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ARTICLE INFO ABSTRACT

Keywords: As high power pulse magnetron sputtering (HPPMS) technology is becoming popular in cutting tool industry, the
PYD ) development of nanocomposite coating systems such as TiAlCrSiN with this technology presents a new research
Eﬁ;gssm avenue. Here, the combined effect of Cr and Si contents on properties and cutting behavior of high Al content

TiAlCrSiN HPPMS coatings needs further investigation. For this purpose, three HPPMS coatings with Al/Ti ratio
x = 1.4-1.5 and varying Cr + Si content, namely (TizgAl4oCr16Si16)N, (TizpAls3Cr17Si10)N and (TizeAls4CrsSis)N,
were deposited on cemented carbide substrates. In addition to basic characterization, the fracture behavior of the
coatings was characterized by scratch tests. The cutting behavior of the coated inserts was exemplarily inves-
tigated during dry cutting of normalized medium carbon steel C45 with cutting speed v, = 80 m/min, feed rate f
= 0.12 mm and cutting depth a, = 0.8 mm. The tool damage over the cutting time of t. = 35-40 min, as per the
tool condition, was observed using light microscopy. Moreover, the damage mechanisms were analyzed in detail
at the end of the cutting test using scanning electron microscopy. All coatings showed comparable indentation
hardness Hyr and indentation modulus Ejr. However, an increased Cr + Si content amplified the brittle fracture of
the coating under sliding load of scratch test. Moreover, the workpiece material C45 showed a higher adhesion
tendency to cutting insert with high Cr + Si content TiAICrSiN coatings during cutting tests. The tool wear and
built-up edge formation increased due to the combined effect of workpiece adhesions and amplified brittle
fracture of the coating at considered cutting speed. On the other hand, the inserts with low Cr + Si content
coating exhibited better cutting performance and reduced built-up edge formation based on the improved
fracture behavior of the coating and lower adhesion tendency of workpiece material to the corresponding coated
insert.

Nanocomposite coating
Cutting performance

1. Introduction

Nitride hard coatings developed using physical vapor deposition
(PVD) is an established solution to improve service life of cutting tools.
These coatings can be deposited using different PVD process variants
such as cathodic arc evaporation, direct current magnetron sputtering
(dcMS), high power pulse magnetron sputtering (HPPMS), etc. Recently,
HPPMS has become popular in cutting tool industry due to its process-
driven advantages compared to other variants [1]. Depending on pro-
cess parameters and target material, very short pulses of high power may
lead to increased ionization of pulsed plasma [2,3]. This may result in
homogenous distribution of the coating thickness on flank and rake face
of the tool [4] along with improved adhesion between coating and
substrate [5].

TiN, TiAIN and TiAlSiN are among the most widely used coating
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systems for cutting tools. These coatings may increase the resistance
against abrasive and adhesive wear as well as oxidation-based tool
damage. Addition of Al and Cr in TiN matrix have shown to form dense
aluminum oxide and chromium oxide layers to improve the overall
oxidation stability of the resulting coating system [6]. Moreover, due to
its smaller atomic radius compared to Ti, Al addition can increase the
lattice distortion and resultantly hardness of the coatings. Incorporation
of Si in TiN leads to formation of an amorphous SisN4 phase in the
coating. The amorphous phase inhibits the growth of TiN grains limiting
the grain size [7]. Hence, the TiSiN system comprises of nanocomposite
structure with TiN nanograins embedded in an amorphous SigN4 matrix.
This nanocomposite structure may lead to increased hardness and crack
resistance of the coating [7,8]. Moreover, Si addition may also improve
thermal stability of the coating [9]. As cutting tools are subjected to
thermomechanical stress collective during application, the above
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Fig. 1. Schematic of CC800/9 HPPMS coating chamber with target
configuration.

discussed coating properties become particularly relevant to improve
tool service life. The advantages of Al, Cr and Si addition in TiN can
potentially be combined in form of TiAICrSiN coating system. Previous
investigations involving this coating system have shown encouraging
results in terms of oxidation behavior [10], thermal stability [11] and
tribological behavior of the coating using model tests [12]. Moreover, in
[13,14] the influence of deposition parameters such as substrate bias
and pulse frequency on cutting performance of coated milling tools
against powder metallurgical high speed steel HS6-5-3C were investi-
gated. The coatings studied in these investigations were deposited by a
hybrid process combining dcMS and HPPMS. The development of
nanocomposite TiAlCrSiN coatings with high HPPMS content for cutting
tool applications presents a new research avenue. Hereby, the influence
of coating chemical composition, especially in terms of Cr and Si con-
tents, on cutting performance of the coated tool needs further
investigations.

