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Abstract
Micromilling tools face significant challenges in achieving cutting edge preparation by mechanical processes due to their 
small size. To address these limitations, a new approach for cutting edge preparation of micro end mills by physical vapor 
deposition (PVD) etching technology is presented. By adapting the etching strategy, which is conventionally used as pre-
treatment process for PVD technology to clean and condition the surface of cemented carbide substrate, cutting edges 
of micromilling tools were successfully modified. The high-energy process variation by Advanced Arc-Enhanced Glow 
Discharge (AEGD) offers the possibility of achieving high material removal rates on the tool surfaces and thereby altering 
the cutting edge geometry. Fundamental investigations on material removal as well as on the effects on surface topography, 
sub-surface properties, and coating adhesion of a subsequently applied PVD coating are performed. To influence the topog-
raphy and the cutting edge geometry, the preparation time tp and bias voltage UB were selected. Subsequently, the machining 
performance of the modified tools is evaluated in a micromilling process of the hardened powder-metallurgical high-speed 
steel AISI M3:2 with a hardness of 62 ± 1 HRC. For this purpose, micro end mills of cemented carbide with a diameter of 
D = 1 mm were conditioned, achieving asymmetric geometric properties of cutting edges with varying average cutting edges 
rounding of S= 5.8 … 14.8 µm and a form-factor of K = 2.0 … 2.7. Based on the application tests a positive influence on the 
process forces was found. Thus, an efficient approach to cutting edge preparation can be identified by specifically designing 
ion etching in the PVD coating process.

Keywords Micromilling · Physical vapor deposition · Cutting edge preparation · Asymmetrical cutting edge geometry · 
Advanced Arc-Enhanced Glow Discharge

1 Introduction

The performance and wear behavior of cutting tools depends 
not only on the cutting material and the use of wear resist-
ant coatings but also on the condition of the cutting edge. 
Due to this, preparations of cutting edges have been widely 
established and were the subject of various investigations 
[1, 2]. Fine machining of the cutting edge reduces defects 

such as microscopic breakouts or burrs achieving a defined 
shape, improving thereby the cutting performance due to 
an enhanced cutting edge stability [3, 4]. Depending on the 
application, different cutting edge designs featuring a round-
ing, chamfers, or combinations of both have been established 
[5, 6]. Characterizations of rounded cutting edge geometries 
are mainly based on the characteristic values of the cutting 
edge radius rβ and the parameters of the form-factor method 
according to Denkena [7]. In general, the preparation of the 
cutting edges enhances the wear resistance by reducing chip-
ping and initial cracking formation of the substrate as well 
as increasing its mechanical stability due to the changed 
geometry [8]. On the other hand, however, based on experi-
mental results, it can be stated that an increasing size of 
the cutting edge geometry, e.g. rounding, results in rising 
cutting forces as well as feed forces [9, 10]. Furthermore, 
a sufficient design of the preparation process improves the 
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adhesion of applied wear protection coatings [11]. Denkena 
et al. showed for the machining of AISI 1045 that the pro-
cess forces are mainly affected by the cutting edge segment 
of the flank face Sα [12]. Similar results by Bassett et al. sup-
port the unfavorable influence of the flank face sided round-
ing of the cutting edge on the cutting forces [1]. Comparable 
effects were observed by Fang and Wu machining aluminum 
alloys with bevel-like cutting edge shapes [13]. According to 
Shaw this can be attributed to effects in the chip formation 
process, e.g. extended shear zone with sub-surface plastic 
material flow, depending on the microgeometry of the cut-
ting edge geometry [14]. A larger cutting edge segment on 
the flank face Sα therefore results in a stronger plastic defor-
mation and ploughing of the workpiece material. This has 
also been observed in the case of chamfered cutting edge 
geometries [10, 15]. Thus a more beneficial impact on the 
cutting process can be achieved with an asymmetric cut-
ting edge geometry with a form-factor K > 1 by focusing 
the preparation on the rake face. Furthermore, the potential 
of the modification in general depends on the adaptation of 
the cutting edge geometry to the respective cutting process 
as well as the application scenario, e.g. workpiece mate-
rial and tool geometry [1, 9, 12]. In order to achieve this, 
a variety of different preparation methods such as abrasive 
jet machining, brushing, and drag finishing are used in the 
field of conventional macromachining processes, which have 
already been extensively investigated [1, 16, 17].

Besides conventional machining, micromachining offers 
promising potential for the field of die and mold manufac-
turing. In addition to high achievable shape and dimen-
sional accuracy and surface quality in combination with a 
favorable impact on the sub-surface zone of the workpiece 
micromachining offers possibility to enhance the operational 
behavior and increase the fatigue behavior of filigree and yet 
highly stressed components and molds [18–20]. Particularly 
in the field of hard machining, the small cutting tools achieve 
only short tool lives, which limits the resource-efficient 
application of these processes [21]. For this reason, current 
efforts are focused on utilizing the potential of cutting edge 
preparation in order to enhance the tool life in microma-
chining. Uhlmann et al. demonstrated the possibility of a 
cutting edge preparation of filigree tools with a diameter 
of D = 1 mm using drag finishing [22]. Furthermore, they 
showed possibilities of polish blasting, brush polishing, and 
magnet finishing on tools with D = 0.5 mm [23]. Krebs et al. 
modified end mills (D = 1 mm) by pressurized wet abrasive 
jet machining and showed basic potentials of cutting edge 
preparation for improving coating adhesion at the cutting 
edge [24]. The preparation methods considered so far allow 
the adjustment of varying cutting edge rounding. Further-
more, potentials for improving the application behavior and 

wear resistance of micro end mills have already been dem-
onstrated [23]. However, even taking into account further 
investigations, the setting of asymmetric cutting edge shapes 
has so far been a major challenge. In particular for estab-
lishing small cutting edge geometries, which are appropri-
ate considering the process of micromachining, mechanical 
preparation methods are severely limited and only allow the 
defined setting of an asymmetrical shape to a very limited 
extent.

