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Abstract

The cutting of difficult to machine materials such as titanium alloys is challenging for the machining industry. In case of
the titanium alloy Ti6Al4V, the properties of the material cause high temperatures, mechanical loads as well as high fre-
quency vibrations at the cutting edge, leading to premature tool failure. The use of uncoated carbide tools is very common
for machining of Ti based alloys. However, temperature active, self-lubricating physical vapor deposition (PVD) coatings
like CrAlMoN showed promising results to reduce friction and wear during turning of Ti6Al4V. In the present study, self-
lubricating (Cr;,Al;;Mo0,5)N, (CrygAl;sMoss)N and (Cr,sAl;;Moy,)N coatings were investigated on cemented carbide tools.
These were deposited by a hybrid process combining direct current Magnetron Sputtering and High Power Pulsed Mag-
netron Sputtering. Coating morphology, thickness, chemical composition, indentation hardness and modulus at 8 =20 °C,
9=200 °C, § =400 °C and 3 =600 °C as well as the oxidation behavior were analyzed. Moreover, wear development after
cutting tests using a CNC-lathe was investigated. Independent of Mo-content, all coating variants possessed a dense mor-
phology and a smooth surface topography, as well as a coating adhesion class of HF1 to the cemented carbide substrate in
Rockwell indentation tests according to DIN 4856. With an increasing amount of Mo, heat treatment temperature and time,
more self-lubricating molybdenum oxides such as MoO; and Mo,O,, were detected by Raman spectroscopy. Therefore, the
coating with the highest amount of Mo possessed the highest amount of molybdenum oxides. After cutting tests, molyb-
denum oxides were also found on the tool flank face by Raman spectroscopy. The level of flank wear land width decreased
with increasing amount of Mo.

Keywords Physical vapor deposition - Self-lubrication - Molybdenum oxide - Wear development - Turning Ti6Al4V -
Coated tools

1 Introduction

Machining is an integral part of modern production chains.
There are workpiece materials that cannot be machined eas-
ily or only with increased effort. One of these materials is
Ti6Al4V, which is widely used in the aerospace industry
because of its lightweight construction properties and its
high heat resistance [1]. Ti6Al4V possesses a combination
of high strength and low density that results in significant
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performance improvements. This alloy exhibits exceptional
heat resistance of approximately 8 =550 °C, low thermal
conductivity of A=5.8 W/mK, and a Young’s modulus
of E=110-140 GPa. However, due to these properties,
Ti6Al4V is classified as a difficult to machine material [2].
Depending on cooling conditions and cutting parameters,
the low thermal conductivity of this material causes cutting
temperatures in a range of 600 °C <8 <750 °C at the cutting
edge [3]. Additionally, Ti6Al4V shows a high tendency to
adhere on the cutting tool material. Moreover, the combina-
tion of high temperature strength and low Young’s modulus
leads to high frequency vibrations and increased stress con-
centrations at the cutting edge [4]. Hence, Ti6Al4V machin-
ing leads to high tool wear and build-up edge formation, as
described in [5]. This leads to a lower economic efficiency
of the cutting processes. Actual, cutting velocities of 30 m/
min < v, <60 m/min are commonly used for longitudinal
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turning of Ti6Al4V. In order to increase the economic effi-
ciency of machining Ti6Al4V, a main goal is the increase of
the metal removal rate Q. This can be achieved by increasing
feed rate f or cutting speed v.. However, an increase of cut-
ting parameters also leads to increased loads at the cutting
edge, resulting in early tool failure. The types of wear that
occur differ depending on the type and duration of the load
[2]. Due to high cutting temperatures while cutting Ti6Al4V
pronounced crater wear on the rake face can be observed
[6]. Crater wear in titanium machining is particularly pro-
nounced with uncoated carbide tools due to the high affinity
between titanium and carbon. This leads to a partial dis-
solution of the tungsten carbide, so that the released carbon
diffuses to the surface and can react there with the titanium
However, the dissolution of the tungsten carbide makes the
edge zone of the tool more sensitive to abrasive wear [7,
8]. Another challenge in titanium cutting is the plastic cut-
ting edge deformation that can occur with carbide tools in
the elevated temperature range [9, 10]. A frequently used
approach to increase the performance of cutting tools is the
application of physical vapor deposition (PVD) protective
coatings [7]. Aim of PVD coatings is to separate the sub-
strate from the Ti6Al4V, which reduces tool wear during
cutting. To further decrease thermal and mechanical loads
at the cutting edge, the self-lubricating effect of the coating
system could be beneficial. This can be achieved within a
PVD coating by combining a nitride hard coating, such as
chromium aluminum nitride (CrAIN), with the transition
metal molybdenum. During oxidation, transition metals like
molybdenum are able to form self-lubricating phases under
tribological and thermal stress. Their working mechanism is
based on the formation of easily shearable planes with oxy-
gen vacancies. This mechanism was discovered for a series
of oxide phases by Arne Magnéli [11]. In the present study,
self-lubricating CrAIMoN coatings with different amounts
of Mo deposited on cemented carbide cutting inserts are
investigated. Depending on the Mo-content, resulting coat-
ing properties as well as the oxidation behavior are analyzed.
Additionally, the wear development of the coated inserts
during cutting tests after defined cutting intervals of t,=5's,
t.=10s,t,=20st.=40s,t,=80s, t,=120 s is investigated.