The main aim of the study lies in analyzing the effect of Cr + Si
content on properties of HPPMS TiAICrSiN coatings and resulting cut-
ting behavior of coated cutting inserts. For this purpose, three high Al
content TiAICrSiN coatings with varying Cr + Si contents are deposited
predominantly using HPPMS. Other than basic characterization, scratch
tests are carried out to study the fracture behavior of the coatings under
sliding load. The influence of coating composition on cutting behavior of
the coated inserts is exemplarily studied with the help of cutting tests
involving longitudinal turning of C45 steel. The wear and damage
behavior of the cutting inserts is analyzed using light microscopy and
scanning electron microscopy (SEM).

2. Experimental methods
2.1. Coating deposition

For coating deposition, an industrial coating unit CC800/ HPPMS
from CemeCon AG, Wuerselen, Germany, was used. The coatings under
investigation were deposited using two HPPMS and two dcMS cathodes
with same target configuration, see Fig. 1. The TiAl20 and TiAl48 targets
corresponding to major elements of the coating system were installed on
HPPMS cathodes. These targets consisted of Ti base with 20 and 48 Al
plugs, respectively. Pure Si and Cr targets were installed on two dcMS
cathodes. The substrate samples were subjected to a three-fold rotation
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Table 1
Process parameters used for depositing TiAICrSiN coatings with varying Cr + Si
contents.

Process parameters Unit Value
Pressure p mPa 520

Argon flow jar sccm 200
Nitrogen flow jn2 scem Pressure controlled
Heating power on sides Py kw 8

Heating power in centre Py, kw 4

Substrate bias Ug A% -80
Average power HPPMS Pyppyis kw 7.0

Power deMS-Si Pycus.si kw 1.5/1.0/0.6
Power decMS-Cr Pgems.cr kw 0.8/0.8/0.3
Pulse frequency f Hz 2000

Pulse duration top us 60

during deposition, whereby the substrate table was rotated at a speed
NTaple = 1 min~ ",

The process parameters for all three variants are shown in Table 1.
The coating architecture consisted of TiAICrN bond layer followed by
the TiAlICrSiN top layer. The dcMS cathodes were operated with rela-
tively low average power compared to HPPMS cathodes to deposit
coatings with high Al and HPPMS content. Cr + Si content of the
investigated coatings was varied by changing the power of dcMS-Si and
dcMS-Cr cathodes. Coating with high Cr + Si content was deposited with
Pgems-si = 1.5 kW and Pgevs.cr = 0.8 kW. For second variant, power of
dcMS cathode with Si target was reduced to Pgcms.si = 1.0 kW and power
of dcMS cathode with Cr target was kept same. For third variant with
low Cr + Si content, power of used dcMS cathodes was reduced to Pgcps.-
si = 0.6 kW and Pgems.cr = 0.3 kW. Remaining process parameters for the
three coating processes were kept constant.

2.2. Coating and compound properties

For investigation of coating and compound properties, TiAlCrSiN
coatings were deposited on cemented carbide indexable inserts SNUN
120412 THM of grade HB10, Kennametal Widia Produktions GmbH &
Co. KG, Essen, Germany. Cross-section images captured with Zeiss DSM
982 Gemini SEM, Jena, Germany, were used to study the coating
morphology and thickness. Chemical composition of the coatings was
measured by electron probe microanalysis (EPMA) method using JEOL
JXA-8530, Jeol, Tokyo, Japan. SEM and EPMA investigations were
carried out at Central Facility for Electron Microscopy (GFE), RWTH
Aachen University, Aachen, Germany. Average line roughness Ra was
measured with confocal laser scanning microscopy (CLSM), VKX 210,
Keyence Corporation, Osaka, Japan. Phase composition was studied by
X-ray diffraction method (XRD) using X-ray diffractometer 3003 from
GE Energy GmbH, Ratingen, Germany. The measurements were carried
out using Cu-Ka radiation at voltage U = 40 kV, current I = 40 mA,
wavelength A = 0.1540598 nm, step size s = 0.01°, step time t = 10 s,
incidence angle o = 2° and diffraction angle 26 = 20° — 80°. Indentation
hardness Hyr and indentation modulus E;y of the coatings were measured
by nanoindentation according to ISO 14577-1:2015. A Berkovich shaped
diamond indenter, having a nominal radius r = 150 nm, installed on
Triboindenter TI 950, Bruker Corporation, Billerica, Massachusetts,
USA, was used for this purpose. 50 measurements with maximum
indentation force Fp,x = 8 mN were carried out for each variant. The
resulting force-displacement data was used to calculate average Hir and
Err values as per Oliver and Pharr method [15]. For calculation, Pois-
son’s ratio v = 0.25 was assumed. The adhesion between coating and
substrate was characterized by Rockwell C indentation test according to
DIN 4856 using HP100 Rockwell tester, KNUTH Machine Tools GmbH,
Wasbek, Germany. The tests were carried out with a diamond indenter
having cone angle ® = 120° and normal force F ~ 588.4 N. Indent im-
prints were analyzed by CLSM to determine the adhesion strength
category (HF). Fracture behavior of the coatings under sliding load was
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Table 2