In addition to mechanical pre-treatments a removal of 
material at the cutting edge can also be achieved by plasma-
based etching processes. Usually, ion etching (IE) is used to 
clean and condition the substrate surface prior to the depo-
sition of the coatings in order to improve the adhesion of 
coatings to the substrate [25]. As an in situ cleaning process, 
it can be carried out in the coating device and has become 
an established process due to the possibility to remove con-
taminations located on the surface [26]. The generation of 
the plasma respectively the free ions is usually based on a 
glow discharge, which is triggered by an electrical potential 
in the deposition chamber. The free ions are then accelerated 
to the substrate by an electrical potential, which is applied by 
a bias voltage UB to the substrate holder system respectively 
the cutting tools. This results in an ion bombardment of the 
surface, which removes oxides and contaminations located at 
the surface. The bombardment with high-energy ions causes 
a momentum transfer on the surface atoms, which results in 
sputtering of the substrate surface. This alters the topogra-
phy surface as well as microstructure and morphology of the 
sub-surface. Impacts of high-energy ions can also cause the 
formation of defects or implantation of ions in the sub-sur-
face zone [27, 28]. In the case of etching cemented carbide, 
an increased removal of the cobalt (Co) binder phase can be 
observed, which leads to exposure of the tungsten carbides 
and thus to increased surface roughness [29]. Ion etching is 
carried out using both metallic and non-metallic ions [30, 
31]. Ion etching with argon ions  (Ar+) is widespread due to 
the inert character avoiding interactions and chemical reac-
tions with the substrate surface.  Ar+ etching with high bias 
voltages and consequently high kinetic energy can lead to 
the formation of surface regions providing additional nuclea-
tion sites for coating growth. Due to the randomly orientated 
grain nucleates, competitive growth and formation of fibrous 
columns separated by open grain boundaries result. This 
affects the hardness of the coating and thus results in a dete-
rioration of the wear behavior of the tools [25, 31]. Regular 
 Ar+ ion etching processes only achieve low removal rates, 
hence such process steps are only used for surface condition-
ing. However, Gassner et al. mentioned in their investiga-
tions an influence of  Ar+ ion etching on the microgeometry 
of cutting inserts [29]. To further increase the ionization 
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in the working chamber an arc-enhanced glow discharge 
(AEGD) process offers a promising approach for a highly 
efficient etching technology [32, 33]. By igniting a shielded 
arc evaporation (Arc) on a titanium cathode, a high amount 
of free electrons are generated and directed into the coat-
ing chamber by anodes. The generated electrons cause the 
ionization of argon atoms and thus to significantly increased 
proportions of  Ar+ ions in the plasma close to the handling 
system. This technological approach makes it possible to 
form plasmas with higher ion density and thus also signifi-
cantly increased etch rates. Furthermore, AEGD-IE offers 
the possibility to utilize the effects shown by Gassner et al. 
in order to achieve a targeted modification of the microge-
ometry of cutting edges.

This article presents fundamental investigations on 
substrates of ultrafine grain cemented carbide in order to 
describe the etch rate and the influence on the constitution 
of the surface and sub-surface properties. Subsequently, the 
alteration of the cutting edge shape of uncoated micro end 
mills is presented. As will be shown, it is possible to create 
varying cutting edge geometries. Additionally, the prepa-
ration approach made it possible to reliably produce ori-
ented cutting edges with a form-factor of K > 1. In order to 
evaluate the cutting performance, tools were modified and 
coated with a TiAlSiN coating deposited by High Power 
Impulse Magnetron Sputtering (HiPIMS). The evaluation 
of the operational and wear performance was conducted 
in a micromilling process of the hardened HSS AISI M3:2 
with a hardness of 62 ± 1 HRC showing reduced wear and 
improved process performance.

2  Materials and methods

2.1  Materials

2.1.1  Substrate material for complementary analysis

The Advanced AEGD-IE and coating experiments were 
carried out on ultrafine grain carbide of type HB20UF 
(Boehlerit, Austria) with WC/Co 8 wt.% and a grain size of 
dk = 0.2 … 0.5 μm. The coin-shaped substrates with a diam-
eter of D = 20 mm and a height of h = 5 mm were selected 
according to conventional, uncoated micro end mills for 
comparability. The substrates exhibited a fine ground topog-
raphy in the initial state with an arithmetic mean roughness 
of Ra = 3.2 ± 0.2 nm and a maximum height of roughness 
profile of Rz = 20.5 ± 0.8 nm. In addition, the analysis by 
x-ray diffraction revealed isotropic compressive residual 

stresses in the WC-phase of σavg = 223.2 ± 15.5 MPa of the 
initial surface.

2.1.2  Workpiece material

For this study, the operational and wear behavior of the tools 
were examined in the machining of AISI M3:2 high-speed 
steel. Due to its powder metallurgical production, a homo-
geneous distribution of carbides with a size between 2 and 
6 μm is achieved. The chemical composition of the mate-
rial is presented in Table 1. All investigated specimens were 
vacuum hardened and tempered three times to a hardness 
of approx. 62 ± 1 HRC. Due to its mechanical properties, 
including a tensile strength of over 2000 N/mm, this material 
is particularly suitable for die and mold manufacturing in the 
application field of metal forming processes. However, these 
properties lead to a high thermo-mechanical load on the 
tools used in the micromilling process, resulting in a short 
tool life. An optimization of the micromilling tools by cut-
ting edge preparation thus represents a promising approach.

2.1.3  Micro end mills

The preparation of the cutting edges and the machining 
experiments were carried out with two fluted micro end 
mills with a diameter of D = 1 mm and a corner radius of 
rε = 50 μm. The tools are based on the Peakcook Series 599 
by Zecha Hartmetall-Werkzeugfabrikation GmbH, but fea-
tured a shortened neck length of l2 = 0.5 mm and were pro-
vided in uncoated condition. In the initial state, the tools 
already exhibited a uniform cutting edge with an average 
edge rounding of S = 3.5 ± 0.3 µm. The tools as well as the 
initial state of the cutting edge can be seen in Fig. 1.

Table 1  Chemical composition of AISI M3:2 (wt.%)

C Cr Mo V W Fe

1.28 4.00 5.00 3.10 6.40 Balanced

Fig. 1  a Micro end mill and b the initial condition of the cutting edge
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2.2  PVD technology

The variation of the etching process and deposition of the 
PVD coatings were performed on a customized METAP-
LAS.DOMINO kila flex (Oerlikon Balzers Coating Germany 
GmbH, Germany) coater. The device offers the opportunity 
to perform deposition processes by cathodic arc evapora-
tion as well as sputtering technology using different types 
of power supplies, such as HiPIMS. Prior to the deposition 
process, the substrates and tools were cleaned by an ultra-
sonic bath with isopropanol for 15 min. The coin-shaped 
samples were mounted on the handling system using two-
fold rotation, whereas the tools were placed in cups using 
three rotation axes.