2 Experimental details
2.1 Coating deposition

The coating was deposited by a hybrid process combin-
ing direct current magnetron sputtering (dcMS) and high
power pulsed magnetron sputtering (HPPMS). While
dcMS processes use a continuous DC voltage to cause
sputtering of the coating material, HPPMS works with
short voltage pulses. Among other benefits, these can
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Fig.1 Schematic representation of CemeCon CC80/9 HPPMS coat-
ing unit in top view with target configuration used (a) and the sub-
strate table with the position of the substrate holder in threefold rota-
tion (b)

Fig.2 Coating architecture of CrAIMoN

improve the ionization rate in processes, which improves
the resulting coating properties. The deposition was car-
ried out in a CC800/9 HPPMS CemeCon AG, Wiirselen,
Germany, coating unit, consisting of two HPPMS and
four dcMs cathodes. Targets of coating material with
the dimensions A =500 mm X 88 mm were installed on
the cathodes. Figure la depicts the target configuration.
The purity of the target materials was x(Al) =99.50%,
x(Cr)=99.99% and x(Mo)=99.99%. The CrAl20 target
consisted of a pure chromium base plate and 20 Al plugs.
Each plug had a diameter of d=15 mm. The A170Cr30
target was produced by powder metallurgy. All coatings
were deposited in a threefold substrate rotation, as shown
in Fig. 1b.

The three coating variants had the same coating archi-
tecture and differed only in the Mo-content of the func-
tional layer, Fig. 2. For better adhesion between the car-
bide substrate and the self-lubricating functional layer,
a CrAl/CrAlN interlayer was deposited by using both
HPPMS cathodes. This was followed by a smooth transi-
tion in which the process parameters of the self-lubricating
functional layer were adjusted.

All six cathodes were used to deposit the functional
layer. Target power was varied to achieve the variation in
Mo-content. Table 1 shows the main process parameters of
the functional layer for all three coating variants.
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Iab'e 1 Process parameters Coating name CrAIMoysN CrAIMoysN CrAIMo N
or coating deposition of the
functional layer I0T-coating ID 1D-4398 ID-4409 1D-4397/4404
Total pressure p (mPa) 530
Argon flow j(Ar) (sccm) 200
Nitrogen flow j(N,) (sccm) Pressure controlled
Heating power Py; (kW) 8.0
Bias voltage Ug;,. (V) —100
HPPMS 1—target/power Pyppyis.; (KW) CrAl20/2.5 CrAl20/2.5 CrAl20/2.5
HPPMS 2—target/power Pypppis.o (KW) CrAl20/2.0 CrAl20/2.0 CrAl20/2.0
decMS-1—target/power Py s (KW) Al70Cr30/2.0 Al170Cr30/2.0 Al70Cr30/2.0
decMS-2—target/power Py g0 (KW) Mo/2.0 Mo/3.2 Mo/4.5
dcMS-3—target/power Py g3 (KW) Al70Cr30/2.5 Al70Cr30/2.5 Al70Cr30/2.5
dcMS-4—target/power Py g4 (KW) Al70Cr30/2.5 Al70Cr30/2.5 Al70Cr30/2.5
Deposition time tp, (s) 8575 7575 6575

2.2 Coating characterization methods

For an initial characterization, the coatings were depos-
ited on cemented carbide inserts SNUN120408 of grade
HW-K10, Kennametal Deutschland GmbH, Rossbach,
Germany. Electron probe microanalysis (EPMA) was used
to examine the chemical coating composition by a JEOL
LXA-85, Jeol, Tokyo, Japan. Cross-section images obtained
by scanning electron microscopy (SEM) were used to inves-
tigate the coating morphology and thickness. These inves-
tigations were carried out using a Zeiss DSM 982 Gemini
SEM, Jena, Germany. The EPMA and the SEM analyses
were performed at the Central Facility for Electron Micros-
copy (GFE) at RWTH Aachen University. The indentation
hardness H;y and the indentation modulus E; at § =23 °C,
9=200 °C, §=400 °C and 9 =600 °C were measured by
high temperature nanoindentation using an indentation force
of F=8 mN. The investigation of the indentation hardness
Hyr and indentation modulus E;r at 8 =23 °C was carried
out using 30 measuring points. Before analysis, the sam-
ples were smoothed by calogrinding. The analysis of the
temperature influence on the indentation hardness H;; and
indentation modulus E; of the coatings was carried out by
means of high temperature nanoindentation at 3 =200 °C,
9=400 °C and 3 =600 °C. In order to avoid the extensive
wear of indenter tip, the H;p and E;; values at high tempera-
tures were determined from a total of 10 force—displacement
curves. The maximum measured indentation depth during
nanoindentation at 9 =23 °C was approximately x =4.76%
of the coating thickness. The Poisson's ratio was assumed to
be v=0.25. A Triboindenter TT 950 equipped with a heating
stage xsol from Bruker Corporation, Billerica, Massachu-
setts, USA, was used for this purpose. The coating roughness
values Ra and Rz were measured by confocal laser scan-
ning microscopy (CLSM), VK-X 210, Keyence Corpora-
tion, Osaka, Japan. For this purpose, images of the coating