Coating thickness s, average line roughness Ra, chemical composition, inden-
tation hardness Hyr, indentation modulus E;r and adhesion strength category HF
of TiAICrSiN coatings.

Sample ID 4696 4698 4809

s [pm] 2.5 2.5 2.7

Ra [pm] 0.07 0.09 0.07

Ti [at. %] 13.2 14.1 16.8

Al [at. %] 19.1 20.5 25.0

Cr [at. %] 7.7 8.0 2.5

Si [at. %] 7.5 4.8 2.5

N [at. %] 52.5 52.6 53.2

Hyr [GPa] 28.0 £3.2 29.2 +21 31.6 +£2.4

Err [GPal 367.5 £ 34.0 365.9 + 18.5 385.6 + 27.7

HF [—] 2 2 1

Coating (TiagAl4oCr16Si16) (TizoAls3Cr17Si10) (TizeAls4CrsSis)
designation N N N

studied using constant force scratch tests according to DIN EN ISO
20502:2016. The tests were carried out with a sliding velocity vs = 250
mm/min and normal force starting from F = 10 N till F = 90 N with AF
= 10 N. A diamond indenter installed on Scratch Tester HPG 200/2,
Gesellschaft fiir Fertigungstechnik und Entwicklung Schmalkalden e.V.,
Schmalkalden, Germany, was used for this purpose. Scratch tracks were
analyzed for cracks and coating delamination using CLSM.

2.3. Cutting tests

In order to exemplarily study the cutting behavior of the coatings,
cutting tests were carried out. For this purpose, cemented carbide inserts
CNMG 120408-QM H13A from Sandvik Coromant, Sandviken, Sweden,
were coated as mentioned in Section 2.1. The cutting inserts had a
corner radius r, = 0.79 mm, main clearance angle o« = 0° and wedge
angle p = 80°. The cutting process involved CNC longitudinal turning of
C45 steel in normalized state on SB-CNC machine, Spinner AG, CNC
Prazisionsmaschinen, Kleinandelfingen, Switzerland. The tests were
carried out at Feinmechanik Mehr GmbH & Co. KG, Aachen, Germany,
with cutting velocity v = 80 m/min, cutting depth a, = 0.8 mm and feed
rate f = 0.12 mm under dry cutting condition. The tool wear progress
was analyzed after cutting intervals At. = 5-7 min using light micro-
scope, Zeiss Axio Imager, Carl Zeiss Microscopy Deutschland GmbH,
Oberkorchen, Germany. For tool life criteria, a maximum cutting time t.
= ~35-40 min, as per tool condition was defined. Two cutting tests were
carried out for each coated variant. The cutting inserts, at the end of
cutting tests, were analyzed in detail using SEM to determine the un-
derlying tool damage mechanisms. Desktop SEM Phenom XL from
Thermo Fischer Scientific, Eindhoven, Netherland, was used for this
purpose.
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Fig. 3. XRD results of TiAlCrSiN coatings deposited on WC-Co substrates.
3. Results
3.1. Coating characterization

Coating characterization results such as chemical composition,
thickness s, average line roughness Ra, indentation hardness Hjr and
indentation modulus Err and adhesion strength class (HF) are summa-
rized in Table 2. The investigated coatings had a comparable thickness
and surface roughness. All investigated coatings had an almost similar
nitrogen content. The reduction in Cr + Si content was compensated
with addition of Al and Ti. However, an overall Al to Ti ratio of xa}1i =
1.4-1.5 was almost constant in all variants. The coatings are designated
after excluding the atomic percentage of nitrogen for an intuitive rep-
resentation of remaining coating elements.