The chamber was evacuated to a base pressure below 
p < 4 ×  10–5 mbar and heated two times for one hour to 
degase the deposition chamber and heat the substrates. 
Subsequently, the etching process of the cemented carbide 
substrates was performed according to the design of experi-
ments (Sect. 2.5) using the Advanced AEGD technology. As 
electron source, a shielded Ti-cathode operating at a current 
of IAEGD = 150 A with four independently controlled anodes 
over the coating height was used to enable a flexible and var-
iable etching process. The oxygen level inside the chamber is 
reduced by the evaporated Ti acting as a getter material. The 
ionized Ar atoms are attracted by the bipolar asymmetric 
pulsed bias potential with a frequency of f = 20 kHz using 
different levels of bias voltages and etching times.

Subsequently, the PVD coating process was carried out 
for the coin-shaped substrates by using cathodic arc evap-
oration technology with controllable coil systems for the 
magnetic fields on the evaporators. The deposited TiAlN 
coating had a coating thickness of approximately t = 2.0 µm 
with a hardness of H = 39.3 ± 3.4 GPa and a Young’s modu-
lus of E = 534.9 ± 44.5 GPa. For the application tests of the 
micro end mills, magnetron sputtering technology was used 
running in HiPIMS mode. The applied HiPIMS-TiAlSiN 
coating had a hardness of H = 29.6 ± 2.1 GPa and a Young’s 
modulus of E = 325.7 ± 25.3 GPa. The deposition time was 
adjusted to grow HiPIMS-TiAlSiN with a thickness of 
2.5 µm.

2.3  Analytical Methods

2.3.1  Analysis of the material removal and etch rate

The adaptation of the Advanced AEGD-IE for a cutting 
edge conditioning was initially investigated in analogy tests 
on coin-shaped substrates of cemented carbide. By locally 
masking each sample with a titanium oxide coat prior to the 
experiments the etch rate as well as the changes in the topog-
raphy could be analyzed. After processing the masking was 
removed. This allowed the determination of the step height 

between the initial and the etched surface and thus the etch 
rate by consideration of the process time.

2.3.2  Surface analysis

Surface topographies were examined with the 3D optical 
measuring microscope DuoVario (Confovis GmbH, Ger-
many), which was equipped with a MAG-50x-lens (Olym-
pus, Japan) with a numerical aperture of AN = 0.95. The 
determination of the roughness values was performed with 
MountainsMap 7 (Digital Surf, France). The roughness 
parameters were determined according to DIN EN ISO 
21920–3 with a cut-off wavelength λc = 0.25 mm.

In order to investigate the surface condition in detail 
specimens were examined additionally with an atomic 
force microscope (AFM). These measurements were 
recorded with a Veeco Dimension Icon Scanning Probe 
Microscope (Veeco Instruments, USA) equipped with a 
NanoScope V Controller and an AVH-100 workstation. 
The microscope operated in tapping mode using commer-
cial Tapping Mode Etched Silicon Probes (RTESPA) at 
various frequencies of f = 230 … 420 kHz. This enabled a 
scan speed of 1 … 1.3 Hz and a resolution of 512 samples 
per line for a scan size of 5 μm2. Roughness parameters 
were then determined using the NanoScope 1.5 Software 
(Bruker Corporation, USA).

2.3.3  Scanning electron microscopy (SEM)

For the high-resolution evaluation of the etched substrates 
and of the micromilling tools conditioned, the TESCAN 
Mira 3 (TESCAN ORSAY HOLDING, Czech Republic) 
scanning electron microscope (SEM) was used. This allowed 
to complementary evaluate the changes in the cutting edge 
geometry after preparation. Furthermore, the tools used 
were assessed regarding the occurrence of signs of wear. 
In addition to secondary electron (SE) imaging, it was also 
possible to generate backscattered electron (BSE) images. 
By using this method, layer defects could be represented in 
a simplified way.

2.3.4  X‑ray analysis

The crystallographic investigations were conducted by a dif-
fractometer Advanced D8 (Bruker AXS, USA) operating in 
Bragg–Brentano-Setup using a polycap with a diameter of 
D = 2 mm. As source for the x-rays, Co Kα radiation was 
selected with a wavelength of λ = 0.179 nm and a photon 
energy of E = 6.931 keV. To suppress Co-Kβ radiation, a 
Fe-filter was selected. For the phase analysis a 2θ range 
from 20 to 150° with increments of Δ2θ = 0.035° and an 
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exposure time of t = 0.6 s were used. The residual stresses in 
the surface near region were determined by  sin2ψ method for 
the WC(112) based on the x-ray elastic constants provided 
by Eigenmann and Macherauch [34]. The 2θ range was set 
to 121.5 up to 126.5° with a step size of Δ2θ = 0.1° and 
a measuring time of t = 2 s. This resulted in a penetration 
depth of the Co Kα radiation of z0 = 1.3 µm. For the stress 
analysis, equal distances of  sin2ψ were selected with values 
up to 0.5 with rotation angles of φ =  ± 0; 45; 90; 135; 180; 
225 and 270°.

2.3.5  Characterization of the cutting edge geometry

In order to evaluate the influence of the process and the 
change of the cutting edge condition, the microgeometry 
of the tools was characterized according to the form-factor 
method and its parameters of the cutting edge segment on 
the flank face Sα, on the rake face Sβ and the average cutting 
edge rounding S . All measurements were conducted on a 
focus variation microscope EdgeMaster (Alicona Imaging, 
Austria).

2.3.6  Evaluation of coating adhesion

The adhesion of the coating on the differently treated 
cemented carbide substrates is evaluated by indentation test 
according to DIN 4856:2018. The classification was con-
ducted ranging from HF1 (excellent adhesion) to HF6 (low 
adhesion) for the HRA indents (60 kpond). For the statisti-
cal evaluation, five indents were performed for each pre-
treatment condition.

2.3.7  Evaluation of flank wear land VB

Examinations of the wear condition of tools in use were 
carried out on a digital microscope VHX-5000 (Keyence, 
Japan). By using a high magnification lens, high resolu-
tion images with up to MAG-1000 × were generated. This 
allowed a well-founded evaluation of the signs of wear on 
the filigree tools. The determination of the width of the flank 
wear land VB was carried out in the operating software of 
the measuring system.

