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ARTICLE INFO ABSTRACT

Keywords: Wear-resistant thin films on cutting tools require effective ion etching to enhance adhesion and thus extended
lon etching tool service life. Arc enhanced glow discharge (AEGD) ion etching, characterized by high ionization degrees and
Pretreatment

high etch rates, was applied to ultrafine-grained WC-Co cemented carbide, commonly used for micromilling
cutters. The effect of AEGD ion etching on the surface integrity of WC-Co and the resulting adhesion behavior of a
TiAISiN thin film was investigated by varying the etching time in comparison with conventional glow discharge
(GD) ion etching. In addition, the impact of intensive etching on the cutting edge geometry of micro end cutters
and, in turn, on the cutting performance in micromilling of hardened and annealed high-speed steel was
evaluated.

AEGD achieves remarkable etch rates of 12 nm/min at extended etching times, which are 100 times greater
than conventional glow discharge (GD) ion etching. Prolonged AEGD ion etching for >30 min removes entire
near-surface WC grains and exposes carbides beneath, resulting in increased surface roughness. After the etching
process, polished WC-Co substrates exhibit a slight reduction in residual compressive stresses, which steadily
decrease with increasing AEGD ion etching time. Furthermore, a TiAlISiN thin film demonstrates high adhesion
on AEGD-etched surfaces compared to GD ion etching. Even a brief 5 min AEGD ion etching ensures the highest
adhesion class according to the Rockwell C indentation test. Moreover, the intensive material removal results in
significant changes in cutting edge geometry of micro end cutters, yielding substantial cutting edge rounding and
an asymmetrical shape with form-factors K > 2. In cutting tests, the resulting cutting edge geometries effectively
reduce the wear formation and the associated wear-related increase in process forces during micromilling
hardened and tempered powder metallurgical high-speed steel. In summary, AEGD ion etching emerges as a
highly effective method for both enhancing thin film adhesion and preparing adapted asymmetrical cutting edge
geometries for micromilling tools.

Cemented carbide
Magnetron sputtering
TiAlSiN

Micromilling

1. Introduction

In advanced machining processes, an adjusted combination of pre-
treatments of cutting tools and the subsequent application of a wear-
resistant thin film is highly relevant for enhancing the cutting perfor-
mance and extending the service life of coated tools [1]. This is espe-
cially important in micromachining, where the tool pretreatment is
critical to fully exploit the potential of the applied thin films [2-4].
Micromilling, for instance, is a highly effective method for achieving
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high accuracy in dimensions and shapes, making it a promising
machining process for die and mold manufacturing [5]. Furthermore,
micromilling induces residual compressive stresses within the sub-
surface zone of the tool steel [6,7]. This not only enhances fatigue
resistance but also promotes improved adhesion of a subsequent pro-
tective thin film to the steel tool [7,8]. Micromilling cutters are typically
made of ultrafine-grained WC-Co cemented carbide with an average WC
grain size ranging from 0.2 and 0.5 pm [9]. In comparison to WC-Co
cemented carbides with submicron grains of 0.5 to 0.9 pm or fine
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grains of 1.0 to 1.3 pm, ultrafine-grained WC-Co cemented carbides
exhibit higher hardness and bending strength [10]. In addition, small
cutting edge radii below 1 pm can be achieved due to the small grain size
[11].

Wear-resistant thin films are commonly applied to micromilling
cutters through physical vapor deposition (PVD) processes [12].
Achieving high adhesion on the cutting edge is essential to fully exploit
the potential of PVD thin films [13]. In addition to traditional me-
chanical pretreatments, such as tumbling, brushing, or blasting [3,4],
ion etching serves as a physicochemical pretreatment and is commonly
employed to prepare the tool's surface before the PVD process [14]. Its
notable advantage over alternative pretreatment processes lies in its
applicability within the deposition chamber, allowing for immediate
implementation just before the PVD coating process [15]. Etching with
highly energetic noble gas ions not only efficiently removes impurities
and oxides from the substrate surface but also enhances the chemical
bonds between the substrate atoms and the condensing atoms of the
growing PVD thin film [16]. For cemented carbides, ion etching also
ensures the removal of smeared Co layer from the tool's surface, which
may be formed during mechanical pretreatments, such as grinding or
honing [17].

In glow discharge (GD) ion etching, a plasma is generated by
exposing the noble gas, typically argon (Ar), within the deposition
chamber to a voltage exceeding the breakdown voltage of the respective
noble gas, thereby ionizing it [18]. The simplest variant involves
applying a negative direct current (dc) voltage to the substrates to ionize
the noble gas and accelerate the noble gas ions onto the substrates [19].
Alternatively, GD ion etching can be conducted using a pulsed bias
voltage with mid-frequency (mf) or radio-frequency [20]. The advan-
tage of employing a pulsed bias voltage in GD ion etching is the pre-
vention of charge build-up, especially when etching thick oxide layers
from substrate's surface with reduced electrical conductivity [21]. In
industrial applications, the use of GD ion etching with a mf-pulsed bias
voltage is a well-established technique for pretreating substrates before
the PVD process [22]. However, GD ion etching is characterized by
relatively modest etch rates attributed to the low plasma density [16].
For WC-Co cemented carbides, ion etching selectively removes the Co
binder phase to a greater extent than the WC grains [23]. This
discrepancy is due to the higher sputtering yield of Co compared to WC,
which leads to a more pronounced exposure of the WC grains on the
surface. As a result, GD ion etching typically results in increased surface
roughness, thereby improving the adhesion through mechanical inter-
locking at the interface between the substrate and thin film [24,25].

