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� The thin films consist of amorphous
and metastable (Cr,Al)2C, with the
ratio dependent on the coating
process and substrate.

� Residual stress analysis was
performed with in situ and ex-situ
synchrotron X-ray diffraction.

� Amorphous volumes, with a higher
connection area to the substrate,
mainly buffer the residual stress from
the deposition.

� Compressive residual stress reduces
tensile stress caused by cooling, but is
not stable during post-heat treatment
at 700 �C.
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a b s t r a c t

This paper focuses on the influence of the High Power Pulsed Magnetron Sputtering (HPPMS) and Direct
Current Magnetron Sputtering (DCMS) coating deposition processes, the bias voltage, deposition temper-
ature, and substrate on various properties of the as-deposited state of Cr-Al-C thin films. Three substrates
with different coefficients of thermal expansion and electrical conductivity were used. To investigate the
microstructure, phase composition, residual stress state, and mechanical properties, ex-situ and in situ
synchrotron experiments were conducted accompanied by electron microscopy and nanoindentation.
As-deposited Cr-Al-C coatings consisted of amorphous and crystalline areas, with the ratio highly depen-
dent on the deposition process and substrate. The crystalline phase was identified as metastable (Cr,Al)2C.
The highest crystallinity was determined for DCMS coatings. Increasing temperature and decreasing bias
voltage increased coating crystallinity for HPPMS coatings. The influence of the deposition process and
bias voltage was highly reduced for the substrate with low electrical conductivity. In-situ investigations
of the stress state of amorphous areas revealed, that those were acting as a residual stress buffer. The
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hardness and Young’s modulus of the coatings were found to increase with crystallinity and were slightly
increased for crystalline HPPMS coatings compared to DCMS coatings.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

MAX or Mn+1AXn phases – M stands for transition metal, A for A-
Group element, and X for C or N – are characterized by a hexagonal
structure, where the M, A, and C layers are arranged in alternating
order along the c-axis. This structure results in a covalent/ionic
bond between the M and X elements, whereas the bond between
M and A elements is metallic [1]. The different bonding character-
istics yield a unique combination of properties such as high hard-
ness and Young’s modulus, oxidation and corrosion resistance
combined with thermal shock resistance, and good thermal and
electric conductivity [1–4].

Cr2AlC, as a representative of the class of MAX phases, outstands
other phases of this material class due to the oxidation resistance
in air, turbine environments, and primary water. This resistance
stems from the selective Al-oxidation and formation of a protective
alumina scale in the case of the first two and a thin chromium
oxide layer in the case of the last-mentioned environment [1,5–
8]. Thus, Cr2AlC is a promising material for protective coatings in
high-temperature environments like turbine engines as well as
materials for accident tolerant fuel cladding [6,8,9].

For Cr2AlC thin-film synthesis, usually, Physical Vapor Deposi-
tion (PVD) techniques like Direct Current Magnetron Sputtering
(DCMS) and High Power Pulsed Magnetron Sputtering (HPPMS)
are used [10,11]. For the sputtering processes elemental [10,12]
and composite [13,14] targets are common. In addition, successful
Cr2AlC coating deposition was achieved by Arc-PVD [15], low-
energy pulsed electrospark deposition (PED) [16] as well as differ-
ent sputtering routes by using a multilayer approach with elemen-
tal layers in combination with an annealing post-treatment [17].

PVD processes are often unique for the wide range of possible
coating properties, due to different phase compositions and
microstructures, stemming from the variety of possible energy –
mainly the thermal energy at the substrate surface and kinetic
energy of the sputtered flux – during the process. Using DCMS, a
broader columnar microstructure can be achieved, while HPPMS
is known for very dense coatings with fine microstructure and
the possibility of inhibiting the columnar growth, due to the sev-
eral orders of magnitudes higher target power density and the
associated higher ionization rate of the sputtered species [18]. In
combination with the Bias voltage, hence the increased bombard-
ment of the growing coating, the atom mobility on the coating sur-
face is increased [18].

Besides the possibility of a tailored microstructure, a few stud-
ies investigated the influence of the deposition process and the
deposition parameters – mainly Bias voltage, substrate tempera-
ture, and target power density – on the elemental composition,
phase composition, and microstructure of Cr2AlC coatings. Mertens
et al. [10] determined the elemental composition ranges for single-
phase Cr2AlC coatings to be 1.42 < Cr/Al < 2.03 and 1.72 < Cr/C
< 1.93. Outside of these composition ranges, Cr7C3, Cr23C6, and Cr2-
Al impurities are often present in the deposited coatings [10,19].
The influence of the Bias voltage and peak power density – the
comparison between DCMS and HPPMS – on the composition of
Cr-Al-C coatings was investigated by Rueß et al. [20]. They found,
that mainly Al is affected as a result of re- and self-sputtering
through the high kinetic energy of the sputtered flux and deter-
mined Al deficiencies up to 20.4 at.% for the HPPMS process and
Bias of �400 V [20].
2

Another important topic of various studies to date is the possi-
ble metastable and stable Cr2AlC phases. The lowest substrate tem-
perature for the existence of Cr2AlC is reported for the DCMS
process to be 300 �C, for a Ti-Cr-Al-C coating, and 450 �C for Cr-
Al-C coatings [13,19]. Below 300�C only amorphous coatings were
deposited [9,19,13]. Shtansky et al. [19] first described a meta-
stable (Cr,Al)2C phase, a solid solution of Al in hexagonal Cr2C
(space group P63/mmc, prototype Mo2C [21]), present in Cr-Al-C
coatings deposited at 300 �C substrate temperature. Another meta-
stable (Cr,Al)2Cx phase, with a similar space group and prototype as
(Cr,Al)2C, was proposed by Adulkadhim et al. [22], as the interme-
diate phase of the Cr2AlC phase formation during the annealing
post-treatment of amorphous Cr-Al-C coatings. Both phases show
a decreased lattice parameter c in the range of 1/3 of cCr2AlC . During
the last years, mainly (Cr,Al)2Cx was used to describe the meta-
stable state of Cr2AlC coatings in the as-deposited state and as an
intermediate phase of the Cr2AlC formation process. However,
because both metastable phases have a similar crystal structure,
they share the same diffraction peaks – with slightly different posi-
tions due to different published lattice parameters – and no dis-
tinct differences are published up to the present [19,22].

A disordered Cr2AlC phase with a decreased a (aCr2AlC=2.863 Å to
adis: Cr2AlC=2.772 Å) and increased c (cCr2AlC= 12.82 Å to
cdis: Cr2AlC=13.26 Å) lattice parameter – attributed to the partial dis-
ordering of metal atoms in Cr2AlC – was described by Zamulaeva
et al. [16] for Cr2AlC formation via pulsed electrospark deposition
but is not yet considered as an intermediate or metastable phase
for Cr2AlC phase formation.

Recently, Rueß et al. [23] investigated the effect of the kinetic
energy of the sputtered flux on the Cr2AlC phase formation and
found that the formation of the metastable phase is favored for
high Bias voltage and target peak power densities. This is attribu-
ted to the detrimental effect of a too high kinetic energy of the
sputtered flux, thus the energetic atom and ion bombardment hin-
der the growth of the large Cr2AlC unit cell [23,24].

For thin-film applications under thermal load, the coating-
substrate combination is a crucial factor for coating and thereby
component lifetime. If the coefficient of thermal expansion (CTE)
between the coating and the substrate is different to a certain
extent, residual stresses will arise during heating and cooling and
may cause coating failure. As described in [6], Cr2AlC’s inherent
high CTE makes these coatings in particular suitable for metallic
substrates like Ni-base superalloys. However, in combination with
substrates with a low CTE like WC–Co or ceramic substrates, which
are used in this study, coating failure is possible [6].

During the past years, a wide range of different deposition
parameters was used for the deposition of amorphous Cr-Al-C,
metastable, and Cr2AlC coatings. Bias voltage ranging from floating
potential to �400 V, substrate temperatures ranging from not
actively heated to 850 �C, different target power densities,
substrate-target distances, and other parameters, influence the
thermal and kinetic energy of the deposition process and whereby
affecting the resulting coating properties, in combination with dif-
ferent substrates, were used [10,11,13,19,23,25]. However, the
influence of the substrate on the coating properties, with the con-
sideration of a possibly reduced effect of the higher ionization rate
of the HPPMS process and Bias voltage for substrates with high
electrical resistivity, is not investigated in detail. Additionally, the
influence of substrates with a distinct CTE misfit to Cr2AlC, which

http://creativecommons.org/licenses/by/4.0/
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can cause severe residual stress during cooling from deposition
temperature and the effect of the ion bombardment during depo-
sition on the residual stress state is not yet investigated in detail.
Both topics need to be addressed in order to fabricate protective
Cr2AlC coatings.