2.4  Micromilling

The application tests of the tools were carried out on a 
micro machine tool HSPC 2522 (Kern Microtechnik, Ger-
many). Due to the high positioning accuracy of ± 0.001 mm 
and a working accuracy of ± 0.0025 mm, the system is 
particularly suitable for high-precision micromachin-
ing processes. By setting up the 3-axis tool machine in a 

temperature-controlled laboratory on a polymer concrete 
foundation, the dynamic and thermal disturbances could 
be limited to a large extend. In addition, the VSC 4084 
spindle (Precision, Germany) with a maximum speed of 
n = 50,000 rpm enabled the use of finely balanced HSK25 
shrink chucks. The machine tool as well as the experimental 
setup for the deployment tests can be seen in Fig. 2.

The detailed evaluation of cutting forces was performed 
using a piezoelectric multicomponent dynamometer of type 
MicroDyn 9109 AA (Kistler Instrumente AG, Switzer-
land). The measuring device has a high eigenfrequency fn 
(x, y, z) > 15 kHz, a low response threshold of 0.002 N and 
is capable of recording small forces at a sampling rate of 
150 kHz. After amplification of the force signals by a charge 
amplifier of type 5080 A (Kistler Instrumente AG, Swit-
zerland) the process forces were filtered with the software 
NI Diadem 2021 (National Instruments, USA). Filtering 
was carried out using a Butterworth IIR low-pass filter with 
a cut-off frequency of fc = 8 kHz and a filtering degree of 
16. An automated analysis of the force records enabled the 
evaluation of approximately 5000 tool engagements, which 
allowed a profound assessment of the operational behavior.

Fig. 2  Machine tool KERN HSPC 2522

Table 2  Process parameters for basic investigation of AEGD-IE

Experiment Bias voltage UB Preparation time tp

1 – 100 V 60 min
2 – 200 V 60 min
3 – 300 V 60 min
4 – 400 V 60 min
5 – 500 V 60 min
6 – 300 V 30 min
7 – 300 V 90 min
8 – 400 V 120 min
9 – 400 V 240 min
10 – 400 V 360 min
11 – 400 V 480 min
12 – 400 V 600 min
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2.5  Design of experiments

The analysis of the material removal by AEGD-IE was per-
formed on the round specimens of ultrafine grain cemented 
carbide. The bias voltage UB and the preparation time tp were 
varied to evaluate the process behavior. Variation ranges of 
UB = – 100 … – 500 V and tp = 30 … 90 min were selected. 
Furthermore, the long-term observation was performed with 
a fixed bias voltage of UB = – 400 V up to a preparation time 
of tp = 600 min. The experimental design for the fundamen-
tal process investigation can be seen in Table 2. The pre-
pared substrates were used to evaluate the etch rate as well 
as the influence of the preparation process on the surface 
roughness as well as the sub-surface condition.

Furthermore, the interference of the preparation with 
the PVD coating process was evaluated. For this purpose, 
samples were modified according to the parameter configu-
rations of experiments 1 … 5 of Table 2 and subsequently 
coated with Arc-TiAlN. This analysis mainly focused on the 
impact on the coating adhesion, which was evaluated in an 
indentation testing.

The initial investigation on the influence of the AEGD-
IE preparation on the microgeometry of the cutting edges 
was carried out with a fixed bias voltage of UB = – 400 V 
and a varying preparation time of tp = 120 … 600 min. The 
aim was to achieve different amounts of material removal 
and thus also varying sizes of the cutting edge geometry by 
varying the process time. The preparation was performed on 
conventional and uncoated micro end mills with a diameter 
of D = 1 mm, see Sect. 2.1.3.

Based on the investigation of the process impact on 
microgeometry, a targeted preparation of micro end mills for 
an operational evaluation was carried out. Due to the given 
process configuration and the process-specific characteristics 
of micromachining, reduced preparation parameters were 
selected in order to assess suitable cutting edge geometries. 
The preparation was performed with a fixed bias voltage 
of UB = – 300 V and varying process time tp = 5 … 120. 
Following the preparation, the tools were coated with a 
HiPIMS-TiAlSiN thin film to be suitable for a hard machin-
ing process.

The tools were then used for the machining of the hard-
ened high-speed steel AISI M3:2, see Sect.  2.1.2. The 
machining was performed in a down milling operation in 
dry conditions, i.e. without additional cooling lubricant. Five 

measurements of the process forces were carried out over a 
tool life considered of lf = 7.7 m. The cutting parameters of 
the machining test can be seen in Table 3. The process forces 
were determined according to Sect. 2.4. Additional evalu-
ations of the surface roughness achieved were conducted 
in the initial state of the tools and at the end of the tool life 
considered.

3  Results and discussion

Following, the fundamental investigations on the AEGD 
ion etching of specimens of ultra-fine cemented carbide are 
discussed. The analysis of the etch rate is followed by the 
evaluation of the impact of AEGD-IE on the surface in gen-
eral, e.g. the resulting roughness and sub-surface constitu-
tion. Furthermore, the influence of intensified preparation 
on coating adhesion is considered. Based on initial findings, 
the cutting edge preparation of micro end mills is addressed. 
Here, the focus is initially on influencing the cutting edge 
geometry of uncoated tools in order to narrow down the 
preparation parameters on the basis of the achievable geom-
etry. Subsequently, results are presented for the modification 
of usable tools where the cutting edge geometry is more 
specifically adapted to the machining scenario. These tool 
modifications were carried out with directly subsequent dep-
osition of a PVD coating. Finally, results of first application 
tests using AEGD-IE modified tools are presented.

3.1  Fundamental analysis of the AEGD‑IE process

3.1.1  Determination material removal and etch rate

The material removal in an AEGD ion etching process can 
be closely linked to the time of preparation tp as well as 
the bias voltage UB applied. This was analyzed on the coin-
shaped substrates according to the procedure described in 

Table 3  Process parameters for 
the machining of AISI M3:2

Machining parameters

Depth of cut ap 25 µm
Width of cut ae 200 µm
Feed per tooth fz 25 µm
Cutting speed vc 120 m/min

Fig. 3  a Etch rate as a function of bias voltage at a preparation time 
of tp = 60 min and b material removal achieved with varying prepara-
tion time tp and bias voltage UB on specimens



465Production Engineering (2024) 18:459–473 

Sect. 2.1 for the given AEGD process configuration. Tak-
ing into account the selected preparation time, the etch rate 
(ER) could be determined over varying bias voltages UB, 
see Fig. 3a). Only a small variance of the measured data 
was observed with ΔER =  ± 0.3 nm/min for all bias voltages 
selected Table 3.