Advanced GD ion etching processes aim to increase the etch rate by
enhancing the plasma density. Various methods are employed for this
purpose, with certain ion etching techniques generating electrons to rise
the ionization degree of the noble gas. Hot filaments or hollow cathodes
are commonly used as electron sources, while an anode attracts the
electrons towards the substrate carousel to augment the noble gas
ionization through electron collision [20]. Gassner et al. investigated the
effect of an intensive ion etching on cutting inserts made of fine-grained
WC-Co cemented carbides [26]. Although the ion etching technique was
not specified in their study, the PVD equipment used is known to employ
a hot filament and an auxiliary anode, positioned both above and below
the center of the substrate carousel, as described in the corresponding
patent of the PVD equipment manufacturer [27]. Gassner et al. reported
that extended etching time and an elevated bias voltage significantly
contribute to preferential sputtering of the Co binder phase. This results
in exposing the WC grains to the surface with rounded edges, conse-
quently increasing the surface roughness. They measured an etch rate of
(8 £ 1) nm/min for the fine-grained WC-Co cemented carbides at a bias
voltage of —185 V with a linear increase in material removal over time
from 220 nm after 20 min to 930 nm after 80 min.

Another promising method to enhance plasma density during ion
etching is achieved by an arc enhanced glow discharge (AEGD) [28]. In
AEGD ion etching, a cathodic arc evaporator equipped with a Ti target is
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positioned in front of a shutter. It deposits material onto the shutter plate
by arc evaporation. During this process, a significant number of elec-
trons are generated through the ionization of the target material. These
electrons are then attracted through a gap between AEGD module and
shutter towards the substrate carousel by an additional electric field
created by an anode rod or anodically switched arc evaporators adjacent
to the AEGD module. These electrons contribute to a higher ionization
degree of the noble gas Ar through inelastic collisions [29]. The resulting
elevated plasma density with ionized noble gas leads to high etch rates
and improves the adhesion of the thin film to the substrate material.

In a previous work by the authors, AEGD ion etching was employed
to pretreat micro end mills of ultrafine-grained WC-Co cemented carbide
[30]. The study demonstrated that extended etching times and elevated
bias voltages contribute to significant material removal and increased
roughness, resulting in enhanced adhesion of a titanium aluminum
nitride (TiAIN) thin film on the WC-Co cemented carbide. Notably, the
intensive etching process produced an asymmetrical cutting edge ge-
ometry with a form-factor K ranging between 2.0 and 2.4. Furthermore,
varying the etching time resulted in different average cutting edge
roundings S”. The considerable asymmetry of the cutting edge geometry
achieved, which can only be produced to a limited extent in the desired
size range (S < 8 pm) using mechanical preparation processes, enabled
a significant improvement in process performance and wear resistance.
The process approach described for cutting edge preparation of preci-
sion end mills with a diameter of 1 mm thus overcomes the technological
limits of established mechanical preparation processes. This highlights
the promising potential of AEGD ion etching in the pretreatment of
cutting tools.

Nevertheless, the mechanism underlying the etching removal of
ultrafine-grained WC-Co cemented carbide by AEGD ion etching, and its
distinction from conventional GD etching, remains unclear. This is
because a direct comparison between AEGD and conventional GD ion
etching on ultrafine-grained WC-Co cemented carbide has not been
conducted so far. Therefore, this type of cemented carbide underwent
etching with varying durations in steps of 5, 15, 30, 60, and 120 min
using both methods. Etch rates were determined and the impact of both
ion etching methods on topographical structure, roughness, and residual
stress state of the WC-Co cemented carbide as well as the adhesion of a
titanium aluminum silicon nitride (TiAlSiN) thin film was analyzed.
Furthermore, the results obtained from the cutting edge preparation by
AEGD ion etching in a previous study [30] were employed to explore the
mechanisms behind asymmetric cutting edge rounding and the subse-
quent cutting performance of the coated micro end mills.

2. Experimental details
2.1. Ion etching pretreatments and deposition process

The ultrafine-grained WC-Co cemented carbide of type HB20UF
(Boehlerit GmbH & Co.KG, Austria) served as material for coin-shaped
substrates and for the micro end mills. According to the manufacturer,
the utilized cemented carbide contains 92 wt.-% WC and 8 wt.-% Co and
possesses a hardness of 1975 HV and a bending strength of 3500 N/mm?>
[31]. The coin-shaped substrates, with a diameter of 20 mm and a height
of 4 mm, were metallographically prepared by lapping and polishing.
The micro end mills, with a diameter of D = 1 mm and a corner radius of
re = 50 pm, were derived from the Peakcook Series 599 (Zecha
Hartmetall-Werkzeugfabrikation GmbH, Germany). The coin-shaped
substrates were positioned on the substrate carousel at a height
ranging from 650 to 750 mm relative to the floor of the deposition
chamber. The tool holder was set at a height of 600 mm, thereby posi-
tioning the cutting edge of the micro end mills at approximately 680
mm.
The GD and AEGD ion etching procedures as well as the PVD process
for the TiAlSiN thin film were carried out using a customized PVD device
METAPLAS.DOMINO kila flex (Oerlikon Balzers Coating Germany
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Fig. 1. (a) Configuration of the customized PVD device for AEGD ion etching and deposition of HiPIMS-TiAlSiN, (b) functional principle of the AEGD ion etching,

and (c) sequence of the process steps.

GmbH, Germany). Fig. 1a shows the configuration of the PVD device
comprising two arrays of four cathodic arc evaporators, two magnetron
cathodes, and the AEGD module. The center point of the AEGD module
is positioned at a height of 550 mm relative to the floor. The substrates
and micro end mills were affixed to the substrate carousel with two-fold
and three-fold rotations, respectively. The chamber was evacuated to a
base pressure below p < 4 x 10~> mbar and heated twice for one hour
each to degas the deposition chamber and heat the substrates.
Subsequently, either the GD or AEGD ion etching process was con-
ducted. For both procedures, the heater temperature was maintained at
T =500 °C and the working pressure was set to p = 0.01 mbar (1 Pa) by
regulating the Ar gas flow rate. In GD ion etching, the applied bias
voltage was pulsed at U, = —650 V with a mid-frequency of f = 20 kHz
and a duty cycle of 80 %. The level of the applied bias voltage is
commonly employed in industrial PVD devices for GD ion etching
[32-34]. In advanced AEGD ion etching, the shielded arc evaporator
was equipped with a Ti target and operated at a current of Iyggp = 150 A.
The current of the array of four anodically polarized arc evaporators was
Iarc1 = 45 A, Iarce = 35 A, Ipres = 35 A, and Iagcq = 45 A from top to
bottom in order to attract the generated electrons during the evapora-
tion of Ti towards the substrate carousel. The higher external currents
ensure the uniform attraction of electrons to the four anodically polar-
ized arc evaporators, leading to an even distribution of the plasma on the
substrate carousel. The bias voltage was set to Uy, = —300 V and was also
pulsed at 20 kHz with a duty cycle of 80 %. The current of the arc
evaporators and the bias voltage were gradually ramped over 11 min to
reach the chosen levels. During the etching processes, an average bias
current of Igp = 0.17 A for GD ion etching and a significantly higher bias