This is where this article aims to contribute. Cr-Al-C coatings
were deposited using the HPPMS and DCMS deposition process,
with the variation of the Bias voltage and deposition temperature
to produce coatings with a wide property range on different sub-
strates with high and low electrical resistivity and CTE. The
microstructure, elemental and phase composition, mechanical
properties as well as a qualitative analysis of the residual stress
is provided for the as-deposited state. In addition, emphasis is on
the discussion of the mechanisms behind the different influences
on the coating properties. The investigations in this paper are con-
tinued in a second paper [26], which investigates the influence of
the as-deposited state on the Cr2AlC phase formation during heat
treatment of a selection of the coating-substrate combination dis-
cussed in this paper.

2. Materials and methods

2.1. Coating deposition

In order to investigate the effect of the deposition process and
parameters on the as-deposited state of Cr-Al-C coatings, deposi-
tion of thin Cr-Al-C films was performed with HPPMS and DCMS
with a variation in deposition temperature and bias voltage. A
summary of the main deposition parameters is given in Table 1.
To produce a high number of samples without distinct positioning
effects – composition variations or variance in grain orientation –
and batch dependency, the HPPMS and DCMS depositions were
carried out in the industrial-sized coater Kobelco S40 by KCS Eur-
ope GmbH. Samples were positioned on a rotating holder
(ø=600 mm) in the center of the coater. Two Cr-Al-C composite tar-
gets from Plansee AG with a width of 80 mm and height of 505 mm
– located around the holder and arranged opposite each other –
were used. The heaters in the chamber were located between the
targets. Before deposition, the chamber was heated to the respec-
tive temperature (chamber temperature in Table 1) and controlled
by one thermal couple in the vicinity of the samples and one
located near the heaters. During deposition, the chamber temper-
ature was controlled by the thermal couple in the vicinity of the
heaters. Therefore, the stated temperatures in Table 1 correspond
to chamber temperature outside the plasma and the resulting peak
temperature of the samples in the plasma during deposition was
higher due to the influence of ion bombardment in dependence
on the bias voltage (see Section 3.1). However, because the used
coater was built for contract deposition, additional analysis periph-
ery – for the measurement of the target current density, plasma
analysis and monitoring the sample temperature during deposition
– was not available.
Table 1
Overview of deposition parameters for used coatings. For confidentiality reasons, the com
ranges.

Coating HPPMS-600 HPP

Deposition process HPPMS
Chamber temperature 600 �C
Bias voltage �100 V
Frequency 1 kHz
Deposition time 225 min
Power
Deposition pressure
Target-substrate distance
Table rotation speed
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As a result of planetary rotation during deposition, the samples
were only approx. 2.5 s in the plasma for one revolution, equals 8 %
during the whole deposition. Because the targets were located at 0�
and 180�, samples were heated cyclically for approx. 1.3 s and
cooled for 13.7 s during a half revolution.

In order to investigate the influence of the substrate on the as-
deposited state of Cr-Al-C coatings, Inconel 718 (IN718) – a Ni-
based superalloy as a representative for high CTE and high electri-
cal conductivity [27] –, tungsten carbide-cobalt (WC–Co) of grade
K40UF with 10 wt.% Co and 0.6 lm WC grain size – a representa-
tive for low CTE and high electrical conductivity –, and Ruba-
lit�708HP – an alumina-based material as a representative for
low CTE and high electric resistivity [28] – were used.

Investigations regarding residual stress and phase formation
were performed at temperatures up to 900 �C. To prevent interdif-
fusion between the substrate and the Cr-Al-C coatings, a 1 lm
TiAlN interdiffusion barrier – 29 at.% Ti, 25 at.% Al and 46 at.% N
– was applied for IN718 and WC–Co samples. The TiAlN coatings
were deposited in the Kobelco S40 coater using Arc-PVD with a
substrate temperature of 600 �C and �50 V bias.

The electrical resistivity and the CTE of the substrates and inter-
diffusion barrier are summarized in Table 2. The terms WC–Co and
IN718 in the following always refer to the respective substrate
with the TiAlN interdiffusion barrier.

2.2. Coatings characterization

2.2.1. Electron microscopy for microstructure and elemental
composition analysis

For the microstructure and film thickness investigation of the
as-deposited films, the WC–Co and Rubalit�708HP samples were
used for cryo-crack cross-section preparation. The cross-section
preparation via grinding and polishing of the tempered samples
was performed on the IN718 samples because the lower hardness
compared to WC–Co led to an improved surface of the cross-
section. The imaging was performed with the scanning electron
microscope (SEM) Zeiss DSM 982 Gemini with a field emission
gun using a combined mode of a secondary electron detector and
an Everhart–Thornley detector, with an acceleration voltage of
5 kV.

The elemental composition was determined by energy disper-
sive X-ray spectroscopy (EDS) using a JEOL JSM-7800F field emis-
sion SEM with an EDS detector from Oxford Instruments, and an
acceleration voltage of 10 kV.

2.2.2. Synchrotron X-ray diffraction analysis
The coatings phase composition and texture were determined

by X-ray cross-section nano-diffraction analysis at the P03 Nanofo-
kus End-Station of the light source PETRA III at DESY, Hamburg
[34] – henceforth referred to as P03 experiment.

Samples were sliced into 200 lm thin 10 mm long bars with a
height of 1 mm, followed by the removal of approx. 20 lm �
plete set of parameters cannot be given and some parameters are only available as

MS-600/-70 V HPPMS-700 DCMS-600

HPPMS HPPMS DCMS
600 �C 700 �C 600 �C
�70 V �100 V �70 V
1 kHz 1 kHz -

225 min 225 min 170 min
5 kW
4–8 Pa

20–30 mm
2 rpm



Table 2
Overview of the electrical resistivity and the CTE of the used substrates and TiAlN
interdiffusion barrier.

Material Electrical resistivity CTE

IN718 [27] qRT ¼ 1:21 � 10�6Xm aRT�900�C ¼ 12:8 � 10�6K�1 -

17:2 � 10�6K�1

WC–Co [29,30] qRT � 0:18 � 10�6Xm a600�C ¼ 6:0 � 10�6K�1 -

7:0 � 10�6K�1

Rubalit�708HP
[28]

qRT ¼ 1011Xm aRT�800�C ¼ 7:0 � 10�6K�1 -

9:0 � 10�6K�1

TiAlN [31–33] qRT ¼ 1:9 � 10�5Xm -

4:6 � 10�5Xm

aRT�600�C ¼ 6:4 � 10�6K�1 -

10:2 � 10�6K�1
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30 lm � 35 lm (width � height � depth) volumes at both long
sides utilizing a JEOL JIB-4610F focused ion beam device, resulting
in a transmission length of approx. 130 lm. Fig. 1b shows the top
view of the prepared sample.

The small beam size of only 0.4 lm � 0.4 lm enabled a high
spatial resolution and thereby the separate depth-resolved investi-
gation of the Cr-Al-C and TiAlN coatings. To achieve a high resolu-
tion and sufficient scattering vector Q range for phase analysis, the
energy of approx. 24.6 keV in combination with the Photonics
Science Imagestar 9000 area detector – 2940 pixel � 2940 pixel
with 61 lm � 61 lm pixel size – was used. The experiments were
performed in transmission mode with the beam direction parallel
to the coating’s surface. Fig. 1a gives an overview of the experimen-
tal arrangement. The sample-detector distance was about 221 mm
with a maximum resolution of 0.02 �/pixel and DQ = 0.03 nm�1.
The depth scan was carried out from the top to the substrate with
a step size of 0.4 lm, a counting time of 300 s for each image, and
at least 32 steps per sample. The sample alignment was supported
by one camera in the beam direction (y-axis), facilitating a precise
alignment in the z-direction and the sample rotation about the y-
axis. However, the alignment of the sample rotation about the x-
axis could not be verified accurately and thereby all samples were
slightly tilted. Due to the high transmission length compared to the
thin coating, a small tilt angle of approx. 3� results in a diagonal
beam path, so that one measurement step comprises information
of the near-surface region and the coating-substrate interface. As
a result, most P03 frames showed intensities of the substrate for
the near-surface measurement as well. Even though the small tilt
angles result in integral information of the coating’s top, middle,
and coating-surface interface region, due to the small tilt angles,
the ratio of each region will nevertheless vary over the whole step
scan, as the results in Section 3.2.1 show.

Since synchrotron experiments are limited in time, not every
coating-substrate combination could be investigated, and only
the results of DCMS-600 and HPPMS-600 coatings are presented.
Fig. 1. (a) Overview of the P03 experiment with beam, sample, and detector assembly, (
adjustment in the dilatometer of the P07 experiment.