As can be seen, a steady non-linear increase of the etch 
rate was determined with rising bias voltage. This resulted 
in a maximum etch rate ER = 15.58 ± 0.15  nm/min for 
UB = – 500 V. Furthermore, the data obtained indicate that 
a minimum bias voltage is necessary to achieve a material 
removal. This can be attributed to the influence of the bias 
voltage on the acceleration of the ions toward the substrate 
surface and thus on the kinetic energy at impact. To achieve 
an impact cascade at the atoms of the superficial layers, a 
minimum kinetic energy is required. This depends on the 
binding energy of the material to be etched. An approxima-
tion function of the ER was determined with a 2nd degree 
polynomial achieving a high coefficient of determination 
with R2 = 0.99. Based on the approx. function, a minimum 
bias voltage was calculated to achieve a material removal of 
UB,min = –50.8 V.

Furthermore, a linear correlation with respect to the 
resulting material removal was determined with varying 
the preparation time tp at a bias voltage of UB = – 300 V, 
see Fig. 3b). Based on the observation, the prognoses for 
the material removal of the additional bias voltages were 
added. Based on the results, the material removal achieved 
with AEGD-IE on the coin-shaped substrates can thus be 
predicted precisely and reproducibly. However, it must be 
taken into account that the material removal achieved also 
depends on the geometry of the object. For this reason, real 
milling tools have to be investigated to determine the influ-
ence of the geometry and the local etching rates.

ER = −3.67 ⋅ 10
−5

⋅ U
B

2
− 5.48 ⋅ 10

−2
⋅ U

B
− 2.69

nm

min

3.1.2  Influence of the AEGD‑IE on the surface topography

The surfaces were further analyzed after preparation with 
the confocal microscope DuoVario to evaluate the impact 
on the resulting surface roughness. The influence of the bias 
voltage on the roughness parameters of the maximum height 
of profile Rz and the arithmetic mean roughness Ra is illus-
trated in Fig. 4a). With rising bias voltage, an increase in the 
roughness parameters can be observed, starting from the ini-
tial, metallurgically prepared condition of the surface. This 
can be attributed to the stronger removal of the Co matrix as 
well as the increased exposure of the WC carbides [29, 35]. 
However, this certain rise in roughness can be considered 
beneficial for the adhesion of subsequently applied coatings. 
On the one hand, the layer growth predominately takes place 
on the WC carbides and thus on the hard material phase. 
On the other hand, this leads to better mechanical bonding 
of the coating to the surface of the substrate [36]. Further-
more, an increase in deviations was recorded at a bias volt-
age of UB = – 500 V, which can be attributed to the stronger 
alteration of surface topography. A detailed discussion of the 
effect is conducted in subsequent sections.

Furthermore, comparable to the influence of the bias volt-
age, an increase in roughness along the preparation time 
was observed, as presented in Fig. 4b). This effect can be 
attributed to the prolonged duration of the ion bombardment 
and consequently an increased influence of the AEGD-IE 
preparation. Moreover, the impact of the preparation was 
analyzed for longer treatments with UB = – 400 V. Here, a 
maximum preparation time of tp = 600 min was considered, 
see Fig. 5.

Based on the values obtained, an almost linear increase 
of the arithmetic mean roughness can be stated for prepara-
tion times up to 360 min, which changes into an asymptotic 
behavior for longer preparation times and a bias voltage of 
UB = –400 V. For the given process setup, this results in 
roughness values of Rz = 135 ± 9 nm and Ra = 15.3 ± 0.4 nm. 
The reason for this behavior can be attributed to the con-
stitution of the cemented carbide substrate. For lower lev-
els of bias voltage, respectively a lower energy of the  Ar+ 
ions, a predominantly etching of the Co binder phase can 

Fig. 4  a Influence of bias stress UB and b preparation time tp on the 
resulting surface roughness of ultrafine grain carbide Fig. 5  Influence of the preparation time tp on the surface roughness
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be concluded, which was also observed by Gassner et al. 
for cutting inserts [29]. After the removal of the Co matrix, 
the WC grains are exposed on the surface and are etched 
as well over the duration of the treatment. However, this 
leads to small changes in the geometry of the grains, which 
do not show a change of the roughness profile with longer 
exposure time. In particular, the specification of the substrate 
respectively the cemented carbide has a significant influence 
in this respect since different topographies can be expected 
based on the WC grain size and the binder content. Due to 
the consideration of a cemented carbide of type HB20UF 
with a grain size of dk = 0.2 … 0.5 μm, the low maximum 
roughness values can be concluded.

For a better understanding of the involved mechanisms 
analyses of the surface topography, the etched substrates 
were examined using an AFM microscope. Figure  6 
depicts the surface topographies, which were exposed to 
the different levels of bias voltage. As presented by the 
initial polished surface, a smooth surface with no dif-
ferentiation between hard phase and matrix is observed. 
It can be assumed that the Co binder phase was predom-
inantly located on the surface due to the metallurgical 
preparation of the specimens. However, already with a 
low bias voltage of UB = –100 V, an erosion of the Co 
matrix can be detected. Consequently, the WC carbides 
are exposed underneath, resulting in a rougher surface 
topography. This effect is intensified with increasing 
bias voltage. Above UB = – 300 V, however, an increasing 
influence of the carbides can be observed. In particular, 
the maximum voltage considered achieved a roughened 
surface.

In order to quantitatively evaluate the alterations, areal 
roughness parameters were determined. As can be seen 
from Fig. 7, an increase in roughness comparable to the 
roughness analysis with the confocal surface measuring 
instrument can be observed. The alteration of the surface 
characteristics is also evident in the areal parameter of 
the skewness Ssk seen in Fig. 7c) as well as the material 
ratios visible in Fig. 7d), which were determined based 

on the AFM measurements. The increasing exposure of 
the carbides initially results in a topography of greater 
depth and a more symmetrical height distribution for a 
bias voltage of – 100 V < UB < – 400 V. Noticeable, how-
ever, is the disproportionate increase of the maximum 
height Sz at a bias voltage of UB = – 500 V (Fig. 7a)). 
The increase in surface defects as well as the change in 
the characteristics of the topography are also evident in 
the areal parameter values of the maximum height Sz, the 
maximum peak height Sp and the skewness Ssk, which 
show a disproportionate increase in roughness, see Fig. 7. 
The surface defects were attributed to the occurrence of 
local arc discharges on the substrate holder system due to 
the applied high electrical potential.