current of Iaggp = 10.22 A for AEGD ion etching was measured on the
substrate carousel in clean, uncoated condition. Given the approximate
surface area of 16,000 em? of the substrate planetary, which includes
tool holders and dummy towers, these currents correspond to current
densities of 0.0106 mA/cm? and 0.6388 mA/cm?, respectively. The
temperature on the substrate carousel, measured using a ratio pyrome-
ter, was found to be Tgp = 320 °C for GD and Taggp = 350 °C for AEGD.
Etching time was varied in steps of 5, 15, 30, 60, and 120 min for both
GD and AEGD ion etching. The functional principle of AEGD ion etching
is schematically illustrated in Fig. 1b.

The deposition of the TiAlSiN thin film was performed using the
high-power impulse magnetron sputtering (HiPIMS) technique. The
magnetron cathode, operating in HiPIMS mode, was equipped with a
Tigo.5Al42 55115 target with a dimension of 906 x 81 mm? (Plansee SE,
Germany). The cathode power was set to P, = 10 kW and pulsed with a
pulse duration of t,;, = 60 ps and an off-time of to = 1000 ps, resulting in
a HiPIMS frequency of approximately fyipivs ~ 940 Hz. Both process gas
Ar and reactive gas Ny were injected directly in front of the targets
through gas lances, with gas flow rates set to gar = 160 sccm and to gz
= 60 sccm. The heating system was adjusted to maintain an approximate
substrate temperature of T = 350 °C. Throughout the entire deposition
process, a dc bias voltage U was gradually applied to the substrate
holder system, starting at —60 V, then increased stepwise to —100 V, and
finally to —140 V. The deposition time was adjusted to obtain a target
thickness of 2.5 pm. The HiPIMS-TiAlSiN thin film exhibits a chemical
composition of (18.1 + 0.1) at.-% Ti, (23.4 + 0.2) at.-% Al (9.4 + 0.1)
at.-% Si, and (49.2 £+ 0.5) at.-% N. The corresponding hardness and
elastic modulus were measured as H = (29.6 + 2.1) GPa and E = (325.7
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Fig. 2. Schematic illustration showing the method used to determine the ma-
terial removal after the etching process.

+ 25.3) GPa, respectively. The complete process, including both the ion
etching procedures and deposition of the HiPIMS-TiAlSiN thin film, is
depicted in Fig. lc.

2.2. Characterization of the etched WC-Co cemented carbide and thin
film properties

The topography was analyzed using a field emission scanning elec-
tron microscope (SEM) JSM 7001F (JEOL Ltd., Japan). SEM micro-
graphs were taken at specific points on the surface before and after
etching, which were marked with hardness indentations to locate them
after etching. Additionally, 3D surface images were obtained using a
confocal white light interferometer WAFERinspect (confovis GmbH,
Germany) to determine the surface roughness. A total of 4 measure-
ments were performed within a measuring range of 430 x 460 um?. The

Bisecting line

. Flank face/
Rake face
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mean arithmetic roughness Sa was determined from the 3D surface
images according to DIN EN ISO 25178-2:2023-09 [35]. A robust
Gaussian filter with a nesting index filter of Ac = 80 pm was utilized to
assess the areal roughness parameters following the specifications out-
lined in DIN EN ISO 25178-3:2012-11 [36].

To determine the material removal during the etching processes, two
straight lines of Nicrobraz Stop-Off Green (Wall Colmonoy Limited,
United Kingdom) were applied to the surface of the WC-Co cemented
carbides before etching. This material is a surface protection that pre-
vents the adhesion of soldering material but is also used as a masking
agent during thermal spraying. In this case, the masking material was
used to act as a local etching mask on the WC-Co cemented carbides. The
surrounding areas were etched, creating a plateau on the surface of the
substrate. Following the etching process, the masking material was
removed using ethanol. Four measurements were conducted per sub-
strate to determine the arithmetic mean value for the step height, cor-
responding to the depth of the material removal. This allowed the
calculation of the GD and AEGD ion etching processes. Fig. 2 illustrates
the sequential steps involved in the method used to determine the ma-
terial removal.

The crystallographic structure was examined using x-ray diffraction
(XRD) on the D8 Advance diffractometer (Bruker AXS GmbH, Karlsruhe,
Germany). The instrument was equipped with a polycapillary parallel x-
ray lens of 2 mm and a LynxEye silicon strip detector (Bruker AXS
GmbH, Karlsruhe, Germany). The XRD measurements were conducted
with Co Ka radiation (4 = 0.17902 nm) at an acceleration voltage of U =
40 kV and a current of I = 40 mA. XRD diffractograms were acquired in
Bragg-Brentano geometry over a scanning range of 26 within 30° and
130° with a scan step of A20 = 0.035° and an exposure time of At=1s.
The residual stresses in the near-surface region were determined using
the sin?y method for the WC(112) plane, employing x-ray elastic con-
stants provided by Eigenmann and Macherauch [37]. The measurement
was conducted over a 26 range from 122.2° to 125.8° with a step size of
A20 = 0.1° and a measuring time of t = 2 s. This configuration resulted
in a maximum penetration depth of the Co Ka radiation of zop = 1.3 pm
[371.

