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ABSTRACT

Within this study, self-lubricating and triboactive (Cr,ADN+Mo:S coatings were
developed and investigated for the deposition on components in a low-tem-
perature physical vapor deposition (PVD) hybrid process. Therefore, direct
current magnetron sputtering (dcMS) and high power pulse magnetron sput-
tering (HPPMS) PVD were combined by using an industrial coating machine.
Hereby, it was possible to deposit dense and smooth triboactive, self-lubricating
nitride coatings with different chemical compositions and architectures on
16MnCr5E samples. Two coating architectures, a matrix monolayer and a gra-
ded coating structure, were developed to evaluate the effect on the tribological
behavior. The morphology and coating thickness were analyzed by means of
scanning electron microscopy (SEM). Furthermore, the indentation hardness
and modulus of indentation as well as the compound adhesion between sub-
strate materials and coating were analyzed. Tribological analyses of (Cr,ADN+
Mo:S-coated and uncoated samples were conducted under fluid-free friction
regime at room temperature T=(20+3) °C, a velocity v=0.1 m/s and a distance
s=1000 m by varying the Hertzian contact pressure from 400 MPa<py<
1300 MPa against steel counterparts, 100Cr6, in a pin-on-disk (PoD) tribometer.
The graded coating architecture of (Cr,ADN+Mo:S enabled a significant wear
and friction reduction. Furthermore, Raman analyses prove the formation of
solid lubrication tribofilm containing MoS;, MoO; MoO, and Mo,O, at the
toplayer of a graded (Cr,ADN+Mo:S coating, which are responsible for the
improved tribological behavior.
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Introduction

Today, gearboxes are conventionally lubricated with
greases or oils. However, mineral oil or synthetic oil-
based lubricants are often not applicable in medical
technology, food technology, production under vac-
uum processes technology and aerospace applica-
tions due to extreme ambient conditions. Moreover,
lubrication requires a high level of machine compo-
nent design due to the use of complex sealing sys-
tems, e.g., in gearboxes. In the absence of
conventional lubricants, friction increases, which
leads to a high thermal load and thus to rising of
mechanical stresses and accelerated failure of com-
ponents [1, 2]. Spur gears that are exposed to high
mechanical loads without conventional grease or oil
lubrication show considerable damage after a short
operating time due to the enormous heat input
caused by friction [3, 4]. Typical damage patterns on
gears are scuffing and hot running. A friction
reduction can be achieved by using solid lubricants
like graphite or molybdenum disulfide (MoS,).
However, these solid lubricants are rarely developed
for high mechanical loads.

A possible solution could be the fluid-free lubri-
cation with solid lubricants such as transition metal
dichalcogenides (TMD) like molybdenum disulfide
(MoS;) which are widely used in the industry. The
crystallographic hexagonal structure of MoS; is bon-
ded by weak van der Waals forces between the
planes. Here, a sliding on planes against each other
can be initiated through low shear stresses and
leading to a friction reduction in tribological systems.
A possible application of MoS, coatings on compo-
nents can be conducted by means of MoS, physical
vapor deposition. Despite the friction reduction in
tribological contacts, high wear rates can lead to fast
coating failures depending on the structure and
chemical composition under high loads [5]. For this
reason, different coating architecture concepts to
improve the tribological behavior of Mo- and S-con-
taining coatings are pursued in the literature. One
coating concept follows the approach of adding dif-
ferent metals Al, Cr, Ti to a MoS, monolayer [6-8].
Furthermore, hard soft combinations with a hard
nitride-based coating and a soft MoS, toplayer are
also a possible solution to improve the tribological
behavior of MoS, containing PVD coatings [8].
However, the disadvantage of these coating
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architecture concepts is that the low wear resistant
solid lubricant Mo$S, toplayer also forms the lubricant
depot at the same time, while the hard support layer
below only serves as wear protection.

An alternative approach pursues the incorporation
of disulfide solid lubricants into a hard coating
matrix, which serves to increase the wear resistance
and as a depot for solid lubricant storage. The nitride
hard coatings CrN, TiN and (Cr,ADN are well known
as wear protection coatings on cutting tools in
industrial applications [9-12]. In general, the use of
nitride-based coatings in dry-running tribological
contacts leads to a wear reduction for the coated
contact partner, whereby wear rises for uncoated
counterparts. Hereby also the friction in the tribo-
logical contacts with uncoated components increases
[13]. Investigations of TiN, CrN, and (Cr,ADN as a
matrix material for the incorporation of Mo and S
were carried out by [14-16]. Here, the negative effects
regarding wear could be reduced and a friction
reduction could be achieved. The chemical analyses
on the modification elements Mo and S in the (Cr,Al)
N and TiN layer systems have shown that MoS, is
not necessarily stoichiometrically present in the
matrix [14, 16].

Within the scope of this study, the goal was to
investigate the effect of two different coating archi-
tectures on friction reduction by the solid lubricant
MoS; and increased wear resistance through the use
of (Cr,ADN. For this purpose, the two coating archi-
tecture concepts (i) matrix and (i) graded (Cr,ADN
coating with a nitride-based toplayer and embedded
Mo and S were developed and analyzed. The inten-
ded application of the developed coatings is highly
loaded spur gears running under dry conditions.
Therefore, the case-hardened steel 16MnCr5E, which
is conventionally used for gears, was chosen as sub-
strate material, which requires a low-temperature
coating PVD process due to the low annealing tem-
perature T<300 °C. This can be achieved by means of
a hybrid process of direct current magnetron sput-
tering (dcMS) and high power pulse magnetron
sputtering (HPPMS) coating process [17]. Chemical
analysis, analysis of the microstructure, indentation
hardness and modulus of indentation enable a basic
understanding of the coatings and there architecture.
In addition, tribological analyses at different Hertzian
contact pressure from 400 MPa<p;;<1300 MPa under
fluid-free friction regime at room temperature T=(20
+3) °C were conducted. After tribological testing,
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Raman analyses were conducted to prove the supply
mechanism of the graded coating and transfer
mechanism to the 100Cr6 counterpart. Particularly in
the field of highly loaded tribological contacts there is
substantial need for research regarding the design of
dry-running tribological systems and their supply
mechanisms of solid lubricants.