surfaces were acquired at three randomly selected positions
with the CLSM at 50 X magnification. A measurement direc-
tion was not considered because the sample surface did not
exhibit any direction-dependent texture, such as grinding
marks. Subsequently, the line roughness was evaluated in
the software VK Analyse-Module Version 3.4.0.1 accord-
ing to ISO 4287. Here, the necessary measuring distance
of 1,=1.25 mm was observed. Finally, the mean values
were calculated from values determined at each of the three
measuring positions. The adhesion between the coating and
cemented carbide cutting insert was analyzed by Rockwell
indentation tests according to DIN 4856. A Rockwell tester
HP100, KNUTH Machine Tools GmbH, Wasbek, Germany,
was used for this purpose. Afterwards, the indentation region
was investigated by CLSM to evaluate the adhesive strength
category.

2.3 Oxidation behavior

Annealing tests were carried out to determine the oxidation
and diffusion behavior as a function of the Mo-content. All
tests were conducted under ambient conditions for t=15 min
and t=30 min at § =600 °C, § =700 °C and 8 =800 °C with
a counterpart made of Ti6Al4V. The samples were placed
in a heated oven. After reaching the time of the annealing
experiment, the samples were taken out of the oven and
cooled down to room temperature in ambient atmosphere.
For heat treatment, an industrial oven Nabertherm ETH
08/17, Lilienthal, Germany was used. The experimental
setup of the annealing tests is shown in Fig. 3.

The CrAIMoN coated samples were subject to a detailed
analysis of the oxidation behavior. First, the coated samples
were examined for geometrical and optical changes. For this
purpose, the arithmetic mean roughness Ra and the average
roughness Rz were first measured by means of the CLSM
as explained in Sect. 2.2. Changes with regard to the coating
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Fig.3 Schematic representation of the experimental setup for the
annealing tests

thickness, coating morphology and surface topography were
studied by surface and cross-section SEM images. The SEM
images were taken at the GFE at the RWTH Aachen Univer-
sity. The formation of oxide phases as a function of the Mo-
content was analyzed by means of Raman spectroscopy. For
this purpose, a Raman spectroscope, Renishaw InVia Reflex,
Renishaw GmbH, Pliezhausen, Germany, with a A=532 nm
laser and a diffraction grating g (A=532 nm)= 1800 1I/mm
was used. The measurement parameters were constant for
all analyzed tools. The laser was calibrated by a reference
measurement of a silicon sample before each analysis. To
obtain reliable measurement results, Raman mappings with
six measurements each were made on the coated surface
and with three measurements on the Ti6Al4V counterparts.
The focus of the Raman spectroscopy was on the detection
of self-lubricating molybdenum oxides. Since the samples
and tools could only be examined after cooling to room
temperature, the Raman investigations with regard to the
molybdenum oxides are limited to the stable phases MoO;,
MoO,, and Mo,O, ;. Furthermore, the effects of the tempera-
ture exposure on the coating adhesion were investigated by
Rockwell indentation tests.

2.4 Cutting tests

Coated cemented carbide cutting inserts CNGP 120408 of
grade HW-K10, Kennametal Deutschland GmbH, Rossbach,
Germany, were used to carry out the cutting tests. The cut-
ting inserts had a corner radius of r,=0.8 mm, a cutting-
edge radius of ry=(6+2) pm, an effective clearance angle
of a.=6°, and an effective rake angle of y +=2°. The cut-
ting experiments were conducted using a CNC lathe MDS5S,
Gildemeister Drehmaschinen GmbH, Bielefeld, Germany.
The cutting test setup as well as the tool geometry is shown
in Fig. 4. The parameters of longitudinal turning of Ti6Al4V
were selected in order to avoid the formation of continuous
swirl chips. Therefore, a cutting velocity of v.=80 m/min, a
feed rate of f=0.12 mm, a cutting depth of a,=1.2 mm and
a setting angle of k,=95° were chosen. All tests were car-
ried out using cooling emulsion, a mixture of distilled water
and 9% cooling lubricant B-Cool 675 from Blaser Swiss-
lube AG, Hasle bei Burgdorf, Switzerland. To be able to
investigate the wear development, the tests were conducted
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Cutting
velocity v,

Fig.4 Representation of the setup on the CNC lathe used for cutting
tests as well as the cutting tool geometry

in defined cutting intervals of t.=5s, t,=10s, t,=20 s,
t.=40s, t,=80 s, t.=120 s. For each cutting interval, an
unused cutting edge was tested. The tests were repeated
three times.

