positioning errors need to be evaluated. Furthermore, the gap width G can be
even more reduced by reducing the discharge energy W e. Also the influence of combinations
of multiple electrode and work piece materials to the gap width G has to be tested. This also
might reduce the roughness in the cavity, which is an essential factor for future demolding
operations as the aspect ratio AR increases. To further increase the aspect ratio AR, electrode
material like graphite can be applied.
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