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Abstract

To maximize the wear resistance of high-performance cutting tools, hard coatings are applied by using Physical Vapor Deposition (PVD). Beyond
the specific cutting conditions, the coating composition and the resulting coating properties are decisive factors influencing the performance of
the cutting tool. This paper investigates the effects of different functional layers and the resultant coating properties on the wear behavior of the
cutting tools during turning of C45+N steel. Therefore, cutting tools based on WC-Co substrate with 6 wt.% Co are coated with TiAICrN,
TiAlISiN, and TiAICrSiN. A comprehensive coating characterization was conducted, including the measurement of residual stresses by focused
ion beam combined with digital image correlation. The coated tools were used in turning experiments to determine the tool wear behavior of the
different coatings. Among the coatings the TiAICrN coating demonstrated the longest tool life. This study aims to establish a connection between

coating properties with a focus on the residual stresses and wear behavior of different coating compositions.
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1. Introduction

Cemented carbide tools are the most common choice for
high-performance cutting applications [1]. To enhance their
wear resistance and facilitate the use of more aggressive cutting
parameters, hard coatings are applied by using Physical Vapor
deposition (PVD). In this context, TiIAIN-based coatings have
proven to be effective [2]. The increasing demand for
productivity drives the development of more complex coating
systems, such as TiAISiN, TiAICrSiN, and TiAlICrN. The
addition of Si can facilitate the formation of a nanocomposite
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structure, where TiAIN crystallites are embedded in an
amorphous SizN4 matrix as described in [3,4]. Nanocomposite
TiAISIN coatings are characterized by increased hardness,
improved thermal stability, and enhanced oxidation resistance.
The incorporation of Cr into TiAIN to form TiAlCrN has
significantly improved tool life compared to TiAIN when
machining hardened steel due to superior high-temperature
mechanical properties [5]. In previous work of Bobzin et al., a
TiAICrSiN coating was deposited on cutting inserts, which
demonstrated good wear behavior in cutting experiments [6].
To gain deeper insight into the underlying mechanism of this
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coating system and to further develop the coating, the effects of
Si and Cr are investigated separately.

A decisive factor for tool wear behavior is the presence of
residual stresses. Compressive residual stresses in PVD
coatings can substantially increase the coating's mechanical
properties and adhesion, which, in turn, can significantly
prolong tool life [7]. Based on previous research of
Breidenstein et al, one of the factors influencing the residual
stresses, in addition to the substrate pretreatment is the coating
composition [8,9].

In this study, the original TiAICrSiN coating, which features
the addition of both Cr and Si to the TiAIN crystallites, is
evaluated against its two variants, TiAlISiN coating adding only
Si to TiAIN and TiAICrN coating adding only Cr. These
coatings are first deposited and characterized, with special
attention paid to the difference in their compressive residual
stress. Subsequently, cutting experiments are conducted to
evaluate tool wear behavior.

2. Experimental setup
2.1 Coating deposition

All three coating types were deposited on WC-Co substrates
with 6 wt.% Co and CNMA 120404 geometry supplied by
CERATIZIT GmbH, Luxembourg. The industrial CC800/9
HPPMS coating unit from CemeCon AG, Wiirselen, Germany,
was used for the coating deposition. For the deposition of the
TiAICrSiN coating, two high power pulsed magnetron
sputtering (HPPMS) power supplies and two direct current
magnetron sputtering (dcMS) power supplies were employed.
All coatings were deposited on a TiAICrN interlayer. The
process parameters and target configuration for the deposition
of three different functional layers are listed in Table 1.

Table 1. Process parameters used for the deposition of three functional layers.

Process parameter Unit TiAICrSiN  TiAISIN TiAICTN
Process gas Ar Ar Ar
Reactive gas N, N, N,
Argon flow Q(Ar) mL/min 200 200 200
Nitrogen flow mL/min  Pressure Pressure Pressure
Q(N) controlled controlled  controlled
Pulse frequency f Hz 2000 2000 2000
Pulse on time t,, us 60 60 60
Pressure p mPa 520 520 520
Substrate bias Uy v -80 -80 -80
Heating power Py w 8800 8800 8800
Power HPPMS w 7000 7000 7000
PHPPMS—TiAMS