The wear development of the rake and flank surface and
the flank wear land width (VB) was measured by stereomi-
croscopy using a Zeiss Stemi 508, Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany. Additionally,
the tool wear was analyzed by scanning electron microscopy
(SEM) surface images. The chemical composition of the
worn cutting edge areas was determined by means of energy
dispersive X-ray spectroscopy (EDS) mappings. Addition-
ally, the chips were analyzed with regard to possible dif-
fusion processes between the CrAIMoN coatings and the
workpiece material Ti6Al4V by EDS mappings. Hereby,
a quantification of nitrogen, oxygen and carbon was omit-
ted. The SEM and EDS analyses of the worn cutting edge
were carried out with a Phenom XL desktop SEM, Phenom-
World, Eindhoven, Netherlands. In order to examine the
coating conditions after a cutting time of t,=80 s, the cut-
ting edges cross-section was analyzed by means of focused
ion beam (FIB) preparation and SEM. This FIB and SEM
investigations were performed by the GFE of the RWTH
Aachen University. The oxide phases formed on the coated
tool surface after the cutting intervals were also investigated
by Raman spectroscopy. The measurements were performed
according to the same procedure as described in Sect. 2.3.

3 Results and discussion
3.1 Coating characterization

The chemical composition of the interlayer and the func-
tional layer is shown in Fig. 5. The nitrogen content for the
three variants is approximately xy =50 at.-%. This indicates
an almost stoichiometric phase composition. Different stud-
ies have shown that under-stoichiometric [12] and over-stoi-
chiometric phases [13] in PVD coatings may have a negative
effect on properties such as adhesion, oxidation and diffusion
behavior. The aluminum to chromium ratio of X /xc, ~ 1.2
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Fig.5 Chemical composition of the interlayer (a) and the func-
tional layer (b) for the coating variants CrAlMo,sN, CrAlMo;sN and
CrAlMoy;N determined by EPMA analysis

cross-section
CrAlMo,;sN deposited on cemented carbide

Fig.6 SEM of CrAlMo,sN, CrAlMossN  and

is almost constant for all coatings. Due to the power varia-
tion of cathode dcMS-1, an increase in the amount of Mo
between the coatings CrAlMo,sN, CrAIMo;sN, CrAlMo,sN
can be seen.

The SEM cross-section images in Fig. 6 show a fine
columnar morphology for all three variants. Within the
cross-sections, a slight change of the very fine columnar
morphology of the interlayer to a morphology with coarser
columns under the graded addition of molybdenum in the
functional layer is visible. However, an influence of the Mo-
content of the different coatings on the columnar morphol-
ogy of the functional layer could not be observed.

Table 2 lists the coating thickness as well as the sur-
face roughness values Ra and Rz. The coating variants
have an average thickness of 2.9 um <d,<3.4 um. The
measured arithmetic mean roughness values are in the
range of 0.016 um <Ra<0.017 pm. Also, the range of the
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Fig.7 Indentation hardness H;r and indentation modulus E;r of
CrAlMo,;sN, CrAlMog;sN and CrAlMoysN at varied ambient tempera-
ture

determined average roughness value Rz is almost the same
for CrAlMo,;sN, CrAlMossN and CrAlMoysN. Therefore,
no influence of the chemical coating composition on the
surface roughness is noticeable.

Figure 7 shows the indentation hardness H;; and
indentation modulus E; of CrAlMo,sN, CrAlIMo;sN and
CrAlMoysN at varied ambient temperature. With increas-
ing molybdenum content, a significant increase in inden-
tation hardness H;p from H;r=23.2 GPa to H;;=28.3
GPa and indentation modulus E;; from E;; =384 GPa to
E;r=412 GPa is observed. This corresponds to a percent-
age increase of about 22% in H;; and about 12% in E;y.
The increase in hardness with increasing molybdenum
content is possibly caused by solid solution strengthening
due to lattice distortions. A comparable phenomenon was
observed in [14] for CrAIMoN coating. The lattice distor-
tions result from the substitution of the Cr and Al atoms
by Mo atoms with comparatively larger atomic radius.
However, it can be observed that the indentation hardness
H; decreases by temperature increase from 9 =200 °C
to 9 =400 °C. After a further temperature increase to
9 =600 °C, the indentation hardness H; increases slightly
for all three coating variants. A comparable behavior can
also be observed for the indentation modulus E;.