4

To investigate the strain state of the as-deposited and tempered
state of the Cr-Al-C coatings, in situ X-ray cross-section experi-
ments were performed at the high energy materials science beam-
line P07 operated by the Helmholtz-Zentrum Hereon at the light
source PETRA III at DESY, Hamburg [35] – henceforth referred to
as P07 experiment. The transmission experiments were performed
with a synchrotron beam size of 400 lm � 100 lm (width x
height) with an energy of 87 keV, enabling a very high time and
temperature resolution during heating and cooling. The beam
direction was parallel to the coating’s surface. In order to reduce
the intensities of the substrate, the sample was adjusted vertically
so that approx. half of the 100 lm beam was above the coating’s
surface. The distance of the sample to the used PerkinElmer XRD
1621 CN3 detector – 2048 pixel � 2048 pixel with 200 lm �
200 lm pixel size – was 1745 mm, resulting in a resolution of
0.007 �/pixel and DQ = 0.05 nm�1.

The 10 mm � 5 mm � 1 mm (length x width x height) samples
were heat-treated in a temperature range of RT - 900 �C utilizing a
DIL805 A/D dilatometer from TA Instruments (formerly Bähr-
Thermoanalyse GmbH). The dilatometer had two Kapton windows
for the incoming and outgoing beam, with an induction coil with
cooling channels for fast air cooling. The temperature and time
accuracy is specified as DT = 0.05 K and Dt = 0.0005 s. A Typ S ther-
mocouple was attached to the bottom of the sample for tempera-
ture control. The dilatometer was first evacuated and then
flooded with Argon. Fig. 1c gives an overview of the experimental
setup in the dilatometer. In order to increase the dynamic range of
the detector, each diffraction image comprised the sum of 40 single
images (20 bright and 20 dark) with 0.25 s exposure time for IN718
and 0.5 s for WC–Co for every single image. For WC–Co the expo-
sure time had to be increased because of the higher absorption.
With the constant heating and cooling ramp of 30 K/min, the time
steps in which the images were measured correspond to a temper-
ature step of approx. 6 K and 11 K for IN718 and WC–Co samples,
respectively.

The presented P07 experiment results are obtained by different
heat treatments. Table 3 summarizes these heat treatments and
the respective indices used in Section 3.3.

Analysis of the synchrotron diffraction images from both syn-
chrotron experiments and preparation for further investigations –
frame integration and slicing – was performed with the software
FIT2D [36,37]. Analysis of the integrated synchrotron diffraction
images and X-ray diffraction pattern was performed with Match!3
from CRYSTAL IMPACT [38] and TOPAS 6 from Bruker Corporation
for phase identification and Rietveld Refinement. The phases Cr2AlC
[39], Cr7C3 [40], and (Cr,Al)2C [41] were calculated on basis of data
from Springer Materials. The data for the crystallographic structure
of the substrates were used from data provided by Match!3 on basis
on the Crystallography Open Database (COD) [42].
b) top view of the P03 sample after FIB preparation, and (c) overview of the sample



Table 3
Overview of the different P07 experiment heat treatments and analysis temperatures with the respective indices used in Section 3.3.

Heat treatment Temperature of analysis Index

Cyclic – heat to 700 �C & cool to 100 �C after first heating at 700 �C �700 �C
Cyclic – heat to 700 �C & cool to 100 �C after first cooling at 100 �C �100 �C
Cyclic – heat to 900 �C & cool to 100 �C during first heating at 750 �C �750 �C
Isothermal – heat to 700 �C/ 2 h dwell time after 2 h dwell time at 700 �C �700 �C/2 h
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Because the two synchrotron experiments P03 and P07 were
performed with different photon energies, the results in this paper
are given in fundamental unit Q ¼ 4p sinðhÞ

k to obtain comparability.

2.2.3. Nanoindentation
The indentation hardness H and Young’s modulus E of the coat-

ings were determined using the ZHN nanomechanical hardness
tester from the ZwickRoell Group, Germany. To ensure a sufficient
stiffness of the measurement system device-sample-holder, the
samples were fixed with rosin on a steel cylinder, attached with
screws in a sample holder to inhibit lateral and vertical movement
of the samples during the measurement. A slight smoothening pro-
cess with a rotating cemented carbide ball (ø = 20 mm) was carried
out on each sample to minimize surface roughness for the subse-
quent indentation process and to reduce the measurement error.

A diamond Berkovich indenter from Synton-MDP LTD Nidau,
Switzerland (E = 1140 GPa, m = 0.07) was loaded to a maximum
force between 35–200 mN using the quasi-continuous stiffness
method (QCSM [43]). The measurement was evaluated according
to ISO 14577–4 and the Oliver–Pharr technique [44]. According
to the QCSM-method, the measurement force is increased in small
steps. For each step during a dwell time of approx. 1.4 s the force
oscillated with f = 40 Hz. With this method, it is possible to obtain
a depth-resolved measurement of hardness and Young’s modulus.
At least 25 indentations were performed on each sample. After the
indentation process, H and E were determined for every single
indentation. After that, the single H and E values were averaged.

For evaluation of the hardness and Young’s modulus values, the
InspectorX version 4 software from the ZwickRoell group was used.
Before each indentation procedure, a so-called area function cali-
bration was carried out by indenting the same load as for the coat-
Fig. 2. SEM cross-section images of cryo-cracked (a) HPPMS-600, HPPMS-600/-70 V, (c) H
substrate and e) HPPMS-600 and f) DCMS-600 coatings on Rubalit�708HP in the as-dep
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ing analysis into a calibration setup containing Sapphire (E = 410
GPa, m = 0.234) and Quartz (E = 71.5 GPa, m = 0.17) samples. For
both calibration materials, the area function of the nanoindenter
tip was evaluated and stored in a configuration file, which was
used during the indentation procedure of the coating. An often-
repeated calibration gives the possibility to control the condition
of the tips and information of the tip radius, which should not
exceed 200 nm.

The hardness values were obtained at the plateau of constant
hardness over depth. Only in this region, the coating hardness
can be derived. According to ISO 14577–4, a linear fit and an
extrapolation to contact radius = 0 were used to determine Young’s
modulus of the coatings.

2.2.4. Annealing post-treatment
An annealing post-treatment of the as-deposited coatings at

800 �C and 1 h dwell time was carried out in order to investigate
the microstructure and phase composition after the finished Cr2AlC
phase formation. The samples were heated with 10 K/min to target
temperature in a tube furnace and furnace cooling was used. Dur-
ing the treatment, the samples were shrouded by constant argon
flow.

3. Results and discussion

3.1. Analysis of microstructure and elemental composition

3.1.1. Microstructure
Fig. 2 shows the cross-section of the HPPMS-600 (Fig. 2a),

HPPMS-600/-70 V (Fig. 2b), HPPMS-700 (Fig. 2c), and DCMS-600
(Fig. 2e) coatings in the as-deposited state on WC–Co with a TiAlN
PPMS-700, and (d) DCMS-600 coatings with TiAlN interdiffusion barrier on WC–Co
osited state.
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interdiffusion barrier. While the HPPMS coatings are on average
4.6 lm in thickness, the DCMS-600 coating is 5.7 lm on average.
Cr-Al-C coatings consist of crystalline, cone-like shaped, and amor-
phous areas (see Section 3.2.1 for phase analysis). The amorphous
areas can be distinguished by the absence of structural information
and the lighter gray tone as a result of the channeling effect. In
crystalline phases, crystallographic planes can act as channels
increasing electron penetration depth before interactions and
hence reducing the signal gathered with detectors. In contrast,
short-range ordering of amorphous matter leads to increased
near-surface information which results in a brighter tone [45]. As
described further in Section 3.2.1 the crystalline phase was identi-
fied as the metastable (Cr,Al)2C phase.

As to be seen in Fig. 2 the HPPMS-600 coating is mainly com-
posed of an amorphous phase. The decrease of the Bias voltage in
the case of HPPMS-600/-70 V and the increase of the chamber tem-
perature for HPPMS-700 result in increased volumes of (Cr,Al)2C
for both coatings. The highest amount of the crystalline phase for
the Cr-Al-C coatings on the substrates with low electrical resistiv-
ity, IN718 and WC–Co (see Table 2), was determined for DCMS-
600, with the amorphous phase only located at the coating-TiAlN
interface. It was found that the microstructure, as well as the ele-
mental and phase composition, did not show differences between
IN718 and WC–Co substrates.

The microstructure of the HPPMS-600 and DCMS-600 coatings
on Rubalit�708HP (Fig. 2e and Fig. 2f) did not show the same pro-
nounced differences as for the IN718 and WC–Co substrates. While
the same dependency of the coating thickness on the HPPMS and
DCMS process was determined for all substrates, the coatings on
Rubalit�708HP show a broad, columnar structure and high amount
of (Cr,Al)2C independent of the deposition process. As for the other
two substrates, the comparison of the two images Fig. 2e and
Fig. 2f may suggest a lower amorphous amount for the DCMS-
600 coating, located only near the coating-substrate interface com-
pared to HPPMS-600. However, these differences are not as domi-
nant as for the other substrates and may also depend on the
position of the cross-section and no distinct differences in the
diffraction pattern were found (see Section 3.2.1).