The adhesion of the TiAlSiN thin films on the etched WC-Co
cemented carbide substrates were evaluated using the Rockwell inden-
tation test in accordance with DIN 4856:2018-02 [38]. For WC-Co
cemented carbide substrates, the Rockwell scale A with a test force of
60 kp was employed. Three indents were made on each TiAlSiN-coated
substrate and then examined using SEM to assign each to one of the six
adhesion classes. Based on the adhesion classes, a qualitative assessment
of the adhesive behavior of the TiAlSiN thin film was conducted.
Adhesion classes HF1 to HF4 indicate an acceptable adhesive strength
for industrial applications, while HF5 to HF6 indicate an unacceptable
adhesive strength.

The cutting edge geometry of the etched micro end mills was char-
acterized using the form-factor method, which includes parameters the
cutting edge segment on the flank face S, and on the rake face Sy as well

S.: Cutting edge segment on flank face
S,: Cutting edge segment on rake face
S: Average cutting edge rounding

S, + S,
2

S=

K (Kappa): Fom-factor

Ar: Profile flattening  ¢: Apex angle

Fig. 3. Parameters of the form-factor method to describe the cutting edge geometry (adapted from [48]).
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Fig. 4. SEM micrographs of the surface of the ultrafine-grained WC-Co cemented carbide in its polished initial state (top row) and after GD etching at different
etching times (bottom row). Each column shows images captured at identical locations before and after GD etching. For both surface conditions, identical carbide
grains on the surface are marked with red lines for easy identification. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5. SEM micrographs of the surface of the ultrafine-grained WC-Co cemented carbide in its polished initial state (top row) and after AEGD etching at different
etching times (bottom row). Each column shows images captured at identical locations before and after AEGD etching. For both surface conditions, identical carbide
grains on the surface are marked with red lines for easy identification. The yellow arrows indicate examples of carbides whose edges and corners have been rounded
by AEGD etching. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

as the resulting average cutting edge rounding S~ and the form-factor K well as the profile extractions were performed on a focus variation mi-
[39]. Fig. 3 shows a schematic representation of the form-factor method croscope EdgeMaster (Alicona Imaging GmbH, Austria).
to illustrate these parameters. The measurements of the cutting edge as The cutting tests were conducted using a three-axis machine tool
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Fig. 6. (a) Areal arithmetic mean roughness Sa and (b) root mean square
roughness Sq of GD- and AEGD-etched ultrafine-grained WC-Co cemen-
ted carbide.

HSPC 2522 (Kern Microtechnik GmbH, Germany). The operational
behavior of the tools was evaluated in a down milling process over a
maximum tool travel path of [ = 7.7 m. The micromilling processes were
carried out in dry condition with a cutting depth of a, = 25 ym, a width
of cut a. = 200 pm, a feed per tooth f, = 25 pm, and a cutting speed v. =
120 m/min. A hardened and tempered powder metallurgical high-speed
steel AISI M3:2, with a hardness of (62 + 1) HRC served as workpiece
material. The process forces were measured using a piezoelectric
multicomponent dynamometer MicroDyn 9109 AA (Kistler Instrumente
AG, Switzerland) with a sampling rate of 100 kHz. The wear behavior of
the micro end mills was evaluated by measuring the width of the flank
wear land VB using a digital microscope VHX-5000 (Keyence Corpora-
tion, Japan).

3. Results and discussion

3.1. Topography, roughness, and etch rates of GD- and AEGD-etched
WC-Co cemented carbides

The surface of the ultrafine-grained WC-Co cemented carbide was
analyzed by SEM in its polished initial state and after the ion etching
process. Fig. 4 and Fig. 5 show SEM micrographs of the polished surface
and the surfaces after GD or AEGD etching, respectively. These images
were consistently captured from identical points on the surface before
(top row) and after ion etching (bottom row) at different etching times,
allowing to evaluate topographical changes resulting from ion etching
over varying etching times. It is important to note that each column
represents a distinct location on the surface. In the initial state, no
smeared Co layer is identified on the surface, which is typically caused
by grinding during the mechanical preparation of the WC-Co cemented
carbide substrates. Since the substrates were polished in the final step, it
is expected that the smeared Co layer was effectively removed from the
surface. For the GD-etched WC-Co substrates, no significant topo-
graphical changes are observed, even with extended etching times. In
this regard, identical carbide grains are discernible in the same locations
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Fig. 7. (a) Material removal and (b) corresponding etch rates for GD and AEGD
ion etching of ultrafine-grained WC-Co cemented carbide. The substrates were
set in two-fold rotation.

on the surface before and after GD ion etching. This is clearly seen in
Fig. 4, where exemplary grains have been highlighted with red lines
along their corners and edges for easy identification.

The areal arithmetical mean roughness Sa and root mean square
roughness Sq of the GD-etched ultrafine-grained WC-Co are depicted in
Fig. 6. In the as-polished state, the WC-Co substrate exhibits a Sa value of
(4.6 £+ 0.2) nm and a Sq value of (6.5 + 0.6) nm (depicted as 0 min in
Fig. 6). The GD-etched WC-Co cemented carbide reveals a slightly lower
roughness at a comparable level, with Sa ranging from 3.8 to 4.0 nm and
Sq ranging from 5.2 to 6.5 nm, regardless of the etching time. This minor
decrease in roughness is presumed to result from an initially stronger
etching of the roughness asperities and a rounding of the corners and
edges of the WC grains, although it is not clearly visible in the SEM
images due to the small size of the carbide grains.