Power HPPMS w 7000 7000 7000
PHPPMS—TiAlZO

Power deMS-Cr w 300 0 300
Poms-cr

Power dcMS-Si W 600 600 0

Paems si

2.2 Coating characterization

The coating morphology and the coating thickness were
analyzed using scanning electron microscopy (SEM), Zeiss
DSM 982 Gemini, Carl Zeiss AG, Oberkochen, Germany, at
central facility of electron microscopy (GFE), RWTH Aachen
University, where the chemical composition was determined
using energy dispersive X-ray spectroscopy (EDX). The
arithmetical mean roughness R, and the total height profile R¢
were determined using confocal laser scanning microscopy
(CLSM), VKX 210, Keyence Corporation, Japan. The
adhesion properties between coatings and substrates were first
qualitatively determined using the Rockwell-C indentation test
following DIN 4856 with an indentation force of around F =
588.4N on a HP100 Rockwell tester, KNUTH Machine Tools
GmbH, Wasbek, Germany. Then the adhesion properties were
quantitively analysed using scratch test following DIN EN ISO
20502:2016 on a HPG 200/2 scratch tester produced by
Gesellschaft fiir  Fertigungstechnik and  Entwicklung
Schmalkalden, Germany. During the adhesion tests a diamond
indenter with Rockwell-C geometry was slid across the coated
sample under external load. The reduced modulus E. and
indentation hardness Hir were measured by nanoindentation
tests using a TI950 Triboindenter from Bruker Corporation,
Billerica, Massachusetts, USA. A Berkovich indenter was used
for the measurement, and the values were calculated using the
Oliver-Pharr method [10]. For each coating, 15 measurements
were done on a polished sample.

2.3 Residual stress analysis

The residual stresses in the coatings were determined using
focused ion beam (FIB) milling combined with digital image
correlation (DIC) technique, following the procedure described
in [11]. The measurements were carried out using an Auriga
dual-beam scanning electron microscope, Carl Zeiss AG,
Oberkochen, Germany. Digital image correlation was
performed using VIC-2D 2009 software from Correlated
Solutions, Irmo, South Carolina, USA.

A four-step procedure was applied for the determination of
residual stresses using the FIB-DIC-technique (Fig. 1).
Initially, a high-resolution SEM image (SE-contrast) of the
surface prior to FIB-milling was acquired (a,b). Then, a circular
trench was milled into the coating, causing residual stress
relaxation in the ring-core and associated elastic surface
displacements (c). A ring diameter of approximately 8 pm and
a trench depth of d= 4 uym were employed. With these
dimensions, the displacement on the surface is caused by a
complete elimination of residual stresses. The coatings exhibit
a thickness of approximately s = 3 um. In all SEM images, the
interface between coating and substrate was resolved. After
FIB-milling a second image of the same region was taken

(d) [11].
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Fig. 1.Schematic steps of the ring-core milling [12].
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Displacement fields were calculated through a correlation of
the image pair using DIC. From the resulting in-plane strain
components (&xx, €y and &) the principal strains €; and &, can
be determined according to (1). Assuming in-plane stress
condition and isotropic linear elasticity, the principal residual
stresses o1 and 6, were calculated as shown in (2). The elastic
modulus E for each coating was calculated from the measured
reduced modulus E, from nanoindentation using (3). For this
conversion, the elastic properties of the diamond were set to
E;=1140 GPa and v; = 0.07. The Poisson’s ratio of the nitride
coatings was assumed to be v = 0.25, consistently with
previously reported values in [13].

€Exx T € Exx — Eyy\2 Exy\ 2
ar=——2+ [(F2) +(3) O
E
0= 7C 5 (&1 +vey), 0'2=m(€2 +vey) (2)
1_1—1/24_1—171-2 ;
E,  E E; )

2.4 Cutting experiments

The turning experiments were performed on a Gildemeister
CTX 520 L lathe. The workpiece material was C45+N with a
diameter D =200 mm and a length of L = 200 mm. The process
parameters were set according to Table 2. The rake angle was
set to Y = -6° and the clearance angle to o = 6°. Tool wear was
analyzed by using the optical microscope VHX-970 from
Keyence. The width of flank wear land VBnax was measured
according to ISO 3685. The experiments were repeated twice
for each coating to confirm the results.

Table 2. Process parameters for the cutting experiments.

Process parameter Unit Value
Cutting speed v, m/min 250
Depth of cut a, mm 1
Feed f mm 0.2

3. Results

3.1 Coating characterization
The morphology of the three coatings with different
functional layers is shown in Fig. 2.

TIAICrSIN, ID5202

TiAICrN, ID5320

TiAISIiN, ID5204
N S =

o A 3 —_— ., L 4

Fig. 2. Morphology of coatings with different functional layers.

The coating properties are summarized in Table 3.
Compared to functional layers, the TiAICrN interlayer has
higher Cr concentrations.