The cone-like shaped (Cr,Al)2C and amorphous areas prove that
the thermal energy at the substrate surface and kinetic energy of
the sputtered flux were not sufficient for neither an entire crys-
talline coating nor the Cr2AlC formation (see Section 3.2.1). The
shape of crystalline areas indicates heterogeneous nucleation at
preferred sites at the TiAlN interdiffusion barrier, from where the
crystalline areas had grown further in height and width. In
Fig. 2a and Fig. 2e the contact to the interdiffusion barrier is
apparitional.

In PVD processes the resulting energy for the coating growth –
kinetic energy of the sputtered flux and thermal energy on the sub-
strate surface – is always a combination of different process
parameters. Among others, the PVD-process (DCMS or HPPMS)
with the bias voltage (for the ionized matter) determines the
kinetic energy of the sputtered flux and thereby the impact on
the substrate and growing coating. Higher kinetic energy increases
the surface temperature, induces stress as well as collisions of the
sputtered flux with surface atoms. As a result, the adatom mobility
is increased and phase formation/crystallization may be possible at
lower substrate temperatures [18]. However, the high energy pro-
vided by the HPPMS process in combination with high bias voltage
leads to increased renucleation, which provides the known dense
structure with inhibited columnar grain growth [19,46]. The fine-
grained microstructure of the crystalline areas of the HPPMS-700
coating in Fig. 2c compared to the broader columnar microstruc-
ture for DCMS coating in Fig. 2e show this effect very clearly. How-
ever, as the low crystalline amount for HPPMS-600 shows, if the
provided thermal energy is too low for a high number of growable
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heterogeneous nucleation sites, restraining grain growth lead to
mainly amorphous coatings.

The comparison of the three HPPMS coatings on substrates with
low electrical resistivity clearly shows how Bias voltage and cham-
ber temperature determine the coating’s morphology. The
increased chamber temperature to 700 �C for HPPMS-700 provided
higher thermal energy at the substrate surface, resulting in a
higher density of growable nuclei and thereby enhanced crys-
tallinity of the coating. In the case of the HPPMS-600/-70 V coating,
the reduced Bias voltage results in lower kinetic energy of the sput-
tered flux, whereby the restrain of the nuclei growth is reduced,
resulting in an increased coating crystallinity. As already pointed
out, the energy of sputtered flux during the DCMS deposition pro-
cess can be lower by a few orders of magnitude compared to the
HPPMS process [18,20]. For that reason the restrain of the nuclei
and grain growth is highly reduced, resulting in the highest crys-
tallinity among all coatings on the substrates with low electrical
resistivity.

As the effect of Bias voltage for the acceleration of the ions in
the sputtered flux highly depends on the electrical resistivity of
the substrate, the impact of the deposition process on the kinetic
energy of the sputtered flux is distinctively decreased for sub-
strates with high electrical resistivity like Rubalit�708HP (see
Table 2). Without the effect of Bias voltage, the kinetic energy of
the highly ionized sputter flux – hence the bombardment of the
growing coating – of the HPPMS process is reduced, which results
in less pronounced differences between the HPPMS-600 and
DCMS-600 coatings on Rubalit�708HP.
3.1.2. Elemental composition
Table 4 summarizes the Cr and Al content of both, the crys-

talline and amorphous areas for the three Cr-Al-C coatings. The C
content was not determinable due to the necessary deposition of
the samples with a thin carbon film in order to perform the SEM
and EDS analyses at high magnification. The DCMS-600 coating
shows a decreased Cr/Al ratio compared to the HPPMS coatings.
This is a common effect if the same target is used for both deposi-
tion processes. The main reason is the increased selective resput-
tering of Al for the HPPMS coatings due to ion bombardment on
the growing coating – mainly Ar + and Ar2+ ions for DCMS and
Cr+, Al+, Ar+ and Ar2+ ions for HPPMS [18,20]. The HPPMS process
is known for the high kinetic energy and ionization rate of the
sputtered flux during the duty cycles, which combined with a high
bias voltage, increases the ion bombardment in comparison to the
DCMS process by a considerable amount for substrates with suffi-
cient electrical conductivity [18,20]. Additionally, due to the larger
amount of ionized Al in the vicinity of the target, the redirection of
these ions to the target and the self-sputtering may contribute to
the decreased Al content as well [18]. The resputtering and self-
sputtering of Al are favored because of its lower atomic mass com-
pared to Cr and the almost ten times higher Ar + sputtering and
self-sputtering yield (calculated values of
cArþAl ¼ 0:306; cAl

þ
Al ¼ 0:462 and cArþC ¼ 0:032 [18]) compared to the

lighter C atoms. Additionally, Al has the lowest surface binding
energy of the three elements. [20,47].

In comparison with the crystalline areas, the EDS results show
up to 3 at.% higher Cr content for the amorphous areas. Considering
the presence of amorphous areas in the coatings, a diffusion-
related origin is not likely. While effects related to the measure-
ments like the channeling effect and/or different surface oxidation
– as the result of different bonding and diffusion in the crystalline
and amorphous phase at room temperature – may influence the
measurement, results of a subsequent heat treatment prove a
deposition related origin. As described for the compositional differ-
ences in crystalline areas between DCMS and HPPMS coatings, dif-



Table 4
Cr and Al content of the Cr-Al-C coatings obtained by cross-section EDS analysis for crystalline and amorphous areas. The values for Cr and Al in at.% consider only the Cr/Al ratio
without C.

HPPMS-600 HPPMS-700 DCMS-600

crystalline amorphous crystalline amorphous crystalline amorphous

Cr in at.% 66:9 69:9 68:9 69:5 62:3 65:5
Al in at.% 33:1 30:1 31:1 30:5 37:7 34:5
Cr/Al ratio 2:02 2:32 2:21 2:28 1:65 1:89
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ferent re- and self-sputtering of Al during coating growth may lead
to these variations. Resputtering depends among others on bond-
ing between elements and grain orientation, which are different
for amorphous and crystalline phases [48].

In order to investigate this effect, the coatings were heat-
treated at 800 �C for 1 h dwell time (see Section 2.2.4). During
the heat treatment, the formation of Cr2AlC and Cr7C3 occurred.
Fig. 3a to Fig. 3c show the cross-section of the three different coat-
ings and Table 5 the estimated fractions of Cr2AlC and Cr7C3 for the
two areas after the heat treatment. Area 1 and Area 2 correspond to
the former crystalline (Cr,Al)2C and amorphous areas in Fig. 2 in
Section 3.1.1, respectively. The phases were identified by the anal-
ysis of heat-treated samples from P03 synchrotron transmission
experiments and surface X-ray diffraction measurements in com-
mon reflection geometry with Cu� Ka radiation. With the consid-
eration of an error of � �5 % for the image analysis – derived from
the analysis approach and possible influence of the location of the
cross-section for Area 1 –, the results confirm a higher Cr7C3

amount in Area 2 for all three coatings. Those are the result of
the higher Cr content, measured for amorphous areas in the as-
deposited state (see Table 4). A further discussion of these results
is given in the second paper of the series [26] to keep this part
focused on the as-deposited state.

3.2. Analysis of phase composition and lattice parameter
determination

3.2.1. Phase composition
Fig. 4 and Fig. 5 show the diffraction images with Debye–Scher-

rer rings of HPPMS-600 and DCMS-600 coatings on WC–Co and
Rubalit�708HP, respectively, obtained from P03 experiment depth
scans. The integrated diffraction pattern of each image is placed at
the bottom of the corresponding diffraction image. The horizontal
and vertical azimuth directions in the images are nearly parallel
and perpendicular to the coating surface, respectively. Utilizing
the small beam size of 0.4 lm � 0.4 lm of the P03 beam line
enabled the measurement of almost whole Debye–Scherrer rings
– WC–Co substrate resulted in shadowing in the 180� - 360� azi-
muth range. Due to the shadowing of the WC–Co substrate, the
integration of these diffraction images was performed in the azi-
Fig. 3. SEM cross-section images of ground (a) HPPMS-600, (b) HPPMS-700, and (c) D
treatment at 800 �C for 1 h dwell time.
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muth range 0�-180� – with 0� at the horizontal right and vertical
center of the images – while the integration for Rubalit�708HP
was performed from 0�-360�. Even though the beam size was small
and below the size of crystalline areas (see Fig. 2), with the trans-
mission length of approx. 130 lm and apparent small grain size in
crystalline areas, the scattering information comprises a sufficient
number of grains. Therefore, the following results reflect the state
of the whole coating.