Fig. 5 presents SEM micrographs of both the polished and AEGD-
etched ultrafine-grained WC-Co cemented carbides. The scratches
generated on the surface during metallographic preparation were
initially clearly visible but were completely eradicated after just 5 min of
AEGD ion etching. Evidently, the intense Ar" ion bombardment in AEGD
ion etching results in substantial material removal, effectively smooth-
ing out the scratches. Gassner et al. also observed a reduction in the
density and depth of scratches with increasing etching duration in their
employed ion etching process [26]. It can be clearly seen that the
topography of the WC-Co cemented carbide substrate undergoes sig-
nificant changes with extended AEGD etching times. The edges and
corners of the AEGD-etched WC grains become rounded, leading to an
enlargement of the spaces where the Co binder is located. This is indi-
cated by yellow arrows for exemplarily chosen carbide grains in Fig. 5.
Identical carbide grains persist in the same locations on the surface even
after AEGD ion etching with etching times of up to 30 min. In Fig. 5,
corners and edges of exemplary chosen grains are delineated with red
lines for both surface conditions. However, as etching time increases,
locating the same tungsten carbides becomes progressively challenging,
and at 60 and 120 min of etching time, the carbide distribution on the
surface deviates entirely from the initial state. This suggests that pro-
longed AEGD etching times result in the complete removal of carbide
grains from the surface. These topographical changes manifest in the
surface roughness of the AEGD-etched substrates (see Fig. 6). The
roughness values Sa and Sq progressively increase with longer etching
times, rising from Sa = (10.7 + 0.3) nm and Sq = (15.3 + 0.8) nm after
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Fig. 8. Schematic illustration of the AEGD ion etching for ultrafine-grained WC-Co cemented carbide

5 min to Sa = (25.0 £ 0.3) nm and Sq = (37.9 + 2.7) nm after 120 min of
AEGD ion etching. An augmented roughness due to etching is advan-
tageous, as it enhances the mechanical bonding between the substrate
and a subsequently deposited PVD thin film, ensuring a higher adhesive
strength [40]. Gassner et al. reported an initial roughness of Sa ~ 8 nm
for fine-grained WC-Co cemented carbide in the polished state, which
increased to Sa =~ 31 nm after 80 min of ion etching using their un-
specified ion etching technique [26]. The AEGD-etched ultrafine-
grained WC-Co cemented carbide displays a similar increase in rough-
ness as the etching time extended from 0 to 120 min. However, a direct
comparison between the roughness values is cautioned due to the
distinct etching processes and carbide types employed. Thus, the
emphasis is on illustrating the trend of increasing roughness with pro-
longed etching time.

Fig. 7(a) shows the material removal through GD ion etching and the
calculated etch rate in relation to the etching time for substrates with
two-fold rotation. Within the initial 5, 15, and 30 min, the material
removal could not be distinctly determined, as it was within the same
order of magnitude as the surface roughness. However, with longer
etching durations, the material removal became discernible. It increases
approximately linearly from (5.5 & 0.5) nm after 60 min to (12.5 & 0.5)
nm after 120 min. The etch rate remains relatively constant at a low
level of approximately 0.1 nm/min, regardless of the etching time. Thus,
it can be anticipated that GD ion etching with etching times between 60
and 120 min will exhibit a linear trend in material removal. For com-
parison, the ultrafine-grained WC-Co cemented carbide was subjected to
GD ion etching using another industrial PVD device. Similar parameters,
including a bias voltage of U, = —650 V, were employed for 60 min. The
material removal is relatively low with (16.3 + 2.4) nm, resulting in an
etch rate of (0.27 + 0.04) nm/min, which aligns with the obtained
values.

The material removal and corresponding etch rates of AEGD ion
etching are illustrated in Fig. 7(b). The material removal increases from
(93 £ 18) nm after 5 min to (1498 + 63) nm after 120 min of AEGD ion
etching. Excluding the values for 5 and 15 min of AEGD ion etching time,
the calculated etch rate ranges between (12.3 + 0.7) and (12.5 + 0.3)
nm/min. The etch rate is significantly higher at 5 and 15 min with (18.5
+ 4.1) and (15.0 £+ 2.1) nm/min, respectively. One explanation for this
discrepancy is the ramping time of 11 min required to reach the desired
bias voltage and currents, during which material removal may already
occur. As the material removal during ramping constitutes a significant
portion of the total material removal at low etching times of 5 or 15 min,
this results in an overestimation of the etch rate at these durations. Apart
from that, the higher etch rates for short etching durations can also be
attributed to the initial greater etching removal of the Co binder over the
WC grains.

In addition, the material removal was also exemplarily analyzed on
the shaft of the micro end mills with three-fold rotation at an etching
time of 120 min. At this etching duration, etching depths of (36 + 12)
nm for GD ion etching and (2132 + 164) nm for AEGD ion etching were
determined. This corresponds to etch rates of (0.3 + 0.1) nm/min for GD

ion etching and (17.8 + 1.4) nm/min for AEGD ion etching. The values
obtained for three-fold rotation are higher compared to those for two-
fold rotation and are attributed to continuous ion bombardment from
all directions. The etch rates are expected to remain constant for long
etching durations, as observed for two-fold rotation. Given the initial
diameter of D = 1 mm of the micro end mills and the material removal
observed, the diameter is estimated to be reduced to approximately D ~
0.996 mm after AEGD ion etching for 120 min. This small change in
diameter is not expected to have a detrimental effect on the cutting
behavior.

In general, the etch rate correlates with the sputtering yield, which
describes the number of ejected substrate atoms per incident Ar" ion.
The sputtering yield depends on the surface binding energy of the sub-
strate material and the energy of the argon ions, which in turn is
influenced by the bias voltage [18]. As the bias voltage is kept constant
at Up = —300 V for GD ion etching and U, = —650 V for AEGD ion
etching, while varying the etching time and keeping the substrate ma-
terial unchanged, the sputtering yield and, consequently, the etch rate
remains nearly constant for both GD and AEGD ion etching. The nega-
tive bias voltage applied to the substrate holder attracts Ar" ions to-
wards the substrate's surface. Consequently, increasing the bias voltage
accelerates the Ar" ions with higher kinetic energy, typically resulting in
a higher etch rate. This is because the sputtering yield of a single Ar" ion
is significantly influenced by both its mass and kinetic energy. However,
despite the higher bias voltage of U, = —650 V for GD ion etching, the
resulting etch rates are approximately 100 times lower than those ob-
tained by AEGD ion etching at a bias voltage of Uy, = —300 V. Therefore,
the significantly higher etch rates in AEGD ion etching are attributed to
the elevated ionization degree of the process gas Ar and, consequently, a
higher flux of impinging Ar™ ions on the substrate's surface. For fine-
grained WC-Co cemented carbides, Gassner et al. reported an etch rate
of (8 = 1) nm/min for their unspecified ion etching process at a bias
voltage of Uy, = —185 V [26]. This value is significantly higher than that
achieved with conventional GD ion etching but falls below the etch rates
obtained with AEGD ion etching under the employed parameters. This
difference may be attributed to variations in the type of WC-Co
cemented carbide or the ion etching process itself.