The bond strength between the coating and cemented
carbide sample was assessed using Rockwell indentation
tests following the guidelines specified in DIN 4856. Fig-
ure 8 shows the CLSM micrographs and depth profiles
of these tests on the cemented carbide sample. Besides

Table 2 Coating thickness,
arithmetic mean roughness

Ra and average roughness Rz
of the coatings CrAIMo,;N,
CrAIMossN and CrAlMoysN

CrAlMo,sN CrAlMossN CrAlMoysN
Coating thickness d, (um) 33 2.9 34
Arithmetic mean roughness Ra (pm) 0.017 +0.000 0.017+0.000 0.017+0.000
Average roughness Rz (um) 0.15+0.01 0.17+0.02 0.14+0.01
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Fig.8 CLSM micrographs and profiles of Rockwell indents of
CrAlMo,sN, CrAlMo;sN and CrAlMoysN on cemented carbide sam-
ples

some radial cracks around the indentation area, no coat-
ing delamination could be observed. This indicates a high
adhesion strength between cemented carbide substrate and
coating. Therefore, the adhesion strength of all variants is
classified as adhesion class HF 1. Furthermore, the defor-
mation of the coating-substrate compound was analyzed
by means of the depth profiles of the Rockwell inden-
tation. For all variants an almost identical deformation
behavior with a maximum profile depth of dp =20 pm was
observed. Differences in adhesion strength or deformation
due amount of Mo could not be observed.

3.2 Oxidation behavior

After annealing tests, the oxidation behavior of the three
CrAlMoN coating variants were analyzed. Surface rough-
ness values Ra and Rz were measured to determine topo-
graphical changes of the surface. Figure 9 shows a compari-
son of the arithmetic mean roughness Ra and the average
roughness Rz of the different coating variants, annealing
temperatures and times.

CrAIMo,sN CrAIMo,sN
: E 0.03 25 45
3=
E&: 0.02 - — < — - - -
< <
_‘E (2]
< 3 0.00
v 030
[
£ _ 020 [
5 — O.
s E I T IENE T
g & 010
©
9]
Z 000

23°C 15min | 30 min [ 15 min | 30 min | 15min | 30 min

600 °C 700 °C
Annealing time [min] / Temperature [°C]

800 °C

Fig.9 Arithmetic mean roughness and average roughness of
CrAlMo,;sN, CrAlMossN and CrAlMoysN after annealing
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The measured values for the arithmetic mean roughness
are in a range of 0.014 um <Ra <0.022 pm and the mean
squared roughness Rz in a range of 0.13 pm <Rz <0.23 um.
The surface roughness values of the annealed samples are
comparable to the initial state. No significant roughening
due to strong oxide formation or due to structural changes
could be identified for any of the coating variants. Figure 10
shows the SEM cross-section images of the three coating
variants after heat treatment at 8, =700 °C and 9, =800 °C
for t, =15 min and t, =30 min. The annealing times are
marked by a colored frame around the SEM images. The
cross-section images of the coatings after heat treatment
9, =600 °C are not shown, because no changes in morphol-
ogy were visible, compared to the as-deposited state.

After heat treatment at 3, =700 °C and 3, =800 °C
for t, =15 min and t, =30 min, a fine-columnar morphol-
ogy can still be observed. The cross-section images of
the CrAlMo,;sN coating exhibit no visible oxidation. The
surface of the CrAlMossN coated sample appears to be
oxidized after annealing at 9, =800 °C for t, =30 min.
Such oxidation at the coating surface can be observed for
the CrAIMo,sN coated samples already after annealing
at 9, =700 °C for t, =30 min. The oxidized areas were
marked with dashed lines. However, the oxide layer has
a thickness of only a few nanometers. Hence, there is no
damage to the morphology over the entire coating thick-
ness. The increased oxide formation with a higher Mo-
content in the coating system may indicate an enhanced
formation of self-lubricating molybdenum oxide phases.
To analyze the oxide phase composition, the sample sur-
faces were examined by Raman spectroscopy after heat
treatments. Since the samples can only be measured after
cooling to room temperature, the Raman investigations
with respect to the molybdenum oxides are limited to the
phases which are stable at this temperature, such as MoOs,