Experimental details
Coating deposition

The molybdenum Mo- and sulfur S-containing (Cr,
ADN+Mo:S coatings were deposited in an industrial
scale coating machine CC800/9 HPPMS, CemeCon
AG, Wiirselen, Germany, by developing a low-tem-
perature coating process T<300 °C. The coating unit
was equipped with four dcMS cathodes and two
HPPMS cathodes. Both technologies were combined
in a dcMS/HPPMS process, due to the beneficial
advantages of high ionization regarding improved
mechanical properties, low roughness, dense
microstructure, coating of complex geometries and
enhanced compound adhesion between substrate
and coating [18-21]. The arrangement of the cathodes
and the layout of the deposition chamber are depic-
ted in Fig. 1a.

For the deposition of the (Cr,A)N+Mo:S coatings,
Al plugged Cr targets (purity Cr 99.95%, purity Al
99.5%), a Cr plugged Al target (purity Al 99.5%,
purity Cr 99.5%), and a MoS, target (purity 99.5%)
were used. The notations CrAI20 and AlCr30 refer to
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a Cr target with 20 Al plugs or an Al target with 30 Cr
plugs respectively. The dimensions of the targets
were 500 mm x 88 mm, and the diameter of the Al or
Cr plugs was approximately & ~ 15 mm, Fig. 1b. The
process parameters for the deposition of the reference
coating (Cr,ADN are presented in [22]. In this study,
two different coating architectures, a monolayer
matrix (M) and a graded (G) (Cr,ADN+Mo:S struc-
ture, Fig. 2, were developed and compared with the
reference coating (Cr,Al)N. The idea of the mono-
layer matrix coating was to produce a coating with a
constant depot of embedded Mo and S depots from
the intermediate layer to the toplayer. This should
enable the in situ formation of the solid lubricant
MoS; during the tribological contact, Fig. 2a.

An alternative coating concept is described by the
graded coating architecture, whereby besides the
changes of the chemistry at the monolayer matrix
coating, a differing interlayer design and chemical
composition of the toplayer are developed, Fig. 2b.
Hereby, the ratio of Mo and S is increased toward the
toplayer but still embedded in a nitride matrix.
Therefore, three different coatings of each architec-
ture were deposited and analyzed.

The coatings were deposited on case-hardened
16MnCr5E steel samples (=25 mm, H=8 mm) pol-
ished to a roughness Ra=0.02 pm. The case-hardened
steel 16MnCr5E had a surface hardness of H=(60+
2) HRC with a case hardening depth d.=1 mm, to
ensure a sufficient load carrying capacity for the (Cr,
ADN+Mo:S coatings. The development of self-lubri-
cating (Cr,ADN+Mo:S coatings by means of dcMS/
HPPMS for components was based on process

Figure 1 Schematic (a) coating unit (b) target
representation of the industrial
coating unit CC800/9 HPPMS. deposition chamber JUlﬂﬂﬂﬂr CrAI20 -
heater Cr-based
@ Al-plugs
7 (N B E
= substrate = E
o o o
o table o =
T T
@ @ @ =15mm
\ heater
| €
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Figure 2 Schematic
representation matrix
monolayer and graded coating
architecture.

(a) matrix monolayer
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parameters of low-temperature coating process of
(Cr,ADN published in [22] and the target configura-
tion of (Cr,ADN-+Mo:S coating for tools given in [14].
Moreover, the in situ temperature measurement
system developed at IOT presented in [23] for
determining the substrate temperature depending on
cathode powers during the coating process was used
to avoid an excessive overshooting of the annealing
temperature T<200 °C of 16MnCr5E. The target
configurations for the deposition processes of the
coatings are presented in Table 1. In order to increase
the Mo:S content at the toplayer for M3, two MoS,
targets were chosen.

This concept was adopted for the graded coatings.
Exchanging a CrAl20 with an AICr30 target could
lead to changes of the coating structure, which could
be beneficial for the tribological behavior. The pro-
cess parameters and bold changes of the developed
matrix M1-M3 and graded G1-G3 (Cr,ADN+Mo:S

coatings for the deposition of interlayer and toplayer
are shown in Tables 2 and 3.

Coating and compound analysis

The coating thicknesses and morphology were
investigated by scanning electron microscopy (SEM)
analyses, Oxford Link ISIS, Oxford Instruments plc,
UK, at the Central Facility for Electron Microscopy
(GfE), RWTH Aachen University, Aachen, Germany.
The chemical composition over the coating thickness
was analyzed by means of X-ray microanalysis
(EPMA) on the basis of a calotte. The calotte was
generated by rotating a hardened steel ball combined
with diamond suspension for t=60 s on the coating.
Phase analyses of the developed (Cr,A)N+Mo:S
coatings were conducted by X-ray diffraction (XRD)
measurements using grazing incidence diffraction
(GID), XRD 3003, GE Energy Germany GmbH,