Fig. 4a, Fig. 4c, Fig. 5a, and Fig. 5c correspond to the near-surface
region and Fig. 4b, Fig. 4d, Fig. 5b, and Fig. 5d to the region near the
coating-substrate interface of the HPPMS-600 and DCMS-600 coat-
ings. As described in Section 2.2.2, the samples were slightly mis-
aligned thus the tilt about the x-axis (see Fig. 1a) resulted in a
diagonal path of the synchrotron beam through the coating,
whereby the top and the bottom diffraction images contain reflec-
tions from the WC–Co or Rubalit�708HP substrate. The substrate
diffraction peak intensities increased with the depth step. The
(111) and (200) reflections of TiAlN were visible for the HPPMS-
600 and DCMS-600 coatings in Fig. 4b and Fig. 4d. As to be seen
in all diffraction images in Fig. 4 and Fig. 5, the crystalline phase
was identified as metastable (Cr,Al)2C, as observed in earlier stud-
ies for Cr-Al-C PVD coatings [19].

Currently, two metastable phases are proposed in the literature.
Shtansky et al. [19] described the (Cr,Al)2C phase in as-deposited
coatings and Abdulkadhim et al. [22] proposed the metastable
(Cr,Al)2Cx phase on basis of an ab initio calculation as an interme-
diate phase during the Cr2AlC formation from amorphous Cr-Al-C
coatings. The (Cr,Al)2C solid solution originates from the hexagonal
Cr2C phase (space group P63/mmc, prototype Mo2C [21]), where
both Al and Cr are randomly distributed at the Cr-sites (Wyckoff
position 2c - 1/3,2/3,1/4) [19,41]. The (Cr,Al)2Cx phase is described
as disordered Cr2AlC with the same space group and prototype as
(Cr,Al)2C. However, the disordered state is not described in more
detail in [22] and no information is given on whether the Al and
Cr atoms share the same positions in this unit cell as described
for (Cr,Al)2C. Because the (Cr,Al)2C and (Cr,Al)2Cx phases have a
similar crystal structure, both metastable phases share essentially
the same diffraction peaks, with slightly different diffraction peak
positions due to the different determined lattice parameter – (Cr,
Al)2C with a = 2.79 Å and c = 4.46 Å [19], (Cr,Al)2Cx with
CMS-600 coatings with TiAlN interdiffusion barrier on IN718 substrate after heat



Table 5
Average Cr2AlC and Cr7C3 amounts for the two areas in Fig. 3 for HPPMS-600, HPPMS-700 and DCMS-600 coatings after heat treatment at 800 �C for 1 h dwell time. Values were
determined by analysis of SEM cross-section images using the Fiji-ImageJ software with the Trainable Weka Segmentation Plugin [49,50]. The error is estimated �5 %.

HPPMS-600 HPPMS-700 DCMS-600

Area 1 Area 2 Area 1 Area 2 Area 1 Area 2

Cr2AlC in vol% 88 62 77 64 91 86
Cr7C3 in vol% 12 38 23 36 9 14

Fig. 4. P03 diffraction images with Debye–Scherrer rings and labels of crystallographic planes of (Cr,Al)2C (calculated on basis of structural data from [41]) and diffraction
pattern, integrated over the azimuth range 0� to 180�. a) and b) show the top and bottom region of the HPPMS-600 coating and (c) and d) the top and bottom region of the
DCMS-600 coating on WC–Co. (e) summarizes the reflections marked in the integrated diffraction pattern in (a), (b), (c), and (d). Each diffraction image was processed
separately with a unique color scale with Fiji ImageJ [50] and thereby image intensities are not comparable.
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a = 2.825 Å and c = 4.353 Å [22]. In particular, the small lattice
parameter c of the two metastable phases results in the shift of
the (002) and (101) reflection to higher Q values – Q ð002Þ�ðCr;AlÞ2C �
28.0 nm�1 and Q ð002Þ�Cr2AlC � 9.5 nm�1, Q ð101Þ�ðCr;AlÞ2C � 29.5 nm�1

and Q ð101Þ�Cr2AlC � 25.5 nm�1 –, whereby these two diffraction
peaks are the distinctive feature for ordered Cr2AlC.

As described in the second paper of the series [26], during the
P07 in situ investigations (see Section 2.2.2), a different metastable
disordered-Cr2AlC phase (dis.-Cr2AlC) was found as the intermedi-
ate phase for Cr2AlC phase formation. Dis.-Cr2AlC shows the same
crystal structure as Cr2AlC with decreased lattice parameter a and
increased lattice parameter c (adis�Cr2AlC at 677 �C=2.845 Å and
cdis�Cr2AlC at 677 �C=13.285 Å to aCr2AlC at 843 �C=2.895 Å and
cCr2AlC at 843 �C=12.995 Å [26]), resulting from the Al positions not
8

occupied properly (Wyckoff position 2c - 1/3,2/3,1/4 [39]). The dis-
ordered state of the Al atoms in the unit cell leads to a pronounced
decrease in the intensities of the characteristic (002) and (101) Cr2-
AlC diffraction peaks, whereby these reflections are bare to not vis-
ible in the diffraction pattern. A similar phase was described by
Zamulaeva et al. [16] for Cr2AlC formation via pulsed electrospark
deposition but is not yet considered as a intermediate or meta-
stable phase during Cr2AlC phase formation.

Additionally, only the dis.-Cr2AlC phase was determined for the
amorphous to Cr2AlC phase formation during the P07 experiments,
thus it is likely that the phase found by Abduhlkadhim et al. [22]
during the phase formation is not the proposed (Cr,Al)2Cx with a
small unit cell but the newly found dis.-Cr2AlC phase [26]. For
more information on that topic, the reader is referred to the second
paper [26].



Fig. 5. P03 diffraction images with Debye–Scherrer rings and labels of crystallographic planes of (Cr,Al)2C (calculated on basis of structural data from [41]) and diffraction
pattern, integrated over the azimuth range 0� to 360�. (a) and (b) show the top and bottom region of the HPPMS-600 coating and (c) and d) the top and bottom region of the
DCMS-600 coating on Rubalit�708HP. e) summarizes the reflections marked in the integrated diffraction pattern in (a), (b), (c), and (d). Each diffraction image was processed
separately with a unique color scale with Fiji ImageJ [50] and thereby image intensities are not comparable. The diffraction peak between (Cr,Al)2C (100) and (002) in a), b)
and c) results from an Ag contamination from the sample preparation.
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In this study, the metastable (Cr,Al)2C phase from Shtansky
et al. [19] is used because, as described above, the structural infor-
mation for this phase is available – which is necessary for the
reflection calculation for different X-ray wavelength –, and this
phase is described for the as-deposited state of Cr-Al-C coatings.

A pronounced (002) fiber texture of (Cr,Al)2C could be observed
for all Cr-Al-C coatings, which is evident by the (002) intensity
maximum in the range of the 90� azimuth direction (equals the
vertical axis in the diffraction images). Even though the sample
rotation about the surface normal (z-axis in Fig. 1a) was not possi-
ble due to used samples and thereby information from the third
room direction is missing, the relation of the different planes in
the diffraction images confirm this assumption. The appearance
of the (100) and (110) reflections in the diffraction images – which
are tilted against each other by approx. 30� around the
< 002 > direction in the unit cell – in the azimuth range of 180�,
implies a random grain orientation around the (002) normal. The
basal plane in hexagonal unit cells is often characterized by the
lowest surface energy [51] and thereby a (002) fiber texture is
likely if the provided thermal energy at the substrate surface in
the deposition process is too low for unhindered grain growth.
Additionally, the c=a ratio of 1.60 for (Cr,Al)2C (see Section 3.2.2)
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is below 1.63, which is identified as a threshold for the basal plane
fiber texture [52,53].

The slight tilt of the fiber axis may be attributed to a sample
rotation in the experiment, the coating process as the result of an
inclined sputter flux, or the growth direction of the nuclei and
grains being slightly tilted. The last origin becomes visible when
comparing the directions of the (Cr,Al)2C (002) intensity maxima
between the top and bottom region for the HPPMS-600 coating
in Fig. 4. The maximum in Fig. 4a is located at an azimuth of
approx. 84�, while the azimuth for the (002) maximum in Fig. 4b
is at approx. 96�, indicating different tilt angles of the measured
coherent crystalline volumes.

It is interesting to note, that the (002) fiber texture is almost not
visible for the bottom region for the DCMS-600 coating on Ruba-
lit�708HP. While weak (Cr,Al)2C (002) intensity maxima are visible
in the 90�/270� azimuth directions – possibly from the slight sam-
ple tilt –, an almost complete ring for the (002) reflection is visible
too, indicating coherent diffraction volumes with different orienta-
tions compared to those in the near surface region. As described in
Section 3.1.1, the inherent lower kinetic energy of the sputtered
flux of the DCMS process in combination with the reduced acceler-
ation of the ions through the Bias voltage for Rubalit�708HP – due
to the high electrical resistivity – results in an increased number of
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heterogeneous nucleation sites at the substrate surface. However,
because the substrate temperature was too low for the unhindered
growth of all nuclei and grains, those oriented with the (002) plane
aligned almost parallel to the surface were favored to grow, as
described above.