Fig. 10 SEM cross-section of CrAlMo,sN, CrAlMossN  and
CrAlMoysN deposited on cemented carbide after heat treatment at
9, =700 °C and 8, =800 °C for t, =15 min and t, =30 min
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MoO,, Mo,0,,. Nevertheless, other metastable lubricat-
ing oxide phases may form during machining processes
and contribute to an increased cutting performance. The
results are presented for the coating variants CrAlMo;sN
and CrAlMoy;sN. No self-lubricating molybdenum oxides
were detected on the surface of CrAlMo,sN by Raman
spectroscopy. Figure 11a shows the Raman spectra of
the CrAlMossN and Fig. 11b of the CrAlMoysN coated
samples after heat treatment at 9, =600 °C, §, =700 °C,
9, =800 °C for t, =15 min and t, =30 min as well as
in the initial state. For better comparison, the spectra are
arranged one above the other starting from the initial state.
The spectra for CrAIMossN show peaks at v=216 cm™’,
v=227 cm™', v=482 cm™', ¥=697 cm™', ¥=766 cm™",
which are assigned to the coating specific phases CrN [15],
AIN [16], CrAIN [17], and Mo,N [18-20] respectively.
The peak at V=331 cm~! can be assigned to cubic Mo,N.
The intensity of the peak at v=482 cm™! increases with
increasing temperature. This suggests that characteristic
peaks at v=461 cm™' and V=491 cm™! are caused by the
formation of MoO, [19, 20], which overlap with the peak
at v=482 cm~!. The characteristic peak of MoO; [20] at
approximately v=990 cm™' can be detected for an anneal-
ing time of t, =15 min only at 3, =800 °C. For an anneal-
ing time of t, =30 min, this peak is already detectable
after heat treatment at 3, =700 °C. Principally, a peak at
this position can also be attributed to the Al,O5. However,
since it only occurs with increasing molybdenum content,
presumably the oxide formation relates to molybdenum

(a) CrAIMo;;N
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% m o} X ® 600 °C
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{ \._ﬁ./-/\/l gl — s00°C
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Fig. 11 Raman spectra of a CrAlMo;sN and b CrAlMo,;sN deposited
on cemented carbide after heat treatment

oxides. Above the annealing temperature of 3, =800 °C,
additional peaks at v=929 cm™' and at v=932 cm™' are
detected. These peaks indicate, according to [21], the
formation of AIVO,. The AIVO, formed on the Ti6Al4V
counterparts and adhered to the coated samples.

Similar to CrAlMos;sN, peaks in the spectra of
CrAlMoy;sN can be assigned to the CrN, AIN, CrAIN and
Mo,N phases. The peak at v=479 cm™' increases with
increasing annealing temperature 9 ,, which is due to an
overlap with the peaks at V=461 cm™' and v=491 cm™..
This indicates the formation of MoO,. Regarding oxide
formation, the CrAlMo,;sN coated samples show a behav-
ior similar to CrAIMo;sN. The Magnéli phase Mo,O;
with a peak position at v=906 cm~! is detected in all spec-
tra. However, the intensity of the peak at v=906 cm™!
increases with increasing annealing temperature 9, and
time t,. The CrAlMo,sN coatings seem to form Mo,O;
at lower temperature compared to the CrAlMo;sN coated
samples. Compared to the CrAlMo;sN variant, the
CrAlMoysN variant shows an increase in MoO; peak
intensity corresponding to v=988 cm™! at lower anneal-
ing temperature and time. Furthermore, after t, = 15 min,
self-lubricating MoOj is detected from 8, =700 °C, indi-
cated by the peak at v=247 cm~!. After an annealing time
of t, =30 min, further peaks at v=290 em™' v=369 cm™!
and v=818 cm™! are visible and assigned to molybde-
num and aluminum oxides. The AIVO, oxide can be found
after t, =30 min from 9, =700 °C. Hence, increased Mo-
content shifts the formation of molybdenum oxides at the
coating surface towards lower annealing temperatures 3,
and times t,.

The investigation of the adhesion strength after the heat
treatment tests was carried out by means of the Rockwell
indentation test according to DIN 4856. For all variants,
after annealing at § =400 °C, 34 =600 °C and 4 =800 °C
for t=15 min and t =30 min, the adhesion class was HF
1. Figure 12 shows micrographs of the Rockwell indents
after heat treatment at 9 =800 °C for t=30 min.

9 =2800°C/t=30min

CrAIMo,sN CrAIMo,sN

Fig. 12 CLSM micrographs of Rockwell indents of CrAlMo,sN,
CrAlMossN and CrAlMoysN on cemented carbide samples after
annealing at 9 =800 °C for t=30 min
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3.3 Cutting tests

For the evaluation of the wear behavior, each cutting inter-
val was repeated three times with a new cutting edge. No
significant differences in wear progress were found between
the repetitions. Therefore, the representative results from
one repetition are presented. To evaluate the wear behavior
of the three coating variants, the flank wear land width VB
was measured. The results are shown in Fig. 13 as a function
of the cutting time t,.

The wear land width increases with increasing cutting
time for all coating variants. The CrAlMo,sN coated tools
with the lowest amount of molybdenum have the highest
wear land widths VB over all cutting intervals. The lowest
flank wear land widths were measured for the CrAIMo,sN
coated cutting tool. Therefore, a reduced wear at the tool
flank face can be observed with increasing amount of Mo
in the coating system. Whether the improved wear behav-
ior of the coatings with the higher molybdenum content are
due to the higher indentation hardness and/or a result of an
improved formation of friction-reducing oxides cannot be
concluded from the current state of research. Therefore, this
will be the subject of further investigations.