Table 1 Target configuration

for the deposition of matrix Coating process HPPMSI HPPMS2 del dc2 de3 dc4

and graded (CrADN+Mo:S M1 CrAI20 CrAI20 CrAI20 MoS, CrAI20 CrAI20

coatings M2 CrAI20 CrAI20 CrAI20 MoS, CrAl20  CrAI20
M3 CrAI20 CrAI20 CrAl20 MoS,  MoS, CrAl20
Gl CrAI20 CrAI20 CrAl20 MoS, MosS, CrAI20
G2 CrAI20 CrAI20 AICr30  MoS, MoS, CrAI20
G3 CrAI20 CrAl20 AICI30 MoS, MoS, CrAl20
(Cr,ADN CrAI20 CrAI20 - - - CrAl20
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Table 2 Process parameters of
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(Cr,ADN+Mo:S matrix Process phase  Process parameter [unit] Ml M2 M3
monolayer coatings Interlayer Pulsed bias voltage, Ug yppms [V] -100 -100 -150
Nitrogen pressure controlled, pn, [mPa] 660 560 560
Argon gas flow, Q. [sccm] 200 200 200
Cathode power, P4.(CrAl20) [W] 500 500 500
Cathode power, Py.(MoS,) [W] 500 500 500
Ramped cathode power, Pyppps [W] 5004500  500-5000 500-5000
Pulse-on-time,  [ps] 40 40 40
Pulse frequency, f [Hz] 500 500 500
Process time, £, [s] 1425 1425 1425
Toplayer Nitrogen pressure controlled, pn, [mPa] 710 710 550
Argon gas flow, Qa; [sccm] 200 200 200
Ramped cathode power, Py (CrAl20) [W]  500-800 500-800 500-800
Ramped cathode power, Py.(MoS;) [W] 500-800 500-800 500-800
Cathode power, Pyppms [W] 2500 4500 4500
Process time, £, [s] 3600 3600 3600
Table 3 Process parameters of graded (Cr,Al)N+Mo:S coatings
Process phase Process parameter [unit] Gl G2 G3
Interlayer Pulsed bias voltage, Ug pppms [V] —-150—(=75) —-150—(=75) —-150—(=75)
Nitrogen pressure controlled, pn, [mPa] 500 500 500
Argon gas flow, Q(Ar) [sccm] 200 200 200
Ramped cathode power, P4.(CrAl20, AICr30) [W] 800-0 800-0 800-0
Ramped cathode power, P4.(MoS,) [W] 800-3800 8003800 800-3800
Ramped cathode power, Pyppyms [W] 4500-0 4500-0 4500-2000
Pulse-on-time, ¢ [us] 40 40 40
Pulse frequency, f [Hz] 500 500 500
Process time, £, [s] 6845 6845 6845
Toplayer Nitrogen gas flow, Q(N,) [sccm] 75-0 75-0 150-100
Argon pressure controlled, pa, [mPa] 500 500 600
Cathode power, P4, (MoS,) [W] 3800 3800 3800
Cathode power, Pyppms [W] - - 2000
Process time, £, [s] 920 920 920

Ratingen, Germany. The measurements were carried
out by means of Cu-Ka radiation, wavelength A=
0.1540598 nm, U=40 kV, =40 mA, diffraction angle
20=10°- 80°, incidence angle w=2°, step width s=
0.05°, step time t=10 s. A nanoindenter of type TI 950
Tribolndenter, Bruker Corporation, Billerica, Mas-
sachusetts, USA, with a Berkovich indenter was
applied for the determination of the indentation
hardness H;r and modulus of indentation Eir. The
samples were as-deposited, and the used constant
indentation force was F=10 mN. In order to deter-
mine Hyr and Epr, x=40 individual measurements
were conducted and subsequently averages were
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calculated. The penetration depth was kept below
10% of the thickness of the toplayer. Calculations of
the modulus of indentation are based on Oliver and
Pharr’s equations [24]. A constant Poisson’s ratio of v
=0.25 was assumed for the coatings. The scratch
tester Gesellschaft fiir Fertigungstechnik und
Entwicklung Schmalkalden e.V. (GFE), Schmalka-
Iden, Germany, was used for the compound adhesion
analysis between coating and case-hardened
16MnCr5E. The scratch tests were conducted with a
Rockwell C diamond at different constant forces in
the area of 10 N<Fy=<80 N in steps of FN=10 N.
Every scratch was generated with a length of x,=
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4 mm and a feed speed vy=10 mm/min. The load was
applied during the first x;=0.2 mm of the total scratch
length. In accordance to DIN EN ISO 20502 [25] the
compound adhesion between coating and substrate
was evaluated by scratch tests and confocal laser
scanning microscopy (CLSM), VK-X210, Keyence,
Neu-Isenburg, Germany. The resulting critical loads
Lci.3 had been measured and used to assess adhesion
strength for a specific reference compound
coating/substrate.

Tribological analysis

The samples were tested under pure sliding condi-
tions in a PoD tribometer, CSM Instruments, Peseux,
Switzerland. Tribological tests were conducted at
fluid-free friction regime in a steel/steel and coating/
steel contact at different initial Hertzian pressure py=
400 MPa, pu=600 MPa, py=800 MPa and py=
1300 MPa calculated based on basic part and coun-
terpart properties. Therefore, the normal force was
adjusted to Fn=0.5 N for pi;=400 MPa and Fny=2 N
for p=600 MPa by using an uncoated J=10 mm
diameter 100Cr6 ball. With regard to the higher initial
Hertzian loads, uncoated 100Cr6 balls with a diam-
eter of @=6 mm were chosen at a normal force of Fy
=2 N for p;y=800 MPa and Fn=8 N for p;y=1300 MPa.
It has to be stated that all considered Hertzian pres-
sures can be regarded as an initial value, which will
change during the tribological contact due to wear of
basic part and counterpart. The chosen initial Hert-
zian pressure enables a mapping of different appli-
cations like in equipment in food or pharmaceutical
industries and optical devices. Gears are conven-
tionally running under sliding and rolling conditions
during the tribological contact. However, the PoD
testing under pure sliding conditions causes high
load inputs to the compound of coating and
16MnCr5E, so that an assessment can be obtained
with regard to the application of the developed
coatings on gears. The parameters relative velocity
;e0=0.1 m/s, radius r=2.5 mm, distance s=1000 m
room temperature T=RT = T=(20+3) °C and relative
humidity ¢ ~ (45£5) % were kept constant. In addi-
tion, a repetition of each tribological test was carried
out. The average coefficients of friction (CoF) were
evaluated for the final s=500 m running distance.
Topography and wear analysis of the wear tracks on
the basic parts and wear areas on the counterparts
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were conducted on one of the two samples after tri-
bological testing by means of CLSM.

Chemical analysis of tribologically tested
samples by Raman spectroscopy

For chemical analysis after tribological testing, the
Raman spectrometer, Renishaw InVia Reflex, Ren-
ishaw GmbH, Pliezhausen, Germany, with a A=
532 nm laser with a spot size of d ¥ 1 um and a
diffraction grating g(A=>532 nm)=1800 1/mm, was
used. Here, a graded (Cr,A)N+Mo:S-coated basic
part and a 100Cr6 counterpart were exemplarily
analyzed regarding the tribofilm formation. The
measuring parameters were adjusted to the different
samples. The laser was calibrated before the mea-
surement by using a silicon reference sample.