Table 3. Coating characterization of three different coatings

Coating Unit Interlayer ~ TiAICrSiN  TiAISiN  TiAICrN
Thickness s pum 0.5 3 2.9 29

Ti x(Ti) at. % 39.2 333 36.2 38.9

Al x(Al) at. % 413 552 57.8 56.1

Cr x(Cr) at. % 19.5 5.6 0 5

Si x(Si) at. % 0 5.9 6 0

Ra pum 0.02 0.03 0.03 0.03

Rt pum 0.24 0.38 0.34 0.30

The adhesion properties of samples with these three
different functional layers are shown in Table 4. All samples
achieve a HF1 rating in the Rockwell test. In the further
quantitative analysis using the scratch test, three critical loads
are evaluated. The first critical load L. indicates the first
appearance of cracks. The second critical load L, shows the
point at which coating delamination happens. The third critical
load L¢3 marks the complete coating delamination. The results
show that TiAlCrN coating contains the best adhesion
properties. TiAICrSiN and TiAISiN samples show coating
delamination at loads L., < 100 N. In contrast, the TiAICrN
sample shows the first coating delamination until L, = 130 N.

Table 4. Adhesion strength of coatings with different functional layers.

Coating Unit TiAICrSIN  TiAISiN TiAICIN
HF [-] 1 1 1
Critical load L, N 50 50 75
Critical load L., N 85 75 130
Critical load L3 N 150 95 145

The reduced modulus E; and indentation hardness Hir using
Oliver-Pharr method based on nanoindentation measurements
are shown in Fig. 3. In the measurements for three coatings, the
maximum indentation depth for all three coatings is kept below
130 nm, which is less than 4.5% of the total coating thickness.
According to the commonly wused “10% rule” in
nanoindentation, the substrate effect should be minor in this
case. TiAICrN has significantly higher Hir and E; than the other
two coating variants with Si. TIAICrSiN and TiAlSiN exhibit
minor differences with TiAICrSiN exhibiting slightly higher
Hir and E; than TiAISiN.
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Fig. 3. Measured mechanical properties of coatings
3.2 Residual stresses

Following the FIB-milling, an expansion of the ring-core
surface was observed, confirming the release of initially
compressive  residual  stresses within the coatings.
Representative  strain  fields obtained from FIB-DIC
measurements for all three coatings are shown in Fig.
illustrating the local strain component distributions on the
surface of the milled ring cores. From the principal stresses, the
mean residual stresses were calculated to facilitate comparison
between the different coatings. The corresponding results for
all three coatings, including principal and mean residual
stresses, are summarized in Table 5.

An uncertainty estimation was performed following the
principles of [11], considering the dominant contributions
arising from strain scatter, digital image correlation (DIC)
accuracy, and uncertainties in the elastic constants. Strain
scatter was represented by a constant contribution of £1x104,
while the contribution associated with DIC accuracy was taken
as £5 % of the measured strain. Uncertainties in Young’s
modulus were assumed to be £5 %, and Poisson’s ratio was
assigned an uncertainty of +0.02. All contributions were
Type-B and therefore treated as rectangular distributions and
converted to standard uncertainties using a V3 divisor. The
combined standard uncertainty was calculated using the root-
sum-of-squares method and expanded uncertainties were
obtained with a coverage factor of k = 2, corresponding to an
approximate 95 % confidence level.

All coatings exhibit compressive residual stresses, which are
characteristic for sputtered PVD hard coatings. The magnitude
of the mean residual stress varies resulting from the specific
deposition parameters and chemical composition. The
TiAICrN coating shows the highest compressive stress level
with a mean residual stress of — 1376 MPa, whereas TiAISiN
and TiAICrSiN exhibit comparable mean values of - 402 MPa
and - 397 MPa. Following the FIB-milling, an expansion of the
ring-core surface was observed, confirming the release of
initially compressive residual stresses within the coatings.
Representative  strain  fields obtained from FIB-DIC
measurements for all three coatings are shown in Fig.
illustrating the local strain component distributions on the
surface of the milled ring cores. From the principal stresses, the
mean residual stresses were calculated to facilitate comparison
between the different coatings. The corresponding results for
all three coatings, including principal and mean residual
stresses, are summarized in Table 5.