The possibility of the formation of self-lubricating
molybdenum oxides on the surface of the CrAIM;sN and
CrAlMo,sN coatings after heat treatment is discussed in
Sect. 3.2. In order to clarify, whether the formation of self-
lubricating molybdenum oxides is also possible in a tribo-
logical cutting contact, Raman measurements were carried
out at the tool flank face near the cutting edge. A schematic
representation of the measurement area as well as the results
of the Raman investigations of the tools with the coating
CrAlMoysN are shown in Fig. 14 for selected cutting times
t..

High surface roughness and impurities on the cutting
edge, which are caused by the turning process, made it dif-
ficult to determine the phase composition. The evaluated
spectra show peaks at V=903 cm™!, which can be assigned
to MoO;. Furthermore, peaks are observed at V=322 em™!,
v=392 cm™, v=903 cm™", ¥=679 cm™!, ¥=697 cm™",

and v=785 cm™~!. These peaks indicate the formation of

€ 50 4 CrAIMo,N CrAlMosN 4 CrAIMo N
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Fig. 13 Flank wear land width VB of CrAlMo,sN, CrAlMo;sN and
CrAlMoy;N coated cutting tools as a function of the cutting time t,
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Fig. 14 Raman spectra at the tool flank surface at the yellow marked
measurement area of CrAlMoy;sN coated cutting tools after the cut-
ting intervals

self-lubricating MoO, and Mo,O,; oxides, as well as the
oxides Cr,0;, Al,O5 [22], AIVO,, and TiO, [6]. The peaks
in the range 200 cm~!<v <300 cm™! and at v=485 cm™!
are assigned to the coating specific phases CrN, AIN and
CrAIN. Unfortunately, no assignment for Mo,N could be
made, since no reliable references were available for this
nitride phase.

In the following, the dominant wear mechanisms on the
rake face are analyzed. The wear mechanisms were deter-
mined in a comparable manner for all coating variants. The
dominant wear mechanisms are analyzed and evaluated in
Fig. 15 using the example of the CrAlMo,sN coated tool
after t, =20 s by means of SEM and EDS. The typical wear
mechanisms and essential features as stated in [23] and [5]
are marked with numbers in the SEM image, while an EDS
map is shown on the right.

On the rake face, the tool wear is composed of titanium
smearing due to adhesion (1), substrate exposure due to
coating delamination as a result of adhesion (2) and tri-
bochemical reactions (3). As the areas of tribochemical
reaction are located at a large distance from the cutting
edge, it is assumed, that they do not impact the tool cutting

o, [l G ] c (O
&

—25pum

A,,,,,,,; - sl a "V 71

@)Adhesion @) Delamination €)Tribochemical reactions @)Ti6Al4V chips ©)Coating @)impurities

Fig. 15 SEM and EDS analyses of the tool rake face of CrAlMo,sN
coated cutting tools after t,=20s
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performance. Between the areas of titanium smearing and
tribochemical reactions, intact coating (5) and isolated sub-
strate exposures can be detected. Once the coating is worn
out, diffusion and abrasion processes between the substrate
and chip can contribute to an acceleration of crater wear.
The analyses revealed that the coating is still present at the
cutting edge after t.=20s, as confirmed by EDS detection of
Mo and Cr. Furthermore, Ti6Al4V chips (4) and impurities
(6) at the cutting edges are distributed over the entire tool.
Figure 16 shows the investigation of the rake face and cut-
ting edge after t,= 80 s for the three coating variants. For all
coating variants, coating can still be detected. The substrate
exposures expand towards the cutting edge with increasing
cutting time.

The EDS mappings at the cutting edge, Fig. 16, support
the impression of an improved wear resistance of the coat-
ings with increasing molybdenum content. For the tools with
the CrAlMo;sN and CrAlMo,sN coating, significantly more
Cr and Mo can be detected in comparison to the tools coated
with CrAlMoy;N. In order to analyze the coating condition
directly at the cutting edge and below the titanium smearing
at the rake and flank face, a portion of the cutting edge was
removed by means of FIB (Fig. 17).