Results and discussion

Temperature measurement of coating
process parameters

The in situ temperature measurement system proves
that high HPPMS cathode power up to P=5000 W has
a neglectable effect on the substrate temperature of
the 16MnCr5E samples. In contrast thereto, the
addition of four parallel running dc cathodes to the
HPPMS cathodes limits the power of the dc cathodes
to P=800-1000 W. These results enabled the devel-
opment of a low-temperature coating process for the
deposition of the different coating architectures
(i) matrix monolayer and (ii) graded. In Fig. 3, the
measured substrate temperature during the coating
process of G3 divided in the four main sections is
shown.

It can be observed that during the coating deposi-
tion the annealing temperature of 16MnCr5E 150 °C<
T<200 °C is exceeded to T=264 °C. However, the
effect on the loss of hardness is negligible. The data
sheet in [26] shows that the hardness loss at T=300 °C
is around 1 HRC<H<3HRC. These values are within
the range of deviation for the case hardening process
of H=(60+2) HRC. Also Rockwell indentation tests
of steel samples after the deposition process did not
show any changes of the hardness. Nevertheless, the
process was developed close to the limits of the
acceptable temperature load of 16MnCr5E during the
coating deposition.
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Figure 3 Substrate temperature curve of graded (Cr,Al)N+Mo:S
coating process.

Matrix coating development

In a first step, self-lubricating (Cr,ADN+Mo:S
monolayer matrix coatings were developed. Figure 4
shows the cross-sectional micrographs of the three

Figure 4 Cross-sectional
micrographs of developed (Cr,
Al)N+Mo:S matrix coatings
and (Cr,ADN.

(a) (Cr,Al)N+Mo:S-M1

#5868
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developed (Cr,ADN+Mo:S monolayer matrix coat-
ings, as well as the reference coating (Cr,ADN.

It can be observed that the matrix coatings and the
(Cr,ADN coating possess a dense and fine columnar
structure. Due to changes of bias voltage U, HPPMS
cathode power Pyppms and nitrogen pressure pnp in
the coating processes M1-M3 highlighted in Table 2,
the coating thicknesses are ranging between 1.3 pm<
t<2.1 um. In addition, a smooth surface structure
with only little defects at the toplayer can be found
for all coatings, which can be explained by the use of
the HPPMS technology. The depth-resolved chemical
compositions of the coatings by means of EPMA are
shown in Fig. 5.

For further discussion, only the toplayer composi-
tions of the coatings will be considered. The addition
of a second MoS, target in favor of a CrAl20 target in
the coating process M3 led to a small increase in the
Mo and S content in comparison with M2 and M1.
The highest Al content of all developed coatings can
be proven for the reference (Cr,ADN. The quantita-
tive values of the chemical composition of the
toplayers of the matrix monolayer coatings and the
reference coating are shown in Table 4.
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Figure 5 Chemical composition of (Cr,Al)N+Mo:S matrix
coatings and (Cr,Al)N by means of EPMA.

Table 4 Quantitative chemical composition of the toplayers of
matrix monolayer and (Cr,Al)N reference coating by means of
EPMA

Coating/share [at.%] Cr Al N Mo S
Ml 35.4 4.8 52.8 5.1 1.9
M2 353 49 52.8 5.1 1.9
M3 319 7.5 51.3 6.9 2.4
(CLADN 213 259 528 - -

The crystallographic phase analyses of the devel-
oped (Cr,ADN+Mo:S matrix coatings and (Cr,ADN
are presented in the XRD patterns in Fig. 6.

All patterns reveal a cubic CrN phase with corre-
sponding peaks at 26 ~ 37.5° 20 ~ 43.6°, 20 ~ 63.4°

Figure 6 XRD patterns of
(Cr,AI)N+Mo:S matrix
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and 26 % 76.0° and a cubic AIN phase, 26 » 37.8°, 20 »
43.9°, 26 ~ 63.8° and 206 ~ 76.7°. Moreover, a cubic
structure was also measured for molybdenum nitride
(Mo;N) phase, 26 ~ 37.4°, 26 ~ 43.5° and 20 ~ 63.1°
leading to the conclusion that an additional distortion
of the (Cr,ADN lattice is generated. The peaks of M1
coating appear to be significantly lower in compar-
ison with the M2 und M3 coating, which can be
explained through an X-ray amorphous or
nanocrystalline structure. The XRD spectra cannot
prove the formation of MoS,. The reason are the low
contents of Mo and S for the M1, M2 and M3 coat-
ings. Nevertheless, it can be assumed that Mo and S
are incorporated separately in the coating matrix. The
crystalline structure of (Cr,ADN can be proven
regarding the cubic CrN and AIN peaks presented in
Fig. 6. Furthermore, the indentation hardness Hyr and
the modulus of indentation E;t of the (Cr,A)N+Mo:S
matrix coatings and the reference coating (Cr,ADN
were determined by nanoindentation, Fig. 7.

The lowest indentation hardness Hijt is measured
for M1 H;r=(31.04+7.3) GPa in comparison with
the two remaining matrix coatings M2 and M3
Hir ~ (34.04+4.0) GPa. These results are in accordance
with the XRD spectra, Fig. 6, showing an increased
ratio of crystalline bindings. The indentation hard-
ness Hyr and the modulus of indentation Ejr of the
matrix coatings M2 and M3 do not differ signifi-
cantly. The highest indentation hardness and modu-
lus of indentation were measured for (Cr,A)N with
Hir=(34.5+5.6) GPa and E;r=(389.0+£76.5) GPa. The
high deviations from the mean value of indentation
hardness and modulus of indentation could not be
reduced despite of several measurements. In the next
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step, the compound adhesion between the (Cr,A)N+
Mo:S matrix coatings, (Cr,ADN and 16MnCr5E was
measured by means of scratch test. The critical loads
Lc;s of the compound M1/16MnCr5E  were
improved by changing process parameters during the
interlayer deposition, Table 2. In [27, 28] it is shown
that the parameters HPPMS cathode power, process
pressure and bias voltage have an impact on the
compound adhesion between coating and substrate
material. Hereby, the compound adhesion between
matrix coatings and 16MnCr5E could be improved
from Lcz=45 N for M1 to Lcz=60 N for M2 or M3,
Fig. 8. The comparison of the compound systems
M2/16MnCr5E and M3/16MnCr5E shows equiva-
lent critical loads but a different plastic deformation
behavior. One possible explanation could be the dif-
ferences in the chemical composition of M2 and M3.
The cracks at Lc; of M3/16MnCr5E appear to be
thinner and narrower and to be less critical than on
M2/16MnCr5E. A differing plastic deformation
behavior can also be found for the binary system (Cr,
ADN, which shows the highest critical load at Lcz=
70 N without huge cracks at the edge region of the
scratch.