Hir and Ejr values did not differ significantly for the considered
variants. (TizgAl54CrsSis)N showed a slight increase in indentation
hardness Hyr compared to (TizgAlsgCrieSii)N. However, indentation
modulus Ejy of all variants is comparable. Albeit the high Si content and
presumably an increased amorphous content, indentation hardness Hjt
for (TizgAlsoCri6Size)N did not reduce significantly. Therefore, TiAlCr-
SiN coatings deposited with HPPMS technology may well be explored
further to develop high Si content coatings having high hardness. The
adhesion between the coating and substrate for all variants was cate-
gorized within an acceptable range of HF1-HF2 as per DIN 4856.
Moreover, the coatings showed a non-columnar dense morphology, see
Fig. 2.

XRD analysis results are shown in Fig. 3. The XRD spectrum consisted
of strong diffraction peaks attributed to cemented carbide substrate.
However, weak (111, 200, 220) diffraction peaks could be associated to
face centered cubic (fcc) TiN, CrN or AIN phases belonging to the
coating. Moreover, no peaks belonging to silicon containing cubic
phases were observed. This indicates that silicon may preferably form
amorphous phases with nitrogen. As previously observed in [18], these
results points towards a formation of nanocomposite structure con-
taining cubic (Ti, Al, Cr)N nanocrystals embedded in Si-based amor-
phous matrix.

Fig. 2. SEM cross-section images of (a) (TizgAlsoCri6Si16)N, (b) (TizpAl43Cr;7Si10)N and (c) (TizeAls4CrsSis)N coatings.
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(TizgAl54CrsSis)N
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Fig. 4. Scratch tracks for the investigated TiAlCrSiN coatings at normal load (a-c) F = 50 N, (d-f) F = 70 N and (g-i) F = 90 N.

3.2. Fracture behavior

The fracture behavior of the coatings was studied using constant
force scratch tests. As the coatings were deposited on same substrate
material with comparable interlayer and overall coating thickness, the
influence of these factors on fracture behavior of the coating at
considered loads could be considered alike for all variants. In scratch
tests, critical normal load L¢; denotes the starting normal load for onset
of coating fracture and delamination at scratch edges. Hence, fracture
behavior of the coatings is compared at the corresponding critical
normal loads L¢s to analyze the influence Cr + Si content of the coating.
Fig. 4 shows images of scratch tracks at observed critical normal loads
L for the three coatings. (TizgAl4oCri6Si16)N showed an earlier initia-
tion of coating fracture, i.e. at F = 50 N, compared to the other two
variants. (TizgAls3Cr17Si10)N eventually started delaminating at F = 70
N. (TizeAl54CrsSis)N showed highest resistance against fracture and
delamination under sliding load. The coating first showed cohesive

damage and resulting fracture around scratch edges at F = 90 N. AtF =
90 N, (Ti28A140Cr165i16)N and (Ti30Al43CI'17Si10)N showed signiﬁcantly
more fracture areas compared to (TizgAl54CrsSis)N. Hence, an increase
in Cr + Si content of the coating decreased the resistance of the coated
compound against cohesive damage and amplified the brittle fracture of
the coating. This is presumably based on the increased Si-based amor-
phous content and resulting change in residual stress state of the coating
at higher Cr + Si content. As previously observed in case of TiAlSiN [16]
and CrAlSiN [17], an increase in Si content beyond xs; > ~ 5 at. % may
reduce the compressive residual stresses of the coating. A reduction in
compressive residual stresses accompanied by increased amorphous
phase may result in decreased fracture toughness of TiAlCrSiN coatings.

3.3. Cutting behavior

The wear progress on flank face of the tool captured at comparable
cutting intervals for investigated coated cutting inserts is exemplarily
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(Ti30A|43cr175i10)N (Ti36A|54CI'SSi5)N

Fig. 5. Wear progress on flank face of TiAICrSiN coated cutting inserts at varying cutting times t. representing (a-c) start, (d-f) middle and (g-h) end of cutting test.

a)  (TiygAlyCryeSi;N

=363 min]

b)  (TisAl,;Cr;Si;N Q) (TisAls,CrsSigN

t.=39.0 min _t_=40.6 min

Fig. 6. Wear on the rake face of cutting inserts coated with (a) (TizgAlyoCr16Si16)N, (b) (TizoAl43Cr17Si10)N and (c) (TizeAls4CrsSis)N coatings at the end of cut-

ting test.