All coatings exhibit compressive residual stresses, which are

characteristic for sputtered PVD hard coatings. The magnitude
of the mean residual stress varies resulting from the specific
deposition parameters and chemical composition. The
TiAICrN coating shows the highest compressive stress level
with a mean residual stress of — 1376 MPa, whereas TiAISiN
and TiAICrSiN exhibit comparable mean values of - 402 MPa
and - 397 MPa. The VIC-2D correlation quality is quantified
by the correlation confidence value, which represents the
estimated sub-pixel uncertainty of the displacement solution
(matching error) of the image correlation between the pre- and
post-milling SEM images. Values of 0.017-0.022 px indicate a
very good and spatially uniform correlation, i.e., the same
surface features are consistently tracked before and after FIB
milling.

Table 5. Residual stress characteristics of TiAICrSiN, TiAlSiN, and TiAICN
PVD-coatings obtained from ring-core FIB-DIC analysis.

Coating Unit TiAICrSiN TiAISIN TiAICIN
Principal MPa -761£93 -473+63 -1878+161
stress o}

Principal MPa -32+69 -331£57 -1376+122
stress o,

Mean MPa -397+458 -402+42 -1627+101
stress G

Correlation  Px 0.017 0.017 0.022
confidence

Subset size Px 45 45 45

(b) TIAICrN (a) TIAICrSIN

(c) TIAISIN

Fig. 4. In-plane strain maps ( &y, £y, and &y, ) after FIB ring-core milling for
(a) TiIAICrSiN, (b) TiAICtN, and (c) TiAlSiN. Strain fields determined by
DIC and overlaid on SEM images.

3.3 Tool wear analysis

In the cutting experiments, the previously characterized tools
were used. Fig. 5 illustrates the rake faces of the cutting tools
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after a cutting time of t. = 4 min. This time was selected as it
corresponds to the last step before the first tool reached the tool
life criterion. The TiAISiN and TiAICrSiN coated tools exhibit
significant crater wear after 4 minutes cutting time. The
TiAICrN coating, however, shows no notable crater wear after
the same cutting time. This higher wear resistance of the
TiAICrN tool can be attributed to higher hardness and better
adhesion determined in the preceding characterization. A
higher compressive residual stress might be another
influencing factor. High compressive residual stresses up to a
certain degree are known to enhance the mechanical properties
and have a positive impact on the tool life [14,15]. In [16]
compressive residual stresses of up to 3 GPa were found to
have a positive influence on tool life of TiAIN-coated cutting
tools. Lower and significantly higher residual stresses were not
beneficial for the tool life. In comparison, there is no significant
difference in the crater wear between TiAICrSiN coating and
TiAISiN coating. The result correlates well with the
comparable hardness and the compressive residual stress. The
flank wear after a cutting time t. = 4 min exhibits the same wear
behavior as the crater wear. TiAICrSiN and TiAISiN coatings
have a significantly higher width of flank wear land VB after
te =4 min than the TiAICrN coating.

4 min

TiAICIN

le

4 min

TiAICtSIN

lc

100 pm

4 min

TiAlISiN

tc

Ju/123692b ©IFW

Fig. 5. wear propagation at v, = 250 m/min after t. = 4min.

To further examine the tool wear behavior the wear progression
of the width of flank wear land VBmax is shown in Fig. 6.
Initially, after a cutting time of t. = 1 min, the VBmax values for
TiAISiN and TiAICrSiN coatings are within a range between
65 um and 75 um. The width of flank wear land VBnax of the
TiAICrN coating after t. = 1 min is significantly lower at 28 pm
in comparison to TiAlSiN and TiAlICrSiN. Subsequently a
faster increase in the width of flank wear land VB is
observed for the TiAlCrSiN and TiAISiN coating. Both tools
reach the tool life criterion at VBunax =200 um after 5.5 or 6
minutes, respectively. The TiAICrN coatings on the other hand
reach the tool life criterion after a cutting time of t. = 15 min.
This equals an increase in tool life of 150%.

>
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Fig. 6. Wear progression of VB for the coated cutting tools.
4. Conclusion and Outlook

Three coating variants TiAICrN, TiAlSiN and TiAICrSiN
are deposited and characterized. The TiAICrN coating shows
the highest hardness and compressive residual stresses. The
TiAISIN coating exhibits a lower hardness and a lower
compressive residual stress. The TiAICrSiN coating combining
Cr and Si is also closer to the TiAISiN coating regarding
coating properties and residual stresses. The results of the
coating characterization are verified in the cutting experiments
during finish turning. The better coating adhesion, higher
hardness and higher compressive residual stresses of the
TiAICrN coating correlate well with increased tool life under
the test condition in this work.

In future studies, a wider variation in the Si and Cr content
should be examined in more detail in order to improve
understanding of the influence on the coating properties,
residual stresses, and the resulting wear behavior.
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