In the next step, tribological analyses were con-
ducted for the matrix coatings, which lead to minimal
differences in the CoF, whereby M3 was chosen as
representative coating shown in Fig. 9. The decision
was based on the comparable coating properties to
(Cr,ADN regarding thickness t, increased Mo content
compared to M1 and M2, indentation hardness Hir,
modulus of indentation E;r and compound adhesion
Lc.

The tribological behavior in a dry-running coating/
steel and steel/steel contact was tested at a
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representative initial Hertzian pressure of py=
800 MPa, Fig. 9. In order to analyze the effect of the
added Mo and S in the toplayer of the matrix coatings
on the CoF, the tribological systems (Cr,Al)N/steel
and steel/steel are presented for comparison. The
results show a slight friction reduction through the
use of (Cr,ADN+Mo:S regarding the higher CoF of
the (Cr,ADN/steel system. Moreover, the curve pro-
gression of the CoF is smooth in comparison with the
CoF curve of the steel/steel contact and the (Cr,Al)
N/steel contact. However, the CoF of the steel/steel
contact still leads to the lowest CoF compared to
tribological systems with (Cr, ADN and (Cr, ADN+
Mo:S. It is believed that the Mo and S ratio in the
matrix coating is not high enough for building the
required quantity of the solid lubricant MoS, in the
tribological contact, which would lead to a lowering
of the CoF beneath the values of a steel/steel contact.
It has to be stated that at this point wear was not
analyzed, due to the primary goal of friction reduc-
tion in dry-running highly loaded tribological
contacts.

Development of a graded (Cr,A)N+Mo:S
coating architecture

Based on the presented results, the coating architec-
ture was varied from a monolayer matrix coating to a
graded (Cr,ADN+Mo:S coating structure. The coating
processes were developed based on the promising
coating and compound properties of M3/steel. The
changes at the toplayer can be found in Table 3. The
SEM images of the three graded coatings developed
by means of dcMS/HPPMS process are presented in
Fig. 10.
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Figure 8 Analysis of
compound adhesion between
the (Cr,Al)N+Mo:S matrix
coatings and (Cr,Al)N on
16MnCr5E by means of
scratch test.

The coatings show a columnar morphology and a  the toplayer deposition in comparison with the
thickness in a range of 4.0 ym<¢<5.2 pm. Further- coating processes G1 und G2, Table 3. In addition,
more, a £=0.8 pm thick amorphous or nanocrystalline defects on the toplayer topography at G1 and G2
toplayer can be seen for the G3 coating. This was could also be reduced with regard to the coating G3.
achieved by changing the process parameters during

Figure 9 CoF in PoD tests — steel/steel — (Cr,Al)N/steel M3/steel
under dry-running conditions 1

for (Cr,Al)N+Mo:S/steel, (Cr,
Al)N/steel and steel/steel
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bl

w
3
contact. c 0.8 qum ’ |
Re]
E 0.7 ’1' L1 bt AT M L
"6 0.6 4 ]Ill ull
% parameter:
5 0° $=1,000m F=2N
5 04 py =800 MPa ¢ =45 %
38 Vg =0.1m/is T=RT
0.3 T T T T
0 200 400 600 800 1,000

distance s [m]

@ Springer



15050

Figure 10 Cross-sectional (a) (Cr,Al)N+Mo:S-G1
micrographs of graded (Cr,Al)

N+Mo:S coatings.
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Figure 11 Chemical composition of graded (Cr,Al)N+Mo:S
coatings by means of EPMA.

The chemical compositions of the graded coatings are
shown in Fig. 11.

Due to changed process parameters compared to
the matrix coatings, the Mo and S content is increased
within the graded structure. For G2 and G1 an almost
stoichiometric ratio of Mo and S can be observed at
the toplayer. G3 shows a slight reduction of the Mo
and S content in favor of a higher nitrogen, chrome
and aluminum content. This is due to an increase in
the nitrogen flow and the additional use of the two
HPPMS cathodes with CrAl20 targets while the
deposition of the toplayer compared to the deposition
processes of Gl and G2. The approach was to
strengthen the CrAIN nitride matrix in the toplayer,
which contains Mo and S. The quantitative values of
the chemical composition of the toplayers of the

Table 5 Quantitative chemical composition of the toplayers of
graded (Cr,A)N+Mo:S coatings by means of EPMA

Coating/share [at.%)] Cr Al N Mo S

Gl 0.3 0.0 1.7 39.1 58.9
G2 0.9 0.2 1.6 38.4 58.9
G3 5.4 1.2 34.4 28.0 31.0
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(b) (Cr,Al)N+Mo:S-G2 (¢) (Cr,A)N+Mo:S-G3
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graded (Cr,ADN+Mo:S coatings are shown in
Table 5.

In Fig. 12, the XRD patterns of the graded (Cr,Al)
N+Mo:S coatings are presented to analyze the phase
composition. The patterns reveal a hexagonal Mo15519
phase (JCPDS 01-073-5260), 26 ~ 11.1, 26 ~ 12.0°,
20 ~ 14.5° and 26 ~ 33.7°. In addition, a hexagonal
AIN phase (JCPDS 01-073-7288), 26 =~ 33.2°,
20 ~ 36.0°, 26 = 59.3° is found, which results out of
the interlayer. According to the observations in the
SEM cross-sectional micrographs, crystallographic
structure of the graded coating G3 cannot be evalu-
ated by JCPDS cards due to the formation of an
amorphous or nanocrystalline toplayer.