Fig. 6  Effect of increasing bias voltage on the topography of ultrafine grain carbide shown on SEM and AFM micrographs

Fig. 7  Characterizations of the areal roughness: a arith. mean height 
Sa and maximum height Sz; b maximum peak height Sp and pit depth 
Sv; c skewness Ssk; d the cumulative material ratio
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3.1.3  Influence of the AEGD‑IE on the sub‑surface 
constitution

The high-energy ion etching process demands an evaluation 
of possible changes in the phase composition of substrate 
in order to sufficiently set the process parameters for a tar-
geted preparation. For this purpose, a phase analysis was 
performed on the coin-shaped substrates of ultrafine grain 
cemented carbide and varying bias voltages. The analysis 
was based on x-ray diffraction according to the procedure 
described in Sect. 2.3.4. The results of the phase analysis 
with respect to varying bias voltages can be seen in Fig. 8.

Based on the analyses, almost identical results of the 
phase composition were determined starting from the ini-
tial state over the heating and etching process. As can be 
seen in Fig. 8, all samples exhibit the reflections of the WC 
phase to the same comparable extent. Based on these results, 
no significant changes in the WC phases, e.g., degradation 
process to  W2C, were detected. In particular, at the highest 
bias voltage considered of UB = – 500 V, no negative influ-
ences of the AEGD-IW preparation process on the substrate 

sub-surface could be determined. Thus, no process limits 
with respect to the choice of bias voltage were identified in 
the course of the investigations.

Furthermore, the resulting residual stress state of the sub-
strates was observed after preparation. As can be seen from  
Fig. 9a), a minor dependence of the resulting compressive 
residual stresses on the variation of the bias voltage was 
observed at a penetration depth of radiation of z0 = 1.3 µm. 
Low bias voltages of UB ≥ – 200 V resulted in a small 
decrease in compressive residual stresses compared to the 
initial condition, which can be explained by the increased 
thermal energy level, which results from the higher kinetic 
energy during the etching process. This leads to a thermally 
induced relaxation of the compressive residual stress and 
thus a shift towards lower compressive stresses. Disregard-
ing such effects, a process window of UB = –200 … – 400 V 
was determined in which no significant alteration occurs.

Furthermore, the change in residual stresses over the 
preparation time was considered for the bias voltages of 
UB = – 300 V and – 400 V, see Fig. 9b). No significant 
changes were observed up to a preparation time of tp = 10 h. 
This provides unrestricted flexibility for the process design 
with regard to the preparation time. Consequently, the prepa-
ration can be extended as required for the adjustment of a 
cutting edge geometry. The investigation of the bias volt-
age resulted in a relevant process window, which ensures a 
high material removal without affecting the phase composi-
tion and only slightly the residual stresses in the substrate 
material.

3.1.4  Coating adhesion of an Arc‑TiAlN coating

Based on the previous investigations, a positive influence 
of the surface and sub-surface condition for a subsequent 
coating process can be assumed. The coating adhesion was 
further investigated on the coin-shaped substrates with vary-
ing preparation time tp and bias voltages UB. Following the 

Fig. 8  Phase analysis of substrate sub-surface after AEGD-IE of 
coin-shaped specimens with varying bias voltage UB

Fig. 9  a Residual stress state in dependence of the bias voltage UB 
and b the preparation time tp in AEGD-IE of coin-shaped specimens

Fig. 10  Coating adhesion test results of Arc-TiAlN after Rockwell 
indentation of modified HB20UF specimens
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preparation by AEGD-IE, an Arc-TiAlN coating was depos-
ited on all samples and the resulting coating adhesion was 
evaluated by means of Rockwell indentation test according 
to DIN EN ISO 26443. The analysis showed an overall high 
adhesion of the coatings for all specimens. An adhesion of 
class HF1 was determined for all coated specimens, see 
Fig. 10.

As can be seen, all parameter combinations led to a high 
degree of the coating adhesion and no adverse effects for 
coating deposition were determined. It can therefore be 
stated that, due to the actual function of ion etching pro-
cess, no detrimental influences result even with intensified 
conditioning parameters of the surface. This allows flexible 
adaptation of the cleaning process to change not only the 
conditioning of the substrates surface but also the properties 
of the cutting edge.

3.2  Cutting edge preparation of micro end mills

Based on the fundamental analysis, it could be shown that 
the intensified AEGD-IE process results in an advantageous 
condition of the surface and sub-surface achieving a high 
layer adhesion. Consequently, it has to be examined whether 

suitable cutting edge geometry can be achieved by adapting 
the AEGD-IE process. Thus, based on the recorded fun-
damentals of material removal, modifications of micro end 
mills with a diameter of D = 1 mm were conducted. In order 
to achieve a high material removal rates and to investigate 
the possible magnitude on the cutting edge geometries to be 
obtained, the conditioning was initially carried out with a 
fixed bias voltage of UB = – 400 V and a varying preparation 
time of tp = 120 … 600 min. The deposition of a PVD coat-
ing was initially omitted for analytical purposes.

Figure. 11 shows several cutting edge profiles of differ-
ent tools, which show an increase in size depending on the 
preparation time. The preparation of the tools resulted in an 
asymmetric and chamfer-like cutting edge geometry, with 
a steady runout to the rake face Fig. 10. On the side of the 
flank face, on the other hand, a more sharp transition of the 
microgeometry was produced. From the initial geometry, an 
intensified influence on the cutting edge segment of the rake 
face Sγ can be determined for the given process configura-
tion as well as substrate holder system used. Noticeable is 
also an alteration of the wedge angle β of the tools, which 
will be addressed later on. Fig. 12 shows scanning electron 
micrographs of the modified tools with detailed views of 
the cutting corner and the minor cutting edge. The impact 
of the preparation on the magnitude of the cutting edge 
geometry becomes evident. With increasing preparation 
time, a stronger change in geometry can be observed. The 
increased material removal at the cutting edges can be attrib-
uted to the increased density of electric field lines. There-
fore, comparable to abrasive blasting processes, the edges 
are etched intensively. For quantitative analysis, all cutting 
edges were measured with a focus variation microscope, 
see Sect. 2.3.5. The characteristic values determined of the 
average cuttings edge rounding S and the form-factor K can 
be seen in Fig. 13. An almost linear increase in the average 
cutting edge rounding was determined with increasing prep-
aration time, see Fig. 13a). After a maximum preparation Fig. 11  Profiles of microgeometries after varying preparation time tp