As described in Section 3.1.1, an amorphous phase was found
besides the (Cr,Al)2C phase in the Cr-Al-C coatings. Because an
amorphous phase does not show any discrete diffraction peaks in
the diffraction pattern, this phase can be determined by the
increase of the background, usually in the Q range of the main
peaks, extending over several nm�1. The amorphous phase was
determined by the comparison of the integrated top and bottom
diffraction images in Fig. 4 and Fig. 5 for the HPPMS-600 and
DCMS-600 coatings, respectively. In particular for the WC–Co sub-
strate a pronounced increase of the background in the Q range of
approx. 25 nm�1 to 35 nm�1 in the integrated bottom diffraction
pattern and a broad ring in the range of the (Cr,Al)2C (101) interfer-
ence in the associated diffraction images could be determined.
These results confirm the assumptions made in Section 3.1.1,
where the amount of the amorphous phase increased towards
the coating-substrate interface. The quantification of the coating’s
phase composition over the coating depth by Rietveld refinement
was not reasonable because no calibration standard with a known
amorphous to (Cr,Al)2C ratio was available.

In comparison to the available literature, even the chamber
temperature of 600 �C exceeds the lowest reported temperatures
for pure crystalline (Cr,Al)2C of 300 �C [19] and crystalline Cr2AlC
of 450 �C [13] significantly. However, the X-ray diffraction pattern
published by Walter et al. [13] are possibly not correctly inter-
preted, as the metastable (Cr,Al)2C phase was not known at that
time. The diffraction pattern for the proposed Cr2AlC formation
at 450 �C substrate temperature clearly shows the (100) and
(002) (Cr,Al)2C diffraction peaks without the characteristic Cr2AlC
(002) and (101) reflections at lower Q values, as described earlier.
Therefore, the substrate temperature for crystalline Cr2AlC is 550
�C as the characteristic Cr2AlC reflections are present in corre-
sponding diffraction pattern [13].

Deposition in a science lab is often performed in smaller-sized
coaters and sometimes in stationary mode to reduce deposition
time and cost. In order to produce a high number of homogeneous
coated samples in one batch, an industrial-sized coater was used.
Samples were rotated around the center axis, whereby the actual
time for the samples in the plasma in front of the two targets
was only about 8% of the total deposition time (see Section 2.1).
Therefore samples were cyclically heated and cooled resulting in
a lower average deposition temperature. Despite the substrate
temperature being controlled or measured for depositions from
Shtansky et al. [19] and Walter et al. [13], the real substrate tem-
perature is often higher and may reach peaks above the measured
temperature at the immediate surface. In both studies, the DCMS
process without the sample rotating out of the plasma was used.
However, it is difficult to compare the different depositions, carried
out in this and the mentioned studies, because several deposition
parameters where different. For example, on the one hand, the
deposition pressure of 4–8 Pa used in this study was about one
magnitude higher (0.2 Pa in [19] and 0.6 Pa in [13]) resulting in
a higher collisions probability, whereby the kinetic energy of the
sputtered flux can be reduced. On the other hand, the target-
substrate distance of 20–30 mm in this study is less than half com-
pared to the 75 mm used in [13] (no information in [19]), which
reduces the collision probability. Additionally, Walter et al. [13]
used silicon substrates and Shtansky et al. [19] several different
substrates, which may also influence the phase composition of
the coatings, as described in Section 3.1. Therefore, it is difficult
to derive a statement, why the chamber temperature of 600 �C or
10
700 �C did not resulted in pure crystalline (Cr,Al)2C or Cr2AlC
coatings.

The detrimental effect of a high Bias voltage and high kinetic
energy of the sputtered flux on the formation of Cr2AlC is reported
in the literature [23,24]. Rueß et al. [23] determined the formation
of (Cr,Al)2C for Bias voltage in the range of �200 V to �400 V, while
at floating Bias Cr2AlC was present. Additionally, the results show
the beginning of the formation of (Cr,Al)2C for the HPPMS process
already at �100 V Bias. While a comparison of the absolute values
for the Bias voltage to the values used in this study is not reason-
able because the other deposition parameters were different, the
tendency that higher kinetic energy of the sputtered flux can hin-
der the formation of Cr2AlC and crystalline phases is in line with
results in this study.

The results in this section and Section 3.1 show, that for sputter
processes the entirety of used materials, deposition processes, and
deposition parameters determine the resulting coatings phase
composition and microstructure. The reasons for metastable and
amorphous coatings for deposition temperature at 600 �C and
700 �C in comparison to studies with crystalline Cr2AlC at far lower
temperatures (see Section 3.1.1) are tied to the following main
factors.

� low average deposition temperature because of sample
rotation,

� high bias voltage in combination with sufficient electrical con-
ductivity for IN718 and WC–Co substrates,

� HPPMS process in combination with low average temperature
and high bias voltage hinders the growth of crystalline nuclei.

3.2.2. Lattice parameter determination of (Cr,Al)2C
Phase analysis held mainly two challenges, the coating inherent

intrinsic and thermal residual stress, and the pronounced (002)
fiber texture of the (Cr,Al)2C phase. Stress may shift the diffraction
peaks and thereby increase or decrease lattice parameters. The tex-
ture complicates the finding of those stress effects because diffrac-
tion peaks are limited to certain azimuth ranges in the diffraction
image. Therefore the direction-dependent investigation of the
residual stress as in the case of thermal residual stress (see Sec-
tion 3.3) with only one diffraction peak is not possible. Addition-
ally, due to the lower crystallinity of the HPPMS-600 coating, the
intensities are weaker in general.

In order to calculate the (Cr,Al)2C unit cell parameters a and c,
the analysis of the diffraction images from the P03 experiments
was performed in two steps to avoid misinterpretation due to
influences of texture, residual stress and substrate. Analysis was
performed for several depth steps for HPPMS-600 and DCMS-600
coatings on IN718, WC–Co and Rubalit�708HP substrates utilizing
Rietveld refinement with the TOPAS6 software using the structural
data of Cr2C [41]. The HPPMS and DCMS deposition processes
should result in different intrinsic residual stress, while the differ-
ent CTE of the substrates should result in different thermal induced
residual stress states (see Section 3.3). In order to analyze a possi-
ble azimuth dependency of the lattice parameter as the result of
thermal residual stress, the diffraction images were sliced into 2�
ranges in azimuth direction and integrated over Q in the first step.
Lattice parameter awas calculated from (100) and (110) diffraction
peaks at azimuth 180� �10�, while lattice parameter c was calcu-
lated from (002) diffraction peak at azimuth 90� �10�. To compare
the values for direction dependence, the (101) diffraction peak at
azimuth 151� �10� and (103) at azimuth 122� �10� – if present
with sufficient intensity – were used for the Rietveld refinement
with að100Þ=ð110Þ and cð002Þ.

While a certain variation in the lattice parameters was detect-
able, no clear direction dependence was observed. Those variations



S. Heinze, T. Krülle, L. Ewenz et al. Materials & Design 225 (2023) 111535
are attributed to the detector resolution limit of 0.02 �/pixel or
0.006 Å in combination with the small coherent scattering volume,
Rietveld refinement, distortions as a result of the Al substitution in
the unit cell, and deposition related distortion like point defects.
Without the diffraction peak azimuth dependency, the diffraction
images were integrated over the entire azimuth range for a and c
calculation in the second step. The thus obtained higher intensities
and number of diffraction peaks for the Rietveld refinement
improved the fit. The results are summarized in Table 6 and are
in good agreement with the currently available literature with
a ¼ 2:78Å� 2:81Å and c ¼ 4:39Å� 4:47Å [16,19,22].

As to be seen in Table 6, no coating or substrate dependency
was observed. However, with the wide CTE range of the substrates
and different deposition processes, a difference in a and c for the
coating-substrate combinations should be determinable. The
absence of those will be discussed in Section 3.3.

3.3. Residual stress

As discussed in Section 3.2.2, the calculated lattice parameters
did not show a distinct coating or substrate influence. Considering
the used deposition processes and substrates, one should expect
different residual stress states in the as-deposited state, resulting
in different lattice parameters originating from the elastic strain.
In the following, the residual stress of the 1st kind – resulting in
a diffraction peak shift – will be discussed [54].

In order to investigate the residual stress state in this study,
substrates with a wide range of CTE’s (see Table 2) were used.
However, because the as-deposited Cr-Al-C coatings contained an
amorphous phase, the formation of Cr2AlC or an intermediate
phase was necessary. To lighten up the residual stress state of
the as-deposited coatings and the influence of the deposition pro-
cess and substrate, in situ heat treatment experiments up to 900 �C
were performed at the Hereon beamline P07 at PETRA III, DESY. At
first glance, an annealing post-treatment seems counterintuitive
for the investigation of the as-deposited stress state. However,
for reasonably short heating times at temperatures below plastic
deformation, rth is reversible and ri does not undergo noticeable
relaxation. Therefore, with the careful analysis of the temperature
steps concerning the different stress origins, qualitative analysis is
possible and can give insight into the as-deposited residual stress
state. It turned out, that the newly found dis.-Cr2AlC phase – briefly
described in Section 3.2 and discussed in detail in the second paper
of the series [26] – is present in the temperature range suitable for
the stress analysis, therefore a brief overview of the dis.-Cr2AlC for-
mation is given in the following Section 3.3.2.