The material removal during prolonged AEGD ion etching signifi-
cantly surpasses the grain size of the ultrafine-grained WC-Co cemented
carbide. Consequently, the intensive bombardment with Ar™ ions is
expected not only to etch the Co binder and WC carbides but also to
potentially remove carbides from the Co matrix. Fig. 8 illustrates a
scheme of the mechanisms of material removal for ultrafine-grained
WC-Co cemented carbide in dependency of the AEGD ion etching
time. Initially, the Co binder is more profoundly etched due to its higher
sputtering rate resulting in more exposed WC grains. As the etching
progresses, both the Co binder and WC carbides undergo further etching
removal, leading to a substantial rounding of edges and corners of the
WC grains. If the mechanical bonding of the Co binder is able to retain
the WC carbides, the WC grains are completely removed by etching until
the underlying carbides are exposed. However, it is essential to consider
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Fig. 9. X-ray diffractograms obtained of GD- and AEGD-etched ultrafine-grained WC-Co cemented carbide.

that intensive etching of the Co binder may weaken the mechanical
bonding, resulting in the release of carbides and the exposure of un-
derlying carbides. Dislodged carbides contribute significantly to an in-
crease in roughness, as the resulting gaps form valleys on the surface.
Despite the extensive material removal, no cross-contamination effect
was observed on the surface of the etched WC-Co cemented carbide. It is
important to note that the surface area of the substrates and the micro
end cutters were positioned vertically. However, an accumulation of
detached carbides may occur on parts with open, curved surfaces and
should be carefully considered.

3.2. Phase composition and stress state of GD- and AEGD-etched WC-CO
cemented carbides

The phase analysis was performed by XRD to evaluate possible
crystallographic changes caused by the ion etching processes. The dif-
fractograms of the non-etched, GD-etched, and AEGD-etched ultrafine-
grained WC-Co cemented carbide are depicted in Fig. 9. For a better
overview, only the etched substrates with etching times of 5, 60, and
120 min are shown. The Bragg reflections located at 36.9°, 41.8°, 56.9°,
76.2°, 78.4°, 87.7°, 90.7°, 92.8°, 102.4°, and 123.8° correspond to the
hexagonal WC phase (space group P6m2), whereas the diffraction angles
located at 51.7° and 60.3° originate from the face-centered cubic (fcc)
a-Co phase (space group Fm3m). The diffraction angles of Co show a low
intensity due to the low Co content in the ultrafine-grained WC-Co
cemented carbide. The differently etched WC-Co substrates demonstrate
an identical diffraction pattern to the non-etched state, characterized by
identical Bragg reflections with comparable intensities. It can be
concluded that the etching pretreatments performed did not induce high
heat flux leading to significant crystallographic changes, such as thermal

© O_ T T T T T T T T T T T T T ]
o J ]
= .50 -
£ . J
b 100 §
% i i
o -150 - .
® 1 AEGD ion etching
= -200 . - A
=} 1 T 1
= B ]
2 .300- I/i 1
T T T T T T T T T T T T T
0O 20 40 60 80 100 120

Etching time t in min

Fig. 10. Residual stress of GD- and AEGD-etched ultrafine-grained WC-Co
cemented carbide.

decomposition of WC to the WoC phase. However, it should be noted
that the maximum penetration depth for Co Ka radiation is about zy =
1.3 pm in WC and about 2y = 7.9 pm in Co [37]. Hence, the considered
phase composition corresponds to this edge area of the WC-Co sub-
strates. For metal-ion-etched steel surfaces, modified edge zones with a
depth of 5 nm were determined [41]. Therefore, if structural changes
occurred in the surface edge zone due to GD and AEGD ion etching, these
are of low degree and only in the nm range, making them undetectable
by XRD.

In addition, the residual stresses of the ultrafine-grained WC-Co
cemented carbide were calculated from the strains using the elastic
constants for the (112) plane of WC located at around 124° (see Fig. 10).
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Fig. 11. SEM micrographs of the Rockwell C indents performed on the HiPIMS-TiAISIN coated on the GD- and AEGD-etched ultrafine-grained WC-Co cemen-

ted carbide

In the as-delivered grounded state, the WC-Co substrate exhibits high
compressive stress of 6 = —(1400 + 30) MPa. The grinding process
generally induces significant compressive stresses in the near-surface
region due to high mechanical loads, while thermal loads are sup-
pressed by the coolant [42]. After the metallographic preparation, the
WC-Co substrate reveals a lower compressive stress of 6 = —(290 + 10)
MPa (depicted as 0 min in Fig. 10). Specifically, the polishing step
removes material through soft abrasion without causing deformation-
induced compressive stresses, thereby exposing the subsurface area
with lower degree of deformation state [43].