Fig. 12  Scanning electron micrographs of micro end mills modified using AEGD-IE and varying preparation time
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time of tp = 600 min, an average cutting edge rounding of  S
̅ = 14.83 ± 2.4 µm was determined. As can be seen Fig. 13b) 
complementary to Fig. 11, asymmetric cutting edge geom-
etries with a form-factor of K > 1 were obtained. Specifi-
cally, values of 1.9 < K < 2.5 were achieved. After evaluat-
ing the microgeometry, it becomes evident that all cutting 
edges predominantly exhibited a comparable level of the 
form-factor with a low variance of the measured data. It 
was therefore possible to reproducible achieve oriented cut-
ting edge geometries with varying sizes in the preparation 
setup. Considering the established basic knowledge of cut-
ting edge preparation, the form factor achieved can be rated 
as advantageous due to the increased preparation of the rake 
face [2]. It has to be mentioned that the form-factors were 
relatively high, considering the expected optimum values 
in literature. However, this highlights the potential of the 
process approach of AEGD-IE for cutting edge preparation. 
In particular, the smaller cutting edge geometries represent 
a relevant possibility for optimizing filigree precision tools 
due to the nevertheless clearly pronounced asymmetry of 
the cutting edge.

Further evaluation of the preparation result showed an 
impact on the cutting edge corner as well as on the sur-
face topography as the ion bombardment affects the entire 
tool geometry. Especially with a long preparation time of 

tp > 360 min, a macroscopic change in the shape of the tools 
were evident, see Fig. 12. The increased material removal 
of the AEGD-IE process thus leads to a change in the over-
all tool geometry, which is particularly noticeable from the 
degradation of the corner radius as well as the wedge angle. 
The latter were considered based on the determined angles 
of the cutting wedge. As can be seen in Fig. 14, a decrease 
in the wedge angle β was observed with increasing prepara-
tion time. Starting from the initial wedge angle of β = 80°, 
a reduction to β = 70° was recorded after tp = 600 min. This 
significant change in the overall shape of the tool demon-
strates the high material removal rates in an AEGD-IE pro-
cess. Consequently, when modifying tools more intensively, 
the impairment of the macroscopic tool shape must also be 
taken into account.

As the results show, AEGD-IE can be adapted to modify 
the geometry of cutting edges. It thus represents a relevant 
new approach for the preparation of cutting edges prior to 
the coating deposition. In addition to the basic approach, 
the asymmetric shape achieved in particular represents great 
potential to produce oriented microgeometries of small 
scale. By sufficiently designing the process, tools with the 
smallest diameters can thus be modified without the limita-
tions of mechanical preparation methods. It offers oppor-
tunities to overcome previous constraints that hinder the 
transfer of established knowledge of the favorable cutting 
edge designs to micromachining.

3.3  Experimental analysis of machining 
experiments

Based on the process fundamentals shown, tools were 
modified for initial machining tests. The modification of 
the tools was carried out with reduced preparation param-
eters, with respect to the engagement situation of the con-
sidered machining process. The aim was to evaluate a 
process-oriented cutting edge geometry in a micromilling 
process of AISI M3:2. The preparation was performed with 
a bias voltage of UB = – 300 and varying preparation times 
of tp = 5 … 120 min. Furthermore, tools were conditioned 
using an energetically weaker ion etching by glow discharge 
(GD-IE), which served as a reference for this investigation. 
Due to the lower ionization and material removal rate in this 
IE-process, an influence on the cutting edge geometry could 
be limited to a minimal extend. These tools were etched with 
tp = 60 min and UB = – 750 V. The preparation of the cutting 
edges was followed by the deposition of a HiPIMS-TiAlSiN 
coating. The coating system was explicitly selected because 
of its high suitability for hard micromachining of AISI M3:2. 
The coating was deposited in a HiPIMS process according 
to Sect. 2.2

Fig. 13  Characterization of the cutting edge geometry modified using 
AEGD-IE and varying preparation time

Fig. 14  Variation of the wedge angle β along the preparation time tp
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3.3.1  Characterization of modified and coated end mills

The tools featured a chamfer-like cutting edge geometry after 
preparation and coating comparable to the previous illustra-
tion. Average cutting edge rounding of S = 5.20 … 8.25 µm 
were determined using a focus variation microscope, see 
Fig. 15a). With regard to the orientation of the cutting edge, 
a form-factor of K ~ 2.5 was determined for most tools. How-
ever, this differed on tool, which were only prepared for a 
short process time of tp = 5 min. This was attributed to the 
low material removal and thus smaller change in geometry. 
Furthermore, an increase in the size of the cutting edges 
rounding S was observed due to coating application, which 
can be attributed to the layer thickness deposited. Because 
of a reduced, maximum preparation time of tp = 120 min, 
macroscopic changes in the geometry of the tools were not 
evident, see Fig. 15b).

3.3.2  Evaluation of process behavior and wear 
development of modified tools

Following the preparation and characterization, the tools 
have been used in a micromilling process of the hardened 
powder metallurgical high-speed steel AISI M3:2. The 
machining tests were performed according to the procedure 
illustrated in section 2.5. The progression of the active force 
Fa, the passive force Fp, and the overall resultant force Fz 
recorded can be seen in Fig. 16.

At the beginning of the tool life, all tools showed a com-
parable level of machining forces. Depending on the aver-
age cutting edge rounding, a minor increase of the resultant 
forces was determined with larger roundings.

A more deviating process behavior was observed after 
a milling path of lf = 2 m for the tools with the shortest 

preparation time (tp = 5 min) as well as the tools prepared 
by GD-IE. This is particularly evident in the rise of the pas-
sive forces indicating a stronger wear development of the 
tools, see Fig. 16b).