Due to the lack of knowledge of the elastic properties and X-ray
elastic constants for the metastable phases in this study, the calcu-
lation of residual stress frommeasured strain is not possible in this
work. Therefore, the discussion will be done qualitatively, based on
the knowledge about intrinsic and thermal residual stress for PVD
coatings.
Table 6
Lattice parameter of (Cr,Al)2C for HPPMS-600 and DCMS-600 coatings obtained by Rietve
calculated from the detector resolution limit.

IN7

HPPMS-600 a in �6 � 10�3 Å 2:8

c in �6 � 10�3 Å 4:4

DCMS-600 a in �6 � 10�3 Å 2:8

c in �6 � 10�3 Å 4:4
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3.3.1. Theoretical details for residual stress determination using X-ray
diffraction

In general, the shift of diffraction peaks to higher Q values refers
to compressive stress and lower Q values to tensile stress. Other
effects on diffraction peak shifting, like composition gradients,
could be excluded.

The total residual stress rrs in thin coatings can be described as
the sum of three different origins as

rrs ¼ ri þ rth þ re; ð1Þ
where ri denotes intrinsic stress, rth thermal stress, and re extrinsic
stress [55].

The intrinsic residual stress ri arises from the accumulation of
effects related to the energetic bombardment of the growing coat-
ing. Collision cascades of atoms and ions from the sputtered flux at
and near the coating’s surface generate various defects in grains
and result in grain boundary densification induced by atom diffu-
sion [56,57]. As a result, the atoms are displaced from their equilib-
rium positions causing elastic strain. If the film shows sufficient
adhesion on the substrate, the hindered relieving causes residual
stress [58]. The intrinsic residual stress highly depends on the
deposition process and is usually compressive for dense coatings
deposited at homologous temperatures TS=Tm above 0.2 [59]. With
regard to the deposition processes used in this study, the HPPMS
process with the high kinetic energy of ionized sputtered flux, usu-
ally induces higher compressive residual stress compared to the
DCMS process [60,61]. As a result, the diffraction peaks are shifted
to higher Q values and the lattice parameter of the unit cell parallel
to the surface should be smaller for HPPMS-600 or HPPMS-700 on
the same substrate. However, with increasing temperature ri may
be reduced as the result of thermally activated relaxation
processes.

The thermal residual stress rth originates from a misfit of the
CTE between substrate and coating in combination with a temper-
ature different from the deposition [56]. For a coating-substrate
combination with known coatings’ Young’s modulus Ec , Poisson
ratio mc and the CTE’s of the coating ac and substrate as, the thermal
stress can be calculated for the temperature difference between
deposition Td and measurement T as [55]

rth ¼ Ec

1� mc
ac � asð Þ Td � Tð Þ: ð2Þ

Assuming sufficient coating to substrate bond for a thin coating, the
substrate determines the expansion or contraction during heating
and cooling. For a coating with a CTE higher than the substrate’s
CTE, compressive residual stress will arise during heating, whereas
the cooling process will result in tensile residual stress. Without
stress relaxation by diffusion processes at high homologous tem-
peratures or plastic deformation, thermal stress is reversible.

The extrinsic residual stress re originates from different pro-
cesses like phase transformation, precipitation formation, plastic
or creep deformation [62]. For the amorphous and metastable
ld refinement of integrated P03 synchrotron diffraction images. The given error was

18 WC–Co Rubalit�708HP

01 2:804 2:807

70 4:474 4:462

05 2:801 2:801

69 4:462 4:461
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areas in the as-deposited coatings, extrinsic residual stress can be
relevant for Cr2AlC phase formation during post-deposition heat
treatment, if a significant change in the volume occurs. However,
as explained later in Section 3.3.2, the results do not give any evi-
dence for a significant impact on the stress state compared to the
thermal and intrinsic residual stress.

3.3.2. Residual stress in the as-deposited Cr-Al-C coatings
The heat maps in Fig. 6a - Fig. 6c show the amorphous to dis.-

Cr2AlC formation for the HPPMS-600 coating during the first heat-
ing cycle of the P07 experiment. Because the second paper of the
series [26] is dedicated to the Cr2AlC phase formation and gives
more detailed insight, the description of the phase formation in
this section only shows a small part of the results with respect to
the stress state.

The formation of the metastable dis.-Cr2AlC phase from the (Cr,
Al)2C phase occurs at 632 �C, marking the start of the intermediate
state of the Cr2AlC formation. Fig. 6a shows this state of the Cr2AlC
formation at 663 �C. The emerging phase is referred to as disor-
dered because of the splitting of (006) and (103) reflections result-
ing from an increased c lattice parameter compared to Cr2AlC. The
amorphous areas transform into dis.-Cr2AlC at 677 �C, shown in
Fig. 6. Results of the in situ heat treatment measurements from the P07 experiments.
heating cycle at a) 663 �C, b) 677 �C and c) 697 �C, showing the azimuth dependence of
(103) reflection after heating to 700 �C and cooling to 100 �C is shown in e) for HPPMS
HPPMS-600 on WC–Co for heating to 700 �C with 2 h dwell time and heating to 750 �C
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Fig. 6b. The dis.-Cr2AlC to Cr2AlC formation starts at 695 �C and
801 �C for DCMS-600 and HPPMS-600, respectively. Even though
the following results for DCMS-600 are acquired at 700 �C and
thereby above the start temperature of the Cr2AlC formation, only
very small and barely determinable Cr2AlC volumes are present at
700 �C and did not affect the analysis at this temperature. It has to
be noted, that the dis.-Cr2AlC to Cr2AlC formation lasts from 695 �C
to 801 �C for 212 s, while the heat treatment for the residual stress
investigation was 6s for the temperature step 695 �C to 700 �C and
120 s dwell time at 700 �C. Therefore, the results in the following
are related to the dis.-Cr2AlC (103) reflection.

While the dis.-Cr2AlC (103) is only barely detectable at 663 �C,
the reflection is visible over the whole azimuth range at 677 �C and
intensities increase further at 697 �C. The intensity evolution and
distribution are influenced by the (Cr,Al)2C texture as well as the
different amounts of the amorphous and (Cr,Al)2C phase in the
as-deposited state. At 697 �C, a distinct azimuth dependence of
the Q value of dis.-Cr2AlC (100), (006), and (103) is observable,
which is not present at 677 �C. Because those effects can’t be the
result of the 20 K temperature difference, they have to be related
to residual stress present in the amorphous phase.
(a) -( c) are the integrated diffraction images of HPPMS-600 on IN718 during first
Q of the reflections specified in d). The azimuth dependence of Q of the dis.-Cr2AlC
-600 and in f) for DCMS-600 on IN718 and WC–Co. g) summarizes the results for
and on IN718 for heating to 700 �C and 750 �C.



S. Heinze, T. Krülle, L. Ewenz et al. Materials & Design 225 (2023) 111535
The appearance of the (103) reflection at 677 �C is related to the
nucleation and growth of the dis.-Cr2AlC phase in the amorphous
areas. At this point, a number of small grains – without a large dis-
tance connection to each other or the substrate – are not affected
by the residual stress in the surrounding volume. However, with
increasing temperature and time, ongoing phase formation –
noticeable by the intensity increase – results in the bond of the
dis.-Cr2AlC grains and to the substrate/interdiffusion barrier sur-
face. With the linkage to the surrounding material, relaxation is
inhibited and the stress in the former amorphous volumes affects
the newly formed phase, resulting in a Q shift and the bending of
the reflection in Fig. 6c at 697 �C. It has to be noted, that due to
the relatively high ramp of 30 K/min, the temperature step of
20 K comprises 40 s (equals 4 images), enabling the investigation
of these time-sensitive processes.

To visualize the residual stress in the as-deposited state as well
as the expected substrate and deposition process dependencies,
the P07 Debye–Scherrer rings at the temperatures of interest were
sliced into 1� steps in azimuth direction and integrated over Q. The
Q position of the (103) reflection in dependence on the azimuth
angle is shown in Fig. 6e and Fig. 6f for the substrates IN718 and
WC–Co, at 700 �C and 100 �C. 700 �C refers to the first peak temper-
ature of the first heat cycle and 100 �C to the lowest temperature of
this cycle after cooling from 700 �C with 2 min dwell to 100 �C. As
described earlier, rth depends on the difference of the measure-
ment temperature to the deposition temperature. To prove that
rth does not affect the residual stress state at 700 �C by a noticeable
amount, additional samples were heated up to 750 �C. Addition-
ally, to investigate a possible decrease of ri by thermally activated
relaxation processes, additional samples were heat-treated
isothermally at 700 �C for 2 h.