Both the GD- and AEGD-etched WC-Co substrates exhibit slightly
reduced compressive stresses. A decrease in compressive stresses is
commonly observed for WC-CO cemented carbides after the heating and
ion etching sequence [42]. In addition to the initial heating sequence in
the PVD process, the ion etching procedure has a thermal effect due to
the intensive ion bombardment, leading to stress relief. A significant
reduction in residual stress is observed, especially in grounded WC-Co
with high residual compressive stresses, while polished WC-Co with
very low residual compressive stresses exhibits moderate changes in the
stress state [44]. The compressive stresses of the GD-etched WC-Co
cemented carbides remain at a comparable level, ranging from —260 to
—270 MPa, regardless of the etching time. In this case, it is expected that
the heating predominantly influences the thermal effect rather than GD
ion etching. In contrast, the compressive stresses slightly decrease from
o =—(270 £ 10) to 0 = —(220 + 10) MPa with increasing etching time
from 5 to 120 min for the AEGD-etched WC-Co substrates. On the one
hand, the intensive AEGD ion etching with a high flux of impinging Ar"
ions generates sufficient heat into the surface edge zone to further
reduce the residual stresses, as the measured substrate temperature of T
= 350 °C is higher compared to GD ion etching with T = 320 °C. On the
other hand, the Co binder is removed at a faster etch rate than the WC
grains, resulting in a relief of compressive stresses [45]. With longer
AEGD ion etching durations leading to increased material removal, a
greater reduction in compressive stresses can be anticipated. However, it
is important to note that the WC-Co cemented carbide exhibits a stress
gradient with a baseline of compressive stresses within a depth over
several pm [43]. In this regard, the substantial material removal in
AEGD ion etching may also expose a zone with reduced compressive
stresses.
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Fig. 12. (a) Average cutting edge rounding S and (b) form-factor K of the GD-
and AEGD-etched micro end mills coated with HiPIMS-TiAlSiN (data taken
from [30]).

3.3. Adhesion of HiPIMS-TiAlSiN on GD- and AEGD-etched WC-Co
cemented carbides

The adhesion of the HiPIMS-TiAlSiN thin film on the GD- and AEGD-
etched ultrafine-grained WC-Co cemented carbide was evaluated
through Rockwell C indentation test. Fig. 11 shows SEM micrographs of
the Rockwell indents generated on the substrates for varying etching
durations. The HiPIMS-TiAlSiN thin film exhibits minor spalling failures
around the indent edge for GD-etched WC-Co cemented carbide with
etching times ranging from 5 to 120 min. Consistent with this failure
pattern across different etching times, an adhesion class 2 is assigned to
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Fig. 13. SEM micrographs of the cutting corner of the GD- and AEGD-etched micro end mills coated with HiPIMS-TiAlSiN.

the HiPIMS-TiAlSiN thin film on all GD-etched substrates. In contrast,
already 5 min AEGD ion etching is sufficient to ensure high thin film
adhesion without any delamination failure. As a result, the adhesion of
the HiPIMS-TiAlSiN thin film on all AEGD-etched substrates is catego-
rized into the highest adhesion class 1. With longer AEGD etching times
of up to 120 min, the HiPIMS-TiAlSiN thin film on the WC-Co cemented
carbide continues to exhibit high adhesion classified as HF1. The
improved thin film adhesion on AEGD-etched ultrafine-grained WC-Co
cemented carbide is attributed to improved chemical bonding, result-
ing from the removal of impurities and oxides from the substrate surface
during AEGD ion etching. Additionally, the increase in surface rough-
ness contributes to improved mechanical bonding between the thin film
and the substrate.

3.4. Cutting edge geometry and cutting performance of GD- and AEGD-
etched WC-Co micro end mills

For cutting tools, it is essential to consider the impact of the high
material removal during AEGD ion etching on the cutting edge geome-
try. In a previous study, the authors demonstrated that AEGD ion etching
leads to substantial changes to the cutting edge geometry of micro end
mills [30]. Fig. 12 shows the average cutting edge rounding S~ and form-
factor K of the AEGD-etched tools with subsequent HiPIMS-TiAlSiN
deposition. For comparison, GD ion etching for 60 min was also
applied to assess its effect on the cutting edge geometry. SEM micro-
graphs of the cutting corners of the micro end mills are presented in
Fig. 13. In the initial state without ion etching and HIPIMS-TiAIN thin
film (depicted as O min), the micro end mill exhibits an average cutting
edge rounding of S = (3.5 & 0.2) pm and a form-factor of K ~ 1.1. After
the deposition of a PVD thin film, the cutting edge usually possesses an
increase in cutting edge rounding. However, in this case, the AEGD ion
etching leads to a significant augmentation of the average cutting edge
rounding. This effect is particularly noticeable with increasing etching
time, as the rise in cutting edge rounding steadily rises from S~ ~ 5.6 pm
for 5 min to S =~ 7.9 pm for 120 min. The increased cutting edge
rounding can be clearly seen in the respective SEM micrographs. A direct
comparison between both ion etching methods also highlights the sub-
stantial impact of AEGD ion etching on the cutting edge, as the tools
exhibit a larger rounding with S~ = (7.4 + 0.2) pm after 60 min of AEGD
ion etching compared to the GD-etched ones with S = (5.3 + 0.4) um
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for the same etching time. In addition to the increased cutting edge
rounding, AEGD ion etching also results in stronger asymmetry of the
cutting edge geometry. AEGD ion etching for 5 min yields K ~ 2.0, and
longer etching times lead to significantly higher K values ranging from
2.5 to 2.7. A plateau in the form-factor seems to emerge at extended
etching times. Form-factors exceeding K > 1.0 are indicative of an
asymmetrical cutting edge rounding [39].

When interpreting the previous obtained results in the context of the
achieved etch rates, it becomes evident that substantial material
removal plays a decisive role in the cutting edge rounding. The asym-
metrical cutting edge results from more pronounced rounding and
correspondingly greater material removal on the rake face. Achieving
such edge rounding with the very low etch rates of GD ion etching would
be improbable. This effect of the AEGD ion etching can be attributed, on
the one hand, to the anodically poled arc evaporators, which attract
electrons from the AEGD module towards the substrate carousel, thereby
enhancing ionization of the argon gas. The tools are positioned in the
holder systems so that the lateral surface of the tools aligns with the
trajectory of the electrons, potentially exposing the rake face to a higher
plasma density. On the other hand, the pulsed bias voltage also in-
fluences the formation of a glow seam on edges and corners of the tools.
In combination with the high ionization degree of AEGD, this may also
lead to higher plasma densities on the cutting edge.