In the following, the process forces are discussed at 
the end of the tool life travel path considered, taking into 
account the determined average cutting edge rounding S ̅ 
of the cutting edges, see Fig. 15. Whereas initially only a 
minor dependency of the cutting edge geometry on the pro-
cess forces could be seen, more divergent process behaviors 
were evident at the end of the tool life. As can be seen from 
Fig. 17 a), the tools with an average cutting edge rounding 

Fig. 15  a Characterization of modified and coated micro end mills 
and b SEM images of the cutting corners

Fig. 16  Progression of the machining forces: a active force Fa; b pas-
sive force Fp and c the resultant force Fz over the service life

Fig. 17  a Resultant force Fz; b active force Fa and passive force Fp in 
dependence of the average cutting edge rounding S
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of approx. S = 6.5 µm achieved the lowest resultant force in 
the investigation. This corresponds to a preparation time of 
tp = 30 min. Predominantly, the process forces are attribut-
able to the decisive share of passive forces, see Fig. 17b). 
This indicates a reduced wear development and consequently 
minor alteration of the cutting edge geometry due to the 
preparation setup. A larger or smaller cutting edge rounding, 
however, led to higher resultant forces respectively passive 
forces.

Following the analysis of the resulting process forces, 
the wear development of the tools was evaluated by means 
of the width of flank wear land VB and scanning electron 
micrographs. As can be seen from Fig. 18a), the tools 
with tp = 5 min in particular exhibited the largest wear 
lands of the tools modified by AEGD-IE. This corre-
sponds to the observations of the strongest rise in the 
resultant force, see Fig. 15a). Based on the SEM images, 
on the other hand, no obvious layer delamination was 
detected, which would indicate reduced layer adhesion 
due to the short preparation time. In general, however, 
it must be taken into account that due to the interaction 
effects of the surface pretreatment and the cutting edge 
preparation, a minimum preparation time must be main-
tained in order to ensure a sufficient coating adhesion. 
Furthermore, the lowest level of wear on the tools was 
achieved with a preparation time of tp = 15 min. Proceed-
ing from this, a resumed increase of the width of the 
flank wear land was detected with increasing preparation 
time, respectively the average cutting edge rounding. As 
a result, the tools that exhibited the lowest resultant force 
(tp = 30 min) also showed a slightly stronger wear devel-
opment. In particular, tools with longer preparation times 
consequently showed increased signs of wear. Referring 
to the initial process forces, it can be expected that due to 

the stronger preparation of the edge shape as well as the 
resulting process forces, a larger mechanical load acts on 
the tools. Excessive preparation of the edge shape thus 
leads in turn to a deterioration of the enhanced process 
behavior Fig. 18.

Based on the results shown, it can be stated that with 
the given design of the cutting process and based on the 
varied preparation parameters, an advantageous cutting 
edge shape could already be achieved with a preparation 
time of tp = 15 … 30 min. This initially demonstrates that 
a modification of the cutting edge shape can be carried 
out on precision tools for micromachining within a short 
process time. The technological approach thus represents 
great potential for scientific and industrial applications.

4  Summary and outlook

A new approach for cutting edge preparation of precision 
tools by ion etching in the PVD process was presented. In 
this context, fundamental investigations on the influence 
of AEGD-IE on the surface topography and sub-surface 
condition were presented. In addition, the resulting coating 
adhesion of an Arc evaporated TiAlN coating was ana-
lyzed on substrates of ultrafine grain cemented carbide. 
Based on the etch rates determined, the conditioning of 
conventional uncoated micro end mills was investigated 
with extended preparation time. As shown, chamfer-like 
and asymmetric cutting edge geometries of different sizes 
could be produced in the considered experimental setup. 
Based on the identified potentials of the approach, milling 
tools were further conditioned and subsequently coated 
with a HiPIMS-TiAlSiN coating in a single process run. 
The application tests indicated high potentials regarding 
the process forces and wear behavior at short prepara-
tion times of tp = 15 … 30 min. Considering the required 
conditioning of the substrate surface that has to be per-
formed for high coating adhesion, this represents an effi-
cient approach of a simultaneous preparation of the cutting 
edge. The most important findings can be summarized:

• For the etch rate of varying bias voltages as well as dif-
ferent preparation times, correlations could be derived 
with high accuracy for the ultrafine grain cemented 
carbide considered.

• The topographical change in the AEGD-IE process 
could be shown based on the parameter variation. This 
analysis indicated a favorable process window of the 
bias voltage of UB = –200 … – 400 V.

• Process times of the etching process (tp > 360 min) 
showed an asymptotic development of the roughness 
profile.

Fig. 18  a Wear analysis of modified and used tools based on the 
width of the flank wear land VB; b SEM images of the cutting edge 
corner
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• Based on the analysis of the sub-surface of the sub-
strate for all levels of bias voltage compressive residual 
stresses could be determined.

• The evaluation of the coating adhesion on the differ-
ently treated substrates showed an adhesion class HF1 
for all conditions. Accordingly, no impairment results 
even with more intensive conditioning.

• The preparation of micromilling tools resulted in an 
oriented, chamfer-like cutting edge geometry with a 
form-factor K = 2.0 … 2.4. By varying the prepara-
tion time tp, different average cutting edge roundings S 
could be achieved.

• Machining tests of the modified and coated tools 
revealed a reduction of process forces and beneficial 
process behavior for an average edge rounding of 
S = 5.5 … 6.5 µm. With the given configuration of the 
preparation process, these tools were modified within 
tp = 15 … 30 min.

Based on the results, a strong potential of the approach 
could be demonstrated. At the present time, however, the 
fully comprehensive adjustment of the cutting edge geom-
etry has not yet been achieved. Further research is necessary 
in order to be able to specifically influence the orientation of 
the cutting edge geometry, respectively the form-factor. By 
identifying further process parameters, a flexible design of 
the microgeometry can be achieved.

In addition, economic aspects as well as the integration 
into an existing process chain for the manufacturing of tools 
should be investigated in detail. Compared to established 
processes for cutting edge preparation, e.g. abrasive blast-
ing or drag finishing, the utilization of AEGD ion etching 
to prepare the cutting edge holds the potential to reduce the 
overall process duration in tool manufacturing. Despite the 
comparatively extended etching times, it is noteworthy that 
the PVD chamber can accommodate a large number of tools. 
This capability allows for the cutting edge preparation of 
multiple tools, ensuring a cost-effective and time-efficient 
process. Furthermore, the use of additional AEGD modules 
to increase the etching rate and, consequently, to reduce the 
process time for the cutting edge preparation is presently 
unclear and necessitates further investigation.
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