It is believed that the exchange of a CrAl20 target to
an AlCr30 target as well as the adjustments of process
parameters led to the formation of a hexagonal AIN
phase, which could favor the formation of hexagonal
Mo,Sp. It is assumed that MoS, grows partially epi-
taxially on the AIN and therefore the hexagonal
structure is preferred for G1 and G2. The formation of
a cubic phase for CrN and AIN as it was proven for
M1-M3 coatings cannot be matched to the coatings
G1-G3. Thereby, it has to be taken into account that
the XRD spectra are dominated by the structure of
the toplayer. The formation of a cubic phase with a
transition into a hexagonal phase could be possible at
the intermediate layer. This can be concluded
because the interlayer coating process part is based
on the matrix coating process of M3. In case of G3,
further analyses by means of transmission electron
microscopy (TEM) have to be conducted, in order to
prove, if the MoS, toplayer possesses an amorphous
or nanocrystalline structure. The evaluation of the
indentation hardness and the modulus of indentation
of the graded (Cr,ADN+Mo:S coatings, Fig. 13, shows
an increase in the indentation hardness of G1 Hir=
(1.4+0.2) GPa to G2 Hyr=(2.940.2) GPa, which can
be related to the exchange of a plugged CrAl20 target
to a plugged AICr30 target.
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Figure 12 XRD patterns of _* h-Mo,5S,4 (01-073-5260) .M h-AIN (01-073-7288)
graded (Cr,A)N+Mo:S
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An explanation could be the slight increase in the
alumina content in the coating leading to a higher
AIN content. Nevertheless, the measurements are
influenced by the soft toplayers of G1-G3 leading to
low indentation hardnesses und modulus of inden-
tation. A more significant increase can be measured
for the modulus of indentation for G1 at E;p=(62.2+
3.6) GPa and G2 at E;r=(83.2+2.5) GPa, which could
be related to changes of the target configuration.
Further process parameter changes result in an
indentation hardness of G3 of Hir=(7.4+1.0) GPa and
a modulus of indentation of E;r=(101.4+£11.3) GPa. A
reason is the changed nitrogen gas flow Q(N,) and
the connected argon pressure pa, adjustment,
Table 3. Furthermore, the Mo:5-containing running-
in layer of the coating G3 was stabilized by additional
use of the two HPPMS cathodes at the toplayer
deposition. Analysis of the compound adhesion
between the graded (Cr,ADN+Mo:S coatings and
16MnCr5E is shown in Fig. 14. The comparison of the
critical loads between the coating compounds G1/

16MnCr5E, G2/16MnCr5E at Lc; » 20 N-30 N and
G3/16MnCr5E at Lc; = 15 N shows a reduction of the
compound adhesion of the latter compound. An
explanation cannot be given yet.

In sum, the coating delamination caused by the
scratch tip appears to be lowered for the compound
G3/16MnCr5E compared to the remaining two
developed graded coating/steel compounds, due to
less delamination at the edge region of the scratch.
Even though the compound G3/16MnCr5E shows
low values for Lc;, the maximum critical load Lc; is in
the same order as for the compounds G1/16MnCr5E
and G2/16MnCr5E. Due to the promising results of
M3 and G3 and the reference (Cr,ADN, these coatings
were chosen for tribological analysis at p;y=400 MPa,
pu=600 MPa, piy=800 MPa and py;=1300 MPa under
dry-running in a coating/steel contact compared
with a steel/steel contact.
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Figure 14 Analysis of
compound adhesion between
the graded (Cr,A)N+Mo:S
coatings and 16MnCr5E by
means of scratch test.

J Mater Sci (2021) 56:15040-15060

Figure 15 Average CoF m steel/steel m (Cr,Al)N/steel = M3/steel G3/steel

obtained from two PoD tests 2.00

under dry-running conditions parameter:

at different loads py of the 1.60 - s = ;| ,000m

final s=500 m running Vit = 0.1 m/s
1.20 - T=RT

distance.

0.80

0.40 -

coefficient of friction CoF [-]
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Tribological analysis

Figure 15 shows the mean values of the CoF as a
function of the initial Hertzian pressures for four
different contacts under dry-running conditions. It
can be seen that the CoF is reduced by increasing the
Hertzian pressure from py=400 to p=1300 MPa.
An explanation regarding the steel/steel contacts
can be given through the possible increased forma-
tion of friction reducing iron oxides like Fe;O, as
proposed in [29] which is also discussed in the model
of Quinn [30]. At an initial Hertzian pressure of py=
400 MPa and py=600 MPa, the CoF of the systems
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(Cr,AI)N/steel and M3/steel is situated in the same
area. With regard to the higher initial Hertzian
pressures at piy=800 MPa and p;;=1300 MPa, the CoF
of the tribological system M3/steel does not show a
significant difference to the CoF of (Cr,A)N/steel.
However, in case of M3/steel a formation of the solid
lubricant MoS, during the tribological contact due to
higher flash temperatures and wear is possible.
Thereby, an opening of the Mo and S reservoirs at the
toplayer of the coating is enabled. The lowest CoF
was measured by the use of G3 for all considered
tribological loads.



J Mater Sci (2021) 56:15040-15060 15053
Figure 16 PoD tests under m steel/steel  ® (Cr,Al)N/steel M3/steel G3/steel
dry-running conditions at an _— parameter:
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In addition, the CoF further reduced from 0.52<
CoF<0.18 by increasing load conditions, leading to
the possible conclusion that more MoS; is built in the
tribological G3/steel contact. Moreover, the addi-
tional formation of Mo,Oy in the tribofilm is possible.
The differences between the four considered contacts
steel/steel, (Cr,AI)N/steel, M3/steel and G3/steel
can also be observed in the curve progressions as
shown in Fig. 16. Herein, the results are exemplarily
shown for an initial Hertzian pressure pyy=1300 MPa.
With regard to the curves of the contacts between (Cr,
ADN/steel, M3/steel it can be observed that the
small shares of Mo ~ 7 at.% and S ~ 3 at.% at the
toplayer of M3 has no friction reducing effect. The
measured CoF for a steel/steel contact is significantly

Figure 17 (a) Wear area at the
100Cr6 counterparts and

(a) counter parts

(b) wear track on steel and on steel/steel

coated samples under Hertzian
pressure py=1300 MPa.