The SEM images indicate, that a homogeneous coating
thickness distribution was achieved along the cutting edge
during coating deposition (Fig. 17a). Furthermore, the pro-
cess-related nanolaminate structure of the functional layer
is visible. Figure 17a—c show the condition of the individual
coating variants after t.=_80 s. It seems that the functional
layer is worn out at the cutting edge, Position x, but the
interlayer is still undamaged. Towards the rake face, the
residual coating thickness of the functional layer increases
again significantly, see dashed lines. As expected, Ti6Al4V
smearing (7) is seen above the functional layer. A titanium
chip, which did not shear off due to the stoppage of cutting
process, adhered to the cutting edge, position (8). Similar
adhering of Ti6Al4V chips was observed for other coat-
ing variants and is therefore no indication for an increased
tendency of adhesive wear. Independent of the molybde-
num content, wear can be observed on the cutting edge of
all three coating variants. However, compared to the other

CrAlMo,sN CrAlMo N

— 25um

4 ) i ; (i y
o AIGEWM c © fEDS—anaIyses of rake face
iG! [@H § EDS-analyses of cutting edge
R T

Fig. 16 EDS analyses of the tool rake face of CrAlMoysN,
CrAlMos;sN and CrAlMoysN coated cutting tools after t, =80 s

variants, for the CrAlMo,sN coated tools, a lower residual
coating thickness at the rake face can be observed, Fig. 17a.
In addition, there is significantly more Ti6Al4V smearing on
the rake face of the variant with CrAlMo,sN. Nevertheless,
due to an inhomogeneous distribution of Ti6Al4V smearings
along the cutting edge and small differences in position of
the FIB cuts, no clear statement about the influence of the
molybdenum content on the residual coating thickness is
possible.

In order to detect possible diffusion between the coating
and the titanium alloy Ti6Al4V, chips from the machining
process were examined. Figure 18a shows a representative
chip from the cutting process with a CrAlMo,sN coated
insert after a cutting time of t,=120 s. The chip shows an
irregular segmentation over the entire chip width, Fig. 18b;.
At the outside of the chip, a high degree of segmentation,
which seem to be connected primarily by adhesion is vis-
ible. In contrast, the segments become narrower, Fig. 18b,
towards the inside of the chip. Black particles adhere to
the chip surface. By means of EDS those can be clearly

(a) CrAIMoN; t. =0's

@Rake face @Flankface @Cutting edge @Functional layer @)nterlayer @,Substrate
@TiAl6V4 smearing @) Ti6AI4V chip €8 Worn functional layer

Fig. 17 Cutting edges exposed by means of FIB preparation in the
initial state and after a cutting time of t.=80 s

Outside of chip
Inside of chip

Ti [l ¥ EDS Analyses § BIO

(c;) (c;)

Fig. 18 Chips from a cutting process with a CrAIMo,sN coated insert
after a cutting time of t,=120 s in total (a), as high profile (b;) as
well as after SEM and EDS analyses (b,—c3)
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classified as contamination as a result of chip transporta-
tion. Figure 18c, shows a polished cross section of the chip.
By EDS analysis, shown in Fig. 18c,, c; only the elements
titanium, carbon, aluminum and oxygen were detectable. In
addition, vanadium was found. Residues of nitrogen, chro-
mium or molybdenum were not detected during EDS map-
ping. Based on these findings and the fact that almost the
same tribological loading is present on the underside of the
chip and the resulting workpiece surface during the process,
it is assumed that there is no diffusion between tool coating
and Ti6Al4V during the cutting process.

4 Conclusion and outlook

In order to increase the economic efficiency and tool life
while turning titanium alloy Ti6Al4V, the use of self-lubri-
cating CrAIMoN coatings is a suitable approach. In the
present study the influence of the molybdenum content on
coating properties as well as the initial wear behavior while
turning Ti6Al4V was analyzed. Overall, the following find-
ings can be highlighted:

e The fine columnar morphology grows up independently
of the molybdenum content. In contrast, the indenta-
tion hardness H;p at 8 =23 °C increases with increasing
amount of molybdenum in the coating system.

e With increasing Mo-content and increasing annealing
temperature and time an increase of self-lubricating
molybdenum oxide phases on the coating surface occurs.

e The CrAlMo,;sN-coated cutting tools showed the lowest
flank wear. This indicates a beneficial effect on the cut-
ting performance by increasing amount of molybdenum
in the chemical composition of the coatings.

e Raman investigations showed the formation of lubricat-
ing molybdenum oxides in turning while using cooling
lubricant. An increasing amount of molybdenum in the
coating system promotes this trend.

¢ No unacceptable contamination of Ti6Al4V occurs while
turning tests for the investigated coating systems.

The investigations carried out showed a distinct influ-
ence of the molybdenum content on the oxidation and wear
behavior during comparatively short cutting times. Further
analysis of the tool performance during turning of Ti6Al4V
over an industrially standard operating period will focus
on the influence of the amount of molybdenum. Following
aspects will be investigated:

e Wear development of the coated cutting tools while turn-

ing Ti6Al4V over an industrially relevant application
time of 20 min <t, <30 min.

@ Springer

e Determination of diffusion coefficients between coating
systems and Ti6Al4V by means of hot-pressing tests.

¢ Influence of the HPPMS fraction of the coating process
on the wear resistance of the function layer of CrAIMoN
coatings.
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