In the realm of conventional machining, the beneficial effects of
asymmetrical cutting edge shapes (K > 1) have already been sufficiently
investigated [39,46]. Unfavorable influences of a cutting edge prepa-
ration can be avoided by inclining the microgeometry. In particular,
workpiece side material flows, the resulting rise in passive forces, and
the associated mechanical tool load can be limited by reducing the free
surface preparation [39,46]. Until now, however, it has only been
possible to transfer these findings to micromachining to a limited extent
due to the manufacturability of asymmetrical cutting edge geometries in
very small sizes. Therefore, AEGD ion etching with its high material
removal emerges as a promising method for creating asymmetrical
cutting edge geometries on filigree milling tools. A prior study demon-
strated that such AEGD-etched tool geometries, when applied to micro
end cutters coated with HiPIMS-TiAlSiN, effectively minimize wear and
process forces during the dry machining of hardened and tempered
powder metallurgical high-speed steel AISI M3:2 with a hardness of (62
+ 1) HRC [30]. These findings demonstrate the positive impact of
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metallurgical high-speed steel AISI M3:2 (data taken from [30]).

asymmetrical cutting edge geometries in micro-scale machining. This is
particularly important given the increased material flows on the work-
piece side due to ploughing in micromachining [47] and reveals the
great potential as well as the necessity of cutting edge shapes adapted to
micro-hard machining process.

In the machining tests, the operational performance and wear
behavior of the micro end mills were analyzed in micromilling high-

after 60 min GD ion etching

after 5 min AEGD ion etching
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speed steel AISI M3:2. Fig. 14 shows the resultant force Fz and the
width of the flank wear land VB of the cutting tools upon reaching the
maximum considered travel path of | = 7.7 m, plotted against the
average cutting edge rounding S . SEM micrographs of the corre-
sponding worn cutting corners of the GD- and AEGD-etched micro end
mills are presented in Fig. 15. All cutting corners experienced abrasive
wear along the flank face. The resultant force and tool wear behavior are
notably influenced by the set etching time, respectively the achieved
cutting edge geometry. Micro end mills with minimal cutting edge
rounding S, which were pretreated with GD ion etching for 60 min and
AEGD ion etching for 5 min, exhibit high resultant forces Fz in the
ranging from 55 to 59 N and high width of the flank wear land VB
ranging from 70 to 72 pm. However, increasing the cutting edge
rounding by AEGD ion etching with durations ¢ > 15 min achieves a
reduction of the resultant force and tool wear. In this regard, micro end
mills with cutting edge roundings of S = (5.8 + 0.3) pm and S = (6.4
=+ 0.5) pm, which resulted from 15 and 30 min AEGD ion etching, reach
the lowest resulting resultant force of Fz = (35 + 3) N as well as width of
the flank wear land of VB = (55 =+ 2) pm. Prolonged AEGD ion etching
times lead to a slight increase in resultant forces and tool wear. Extensive
AEGD ion etching and, consequently, more intensified cutting edge
preparation result in increased mechanical loads, leading to higher
resultant forces and wear. Therefore, AEGD ion etching with shorter
etching times of 15 and 30 min forms advantageous cutting edge ge-
ometries, promoting improved cutting performance in the considered
micromilling process of high-speed steel.

4. Conclusions

AEGD ion etching of ultrafine-grained WC-Co cemented carbide ex-
hibits significant material removal at high etch rates ranging from 12 to
13 nm/min during extended etching times. In contrast to conventional
GD ion etching, AEGD ion etching achieves a 100-fold increase in etch
rate, surpassing the order of the WC grain size at elevated etching du-
rations. This suggests that the carbides are not only entirely etched but
may also become dislodged from the Co binder if the mechanical
interlocking is weakened due to the severe removal of the binder matrix.
While GD-etched WC-Co substrates show comparable a comparable

after 15 min AEGD ion etching

Fig. 15. SEM micrographs of the worn cutting corner of the GD- and AEGD-etched micro end mills coated with HiPIMS-TiAlSiN after micromilling a hardened and

tempered powder metallurgical high-speed steel AISI M3:2.
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surface roughness with Sa value ranging from 3.8 to 4.0 nm, the surface
roughness of AEGD-etched WC-Co steadily increases from Sa = (10.7 +
0.3) nm after 5 min to Sa = (25.0 £+ 0.3) nm after 120 min. The crys-
talline phase composition of WC-Co remains unaffected by the etching
processes, but the compressive stresses within the WC grains are slightly
reduced due to the heating sequence and etching procedure. In this
context, AEGD ion etching contributes to a gradual decrease in
compressive stresses with increasing etching time, attributed to the
thermal input resulting from intensive ion bombardment. In comparison
to GD ion etching, AEGD ion etching promotes higher adhesion of the
HiPIMS-TiAlSiN thin film on ultrafine-grained WC-Co cemented carbide.
The intense material removal not only removes contamination and oxide
layers from the surface but also leads to a rougher surface. This enhances
both chemical and mechanical bonding between the thin film and sub-
strate material, significantly improving adhesion strength. Furthermore,
this higher material removal leads to a certain effect on the cutting edge
geometry. The intensive AEGD ion etching not only increases the
average cutting edge rounding from S ~ 5.6 pm for 5minto S ~ 7.9
pm for 120 min but also produces an asymmetrical cutting edge geom-
etry with form-factors K > 2 in the given process configuration. In
micromilling high-speed steel, these cutting edge geometries have
proven to be beneficial in effectively reducing cutting forces and wear
over the considered travel path of [ = 7.7 m. Especially cutting edge
roundings S in the range between 5.6 and 6.5 pm achieved the lowest
process forces as well as widths of the flank wear land. Consequently,
AEGD ion etching emerges as a promising method for improving thin
film adhesion and, with respect to filigree precision cutting tools, for
preparing asymmetrical cutting edge geometries to enhance cutting
performance and wear resistance.
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