(b) Wear tracks
steel/steel (Cr,Al)N/steel

(Cr,Al)N/steel

distance s [m]

lower compared to the use of (Cr, ADN and M3,
which can be a result of formed oxides as explained
above. A stable curve progression at a low CoF value
was measured for the G3/steel contact.

The shares of Mo ~ 28 at.% and S ~ 31 at.% at the
toplayer of G3 appears to be the decisive factor in
case of friction reduction. In addition, a stable curve
progression can be observed as well. After tribologi-
cal testing, the 100Cr6 counterparts as well as the
wear tracks were analyzed by means of CLSM,
Fig. 17. All counterparts show abrasive wear scars
regarding the grooves on the topography, Fig. 17b. A
difference can be observed in the diameter of the
wear areas of the counterparts, which is increased in
the steel/steel contact as well as for the (Cr, AN/

M3/steel G3/steel

G3/steel
.-clustered-
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steel and M3/steel contact compared to the wear area
of the counterpart in the G3/steel contact, Fig. 17a.
Herein, the deposition of a thick layer at the edge
region of the circle area for the tribological system
G3/steel can be observed. It is assumed that a Mo,.
Sp+Mo,O, layer is formed during the tribological
contact, which is then transferred from the G3 coating
to the counterpart, Fig. 17a.

In comparison of the width of the wear tracks,
Fig. 17b, a reduction for the Mo- and S-containing
coatings can be seen. All tracks show abrasive wear
marks, which correspond to the grooves on the
counterparts. With regard to the wear track of the
steel/steel contact, adhesive wear scars cannot be
excluded. Moreover, the topography of the wear
track on G3 shows black clustered areas, which are
not identified to be a result of adhesive wear. Indeed
due to the low friction results, the images of the
counterparts and the presence of MoS; in the toplayer
of the as-deposited coatings, it is believed that MoS,
is transferred in the grooves of the wear track. Fur-
thermore, the formation of Mo,O,, is possible due to
the presence of oxygen in the fluid-free tribological
contact. Figure 18 presents the wear volume of the
counterparts Wycp in dependence of different load-
ing conditions. In contrast to the CoF, wear is
increased by rising Hertzian pressure from py;=400 to
pu=1300 MPa, which can be explained by an
enlargement of abrasive wear in the steel/steel con-
tact. Due to the increasing initial Hertzian load, a
local micro-welding might occur more frequently
leading to adhesive wear at the 100Cr6 ball in steel/
steel contacts. A significant wear reduction was

J Mater Sci (2021) 56:15040-15060

measured for the tribological contact with the (Cr,Al)
N or matrix coating in comparison with the steel/
steel contact, Fig. 18.

As a result of the addition of Mo and S at the
toplayer of M3 in contrast to (Cr,ADN, a further
reduction of the wear of the counterpart is measured.
With regard to the small differences between (Cr,Al)
N/steel and M3/steel regarding the CoF, the wear
reduction cannot be explained by the formation of
MoS, but probably due to formation of molybdenum
oxide Mo,O, as in [31]. In case of the graded (Cr,Al)
N+Mo:S coating, the wear of the counterparts
appears to be the lowest, which can be attributed to
the possible transfer of MoS; as well as the formation
of Mo,O,. The wear volume of the wear tracks after
tribological testing is shown in Fig. 19. The highest
wear volume can be observed for steel/steel contacts
for all considered Hertzian pressures py. A signifi-
cant reduction of wear volume from py=600 MPa to
pu=800 MPa can be observed.

Here, it is possible that at pry=800 MPa, the tribo-
logical steel/steel system enables the formation of a
Fe O,/ CrOy tribofilm, which works in an ideal state.
It is assumed that in this ideal state the tribological
parameters lead to a continuous formation and wear
of the oxidic tribofilm in a balanced ratio. At higher
or lower Hertzian pressures, this equilibrium shifts to
the disadvantage between the formation of a protec-
tive oxidic tribofilm and wear. Moreover, the wear of
the (Cr,ADN and M3 coated samples was not mea-
surable on the samples due to neglectable changes
irrespective of the mechanical loads. In contrast
thereto, the wear volume of the G3 coated basic parts

Figure 18 Wear volume of _ B steel/steel ® (Cr,Al)N/steel M3/steel G3/steel
100Cr6 counterparts after dry- "’E 0.15 arameter:
running conditions under £ 2 =1.000 m
different loads py. g Vi = ,O 1 mls
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Figure 19 Wear volume of m steel/steel ® (Cr,Al)N/steel* M3/steel* G3/steel
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slightly increases from py=400 to py=1300 MPa.
Nevertheless, the wear volume of G3 increases from
pru=400 MPa till py=800 MPa but stays at the same
level even at a higher load of py=1300 MPa. Fur-
thermore, the wear volume is significantly reduced in
comparison with the basic parts in the steel/steel
contacts. The results prove again that hardness and
wear resistance are not in any linear relationship to
each other regarding the presented mechanical
properties of M3 and G3 coating in correlation with
the wear reduction. Therefore, also the chemical
composition and the formation of tribo-induced lay-
ers have to be taken into account.

Chemical analysis of the wear tack
by Raman spectroscopy

Finally, G3 and 100Cr6 were chosen for chemical
analysis by Raman spectroscopy due to the low CoF
and wear of the counterpart during tribological test-
ing. The wear track of a G3 basic part and a 100Cr6
counterpart after tribological testing at p;=400 MPa,
T=20 °C, s=1000 m and v=0.1 m/s were exemplarily
analyzed, Figs. 20a and 21a. In addition, a reference
spectrum was recorded in each case, Figs. 20b and
21b. Due to curve fittings of the Raman spectra, the
positions of the individual peaks could be identified
as shown in Figs. 20, 21, Tables 6, 7 and 8.