shown in Fig. 5. The results were found to be repeatable for both cutting
tests of each coated variant. Fig. 5(a-c) display the tool wear after first
cutting interval. (Ti28A140C1‘16Si16)N and (Ti30A143CI'17Si10)N coated in-
serts showed a strong tendency towards built-up edge formation.
However, (TizgAls4CrsSis)N coated insert showed a better resistance to
formation of built-up edge. This trend continued as the cutting time
increased until the cutting edge was deemed to have reached the end of
its service life, see Fig. 5 (d-i). The cutting insert coated with low Cr + Si
content showed an increased resistance to built-up edge formation and
resultantly better cutting behavior for the considered cutting parameters
compared to other two variants. Fig. 6 shows the wear condition on the
rake face of coated inserts at the end of cutting test. Again,
(Ti3eAls4CrsSis)N coated insert exhibited a reduced abrasive wear and
coating delamination compared to the variants with (TizgAl4oCr16Si16)N
and (Ti30Al43Cr17Si10)N coatings.

3.4. Damage analysis

SEM-based damage analysis of cutting inserts in form of energy
dispersive X-ray (EDX) mappings of cutting edge and flank face is shown
in Fig. 7. Coating, substrate and workpiece material are represented by
the EDX maps of their corresponding major elements, see Figs. 7(a), (e)

and (i). Ti and Al shown in dark blue and purple colors, respectively,
mainly represent the TiAICrSiN coating. Fe, in yellow color, signify the
adhesions from workpiece material on the cutting edge of the insert.
Substrate exposure, resulting from coating wear and delamination, is
shown in aqua blue color as EDX map of W. Cutting insert with
(TigeAl54CrsSis)N coating displayed reduced adhesion of workpiece
material around the cutting edge compared to the other two variants, see
Figs. 7(b), (f) and (j). The increased adhesion of the workpiece material
on the coated surface can accelerate tool wear. Hence, cutting inserts
with (TisgAlsoCri6Si1g)N and (TizpAls3Cri7Siig)N coatings showed an
increased substrate exposure resulting from wear or delamination of the
coating, see Figs. 7(a), (c), (e), (g), (i) and (k). The built-up edge seems to
form on the exposed substrate at the cutting edge. The repeated partial
break up and reformation of built-up edge in successive cutting intervals
may fast-track coating delamination and overall tool wear. The presence
of oxygen, represented in red, was also qualitatively analyzed to char-
acterize any oxidation-based damage of the cutting insert. As apparent
in Figs. 7(d), (h) and (i), oxidation is mostly concentrated in the areas
consisting of adhesions from the workpiece material. Depending on the
cutting parameters, tool and workpiece material the tool may be sub-
jected to temperatures T > 500 °C [19] during the cutting process.
Hence, as expected, C45 steel adhesions on the tool surface oxidized
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(Ti,gAl4oCrq6Sis6)N, Cutting time t. = 36.3 min

a)

¢) Substrate exposure |d) Oxidation

h) Oxidation

(Tiz6Al54CrsSis)N, Cutting time t. = 40.6 min

j) Adhesion

k) Substrate exposure | I) Oxidation

Fig. 7. EDX mappings of flank face of cutting inserts coated with (a-d) (TiagAlyoCr16Si16)N, (e-h) (TizpAls3Cr;17Si10)N and (i-1) (TizeAls4CrsSis)N coatings after

cutting test.

during the cutting process. Although, the coated inserts were subjected
to a dry cutting condition, no oxidation of coating is apparent in present
case for all variants. Therefore, any contribution from coating oxidation
to overall tool wear can be ruled out.

4. Conclusion

The current study showed that the Cr + Si content in HPPMS
TiAlICrSiN coatings may significantly affect the fracture behavior of the
coating and resulting cutting behavior of coated inserts. An increased Cr
+ Si content may amplify the brittle fracture of the TiAICrSiN coatings.
Moreover, the workpiece material C45 showed a higher adhesion ten-
dency to cutting inserts with high Cr + Si content TiAICrSiN coatings
during cutting tests. The tool wear and built-up edge formation
increased due to the combined effect of increased workpiece adhesions
and amplified brittle fracture of the coating at considered cutting speed.
On the other hand, the inserts with low Cr + Si content coating exhibited
better cutting performance and reduced built-up edge formation. This
can be attributed to the observed improved fracture behavior of the low
Cr + Si content TiAlCrSiN coating and lower adhesion tendency of
workpiece material C45 to the corresponding coated insert. The findings
provide preliminary guidance on development of nanocomposite high Al
content TiAlCrSiN coatings in HPPMS regime for cutting tool
applications.
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