The chemical analysis of the as-deposited G3 basic
part shows the formation of MoO, and MoO;,
Table 6, which can be a result of the laser power
applied on the surface. This leads to the assumption
that molybdenum is available in an unbounded

Hertzian pressure p,, [MPa]

metallic form at the toplayer of G3. The peaks at =
361 cm ' and ©=407 cm ' can be assigned to MoS;.
The first peak of MoS, appears to be hidden
beneath the MoO, peak at =335 cm '. Moreover,
amorphous carbon was proven on the as-deposited
surface, which can be a result of an alcohol cleaning
or a contamination during the handling of the sam-
ples. The analysis inside the wear track proves the
formation of iron oxide like hematite o-Fe;,O3;, mag-
netite Fe;0,, maghemite y-Fe;O; as well as molyb-
denum oxides MoO,, MoO3, Mo,O, and MoS,. The
appearance of amorphous carbon in the wear track
was predominantly excluded due to the high shares
of iron in contrast to carbon of the uncoated 100Cr6
counterpart. However, the assignment for the peak
was listed in the area of 1100 cm '<T<1600 cm™".
Based on the intensities in the Raman spectra, the
shares of molybdenum oxides is significantly higher
in comparison with MoS,, leading to the assumption
that the friction and wear reduction is mainly deter-
mined by the formation of the molybdenum oxides.
The iron oxides are a result of the abrasion of the
100Cr6 counterpart. Due to the low shares of iron
oxides within the Raman spectra, it is assumed that
they have a subordinated effect on friction and wear.
Based on these results, a 100Cr6 counterpart was
analyzed to get an impression of the transfer layer
during the tribological contact, Fig. 21. The detection
of Cr,O; is in accordance with the 100Cr6 surface
after tribological testing. In addition, one peak was
assigned to magnetite Fe;O4, which is a result of the
oxidation of the 100Cr6 surface. Furthermore, the
Raman spectra prove the formation of MoS,, MoOj3
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Figure 20 Raman spectra of
(a) G3 inside the wear track
after tribological testing at py
=400 MPa, T=20 °C, s=
1000 m, v=0.1 m/s and (b )as-
deposited.

Figure 21 Raman spectra of
(a) 100Cr6 counterpart after
tribological testing at py=
400 MPa, T=20 °C, s=
1000 m, v=0.1 m/s and

(b) 100Cr6 untested.
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Table 6 Overview of the
assignment of measured Binding Measured peak position at reference Literature Source
i:s:;ie%eaks at base part as MoO, 135 340 [32]
MoS, 361 375 [33]
MoS, 408 400 [33]
MoO3, Mo,0, 820 820, 818 [33, 34]
MoO; 950 952 [34]
Amorphous carbon 1380 1360 [35]
Amorphous carbon 1580 1560 [35]
Table 7 Overview of the
assignment of measured Binding Measured peak position inside wear track Literature Source
a-Fe,0; 220 226 [36]
MoO, 347 347 [32]
MoS,, a-Fe,03 410 400 [33, 37]
MoS, 452 450 [38]
Fe;04 568 560 [39]
Mo,0,, Fe304 727 744, 750 [34, 40
MoOs, Mo, O, 815 820, 818 [33, 34]
MoOs, Mo, O, 867 843 [32]
Mo,O, 935 922 [34]
v-Fe,03 1395 1400 [41]
v-Fe, 03 1585 1580 [41]
Table 8 Overview of the assignment of measured Raman peaks at 100Cr6 counterpart after tribological testing
Binding Measured peak position Literature Source
Mo,0, 207 198 [34]
Cr,0; 350 348 [42]
MoS, 377 375 [33]
MoS, 407 400 [33]
Mo,0,, Fe;04 778 744, 750 [34, 40]
Mo0s, Mo, 0, 814 820, 818 [33, 34]
Mo, O, 929 922 [34]
MoOs, Mo, O, 970 995, 990 [33, 34]
y-Fe,05 1572 1580 [41]

and Mo,O, and transfer of the tribofilm from the
basic part to the 100Cr6 counterpart during the tri-
bological contact, Table 8.

Due to the tribofilm transfer from the basic part to
the counterpart, a friction reduction can be observed in
the tribological analysis. The analysis of the untested
100Cr6 counterpart proves that the formation of iron
oxides is a result of the tribological contact.

In order to prove the exact chemical composition,
further chemical analysis by Raman spectroscopy
and X-ray photoelectron spectroscopy (XPS) will be
needed. Based on these results and further optical

spectrometry, an analysis of the supply mechanism of
the graded (Cr,ADN+Mo:S coating and the transfer
mechanism of the tribofilm is possible. Here, a deeper
understanding of the tribological contact can be
achieved.

Summary and conclusion

In this study the process and material development
of self-lubricating triboactive (Cr,A)N+Mo:S coat-
ings for fluid-free applications were shown. Matrix
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and graded coating architectures were analyzed
regarding morphology, chemical composition, crys-
tallographic structure and indentation hardness and
modulus of indentation as well as the compound
adhesion between coating and steel. In the next step,
tribological tests at different loads ranging from an
initial Hertzian pressure py=400 MPa to pp=
1300 MPa were conducted. The key results can be
summarized as follows:

e Development of low temperature T<300 °C
monolayer matrix and graded (Cr,ADN+Mo:S
coating processes by means of dcMS/HPPMS on
16MnCr5E

e Incorporation of different Mo:S ratios in different
coating architectures in a matrix monolayer and a
graded coating

e Mo- and S-rich toplayer of graded (Cr,ADN+Mo:S
coatings

e MoS;-, MoO3-, MoO,- and Mo,O,-containing tri-
bofilm proves the supply mechanism of the (Cr,

ADN+Mo:S coating and transfer mechanism of
tribofilm on uncoated 100Cr6é counterpart

e Regardless of the low indentation hardness and
the low modulus of indentation of the graded (Cr,
ADN+Mo:S coating in comparison with matrix
(Cr,ADN+Mo:S, a significant reduction in friction
and wear was achieved

In the next step, chemical analyses by means of
Raman spectroscopy on the wear tracks and on the
counterparts will be proceeded to get a deeper view
on the supply mechanism of self-lubricating triboac-
tive (Cr,ADN+Mo:S coatings. The results can be
supported by SEM analyses of the wear tracks and
counterparts of coated and uncoated samples after
tribological testing. Furthermore, photoemission
spectroscopy (XPS) can help to prove the results by
Raman spectroscopy and reveal the binding character
of the tribo-induced layers.
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