The results in Fig. 6g show that both, further heating and longer
dwell time at 700 �C, decrease the azimuth dependence of (103) for
HPPMS-600 coatings on IN718 and WC–Co. As explained in the fol-
lowing, the increased Q value in 0�/180� azimuth direction indi-
cates planar compressive residual stress. Therefore the decrease
of this azimuth dependency can be interpreted as the decrease of
residual stress by thermally activated relaxation processes. With
the maximum residual stress at around 700 �C, the stress state at
this temperature can be assumed as mainly intrinsic deposition
residual stress without significant thermal stress, because both
substrates lead to different thermal stress during heating or cool-
ing. Additionally, one can conclude that the compressive intrinsic
residual stress from the deposition is not stable at 700 �C and
thereby does not benefit coating lifetime for longer exposure times.

As to be seen in Fig. 6e and f, the intrinsic residual stress at 700
�C for the two coatings is significantly different. In the case of
DCMS-600, the curves are almost identical for the different sub-
strates without an azimuth dependence of Q. However, in the case
of HPPMS-600, the (103) reflections are characterized by a pro-
nounced increase of Q in azimuth 0� and 180� directions. The
WC–Co curve is slightly shifted to lower Q values compared to
the IN718 for HPPMS-600. Without the stress-free Q value, the dis-
tinction between compressive and tensile stress can be difficult.
However, with the help of the DCMS-600 curves, at 700 �C the
residual stress state is clear. The Q values of DCMS-600 at 700 �C
(QIN718 ¼ 29:09;QWC�Co ¼ 29:10) and HPPMS-600 at 700 �C in 90 �
direction (QIN718 ¼ 29:13;QWC�Co ¼ 29:14) are very similar consid-
ering the detector resolution of about 0.05 nm�1. The 90� azimuth
direction or direction perpendicular to the surface can be assumed
as almost stress-free. As discussed earlier, intrinsic stress is the
result of energetic bombardment during deposition. The affected
depth should be in the range of a few atom distances. While lateral
relaxation is hindered by surrounding material, relaxation perpen-
dicular to the surface is possible. Following this assumption, the
13
increasing Q values for HPPMS-600 in 0� and 180� indicate planar
compressive residual stress parallel to the surface.

After cooling to 100 �C, the results showed the expected sub-
strate dependency. Even though the CTE for dis.-Cr2AlC is
unknown, it can be assumed that the CTE for this phase has to be
similar to Cr2AlC with aCr2AlCRT ¼ 12:5 � 10�6K�1 [63] because both
phases are only distinguished by slightly different lattice parame-
ters and shifted Cr- and/or Al- sites [26]. As a result of the hindered
contraction of the coatings on the WC–Co substrate, the develop-
ment of tensile residual stress can be observed parallel to the sur-
face. In difference, the higher CTE of IN718 compared to dis.-Cr2AlC
results in compressive stress during cooling because of the forced
compression of the coating parallel to the surface. However, the
interpretation for thermal stress without the stress-free Q value
at 100 �C is more complicated. One can see, in difference to the
700 �C curves, the curves for 100 �C in Fig. 6e and Fig. 6f do not
share similar Q values for any azimuth direction. These differences
for thermal stress compared to the intrinsic deposition stress are
the result of the different affected volumes. During cooling, assum-
ing sufficient coating bond, the whole coating is either contracted
or expanded parallel to the surface, resulting in a balancing strain
component perpendicular to the surface. The coating thickness of
approx. 5 lm is too high for the relaxation of this stress compo-
nent, resulting in a triaxial stress state.

For the IN718 substrate, the compressive residual stress parallel
to the surface is accompanied by tensile stress in a perpendicular
direction. For WC–Co the arising residual stress is tensile parallel
and compressive perpendicular to the surface.

The influence of the intrinsic residual stress of the HPPMS-600
and DCMS-600 coatings is visible for both substrates, by the differ-
ent bending of the curves. The HPPMS-600 coating on IN718 shows
higher compressive stress parallel to the surface at 100 �C com-
pared to DCMS-600 as a result of the superposition of ri and rth,
which are both compressive. In the case of HPPMS-600 on WC–
Co, the compressive intrinsic stress lead to a decrease of tensile
residual stress parallel to the surface compared to DCMS-600.

It is not entirely clear, why the thermal and intrinsic residual
stress was not detectable for (Cr,Al)2C in as-deposited coatings.
On the measurement side, influences like grain statistics and
detector resolution are sufficient for the observation of the stress
state. Therefore the reason has to be related to the coating. With-
out the CTE of the amorphous and (Cr,Al)2C phase, an in-depth dis-
cussion of the stress state in the two phases in the as-deposited
state is not possible. However, on basis of the annealing post-
treatment results, possible reasons for the absence of residual
stress effects are discussed.(Cr,Al)2C as a metastable phase with
distortions as the result of randomly distributed Al and Cr on the
Cr-sites and small grain size (see Section 3.2.1) may ‘‘shadow”
residual stress. However, while this may be possible for intrinsic
stress with a lower effect on the Q-value, thermal residual stress
should be detectable. The Q difference of dis.-Cr2AlC (103) reflec-
tion between DCMS-600 on WC–Co and HPPMS-600 on IN718 at
100 �C is approx. 0.3 nm�1 in 180� azimuth (see Fig. 6e and
Fig. 6f). Therefore, a difference in the Q-values for (Cr,Al)2C in the
as-deposited state, resulting from arising rth during cooling from
deposition temperature, should be determinable for the resolution
limit of about 0.03 nm�1 and 0.05 nm�1 for P03 and P07 experi-
ments, respectively.

Since the formation of (Cr,Al)2C is limited to certain locations on
the substrate or interdiffusion barrier surface, mostly amorphous
matter is connected to this surface (Section 3.1.1). During cooling
from deposition temperature, the amorphous volume act as a buf-
fer for the arising thermal stress and the (Cr,Al)2C phase remains
mostly unaffected from this thermal stress because of the small
contact area to the substrate. However, likely, the (Cr,Al)2C volume
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near the coating or interdiffusion barrier is affected by thermal
stress. Nevertheless, no evidence in the analysis of P03 and P07
measurements was found.

Distinct extrinsic stress as the result of a volume expansion due
to the phase formation is not likely. As the comparison of the (103)
curves at 700 �C after first heating in Fig. 6e and Fig. 6f confirms,
despite the similar phase is present, the azimuth dependence of
Q is only visible for HPPMS-600. Extrinsic stress should be visible
for both coatings during phase formation. Additionally amorphous
to crystalline transformation is usually associated with volume
shrinkage resulting in tensile stress, which can not be seen for
HPPMS-600 (Fig. 6e), and is usually not direction-dependent.
3.4. Influence of the deposition process on the mechanical properties

Table 7 summarizes the results of the nanoindentation mea-
surements for the HPPMS-600, HPPMS-600/-70 V, HPPMS-700,
and DCMS-600 coatings on IN718 and WC–Co. The results for the
Rubalit�708HP substrate showed strong measurement location
dependence as the result of the pronounced columnar microstruc-
ture in combination with higher roughness and were thereby not
considered further.

Considering the error of the hardness values, the hardness of
the DCMS and HPPMS coatings is in a similar range of 12 to 14
GPa. HPPMS-600 shows for both substrates the lowest hardness
compared to the other HPPMS coatings. The higher hardness of
HPPMS-700 on both substrates and HPPMS-600/-70 V on WC–Co
may result from the higher amount of crystalline (Cr,Al)2C com-
pared to HPPMS-600. Because of randomly scattered crystalline
(Cr,Al)2C volumes over the surface and a fixed indent pattern for
the measurement, the average hardness for HPPMS-600 corre-
sponds mostly to the amorphous phase. In comparison, as Fig. 2c
shows, the HPPMS-700 coating has a high amount of (Cr,Al)2C near
the surface and for higher depth. This may indicate a slightly
higher hardness of the crystalline areas compared to the amor-
phous phase. The origin of the different coating hardness between
the two substrates for HPPMS-600/-70 V and DCMS-600 could not
be clarified. Influences of the amorphous phase at different depths
near the surface (see Fig. 2b) in the case of HPPMS-600/-70 or the
broader microstructure for DCMS-600 is possible, but could not be
proven. The nanoindentation measurements did not show distinct
substrate influences as Fig. 7 proves. A substrate influence on the
measurement would lead to a noticeable hardness and Young’s
modulus increase with increasing depth in the case of WC–Co (H
= 15 GPa [64], E = 593 GPa [65]) and a decrease in values for
IN718 (H = 4.6 GPa, E = 200 GPa [27]), because of the difference
in hardness and Young’s modulus to the coating. In the case of
DCMS-600, it is possible that the broader microstructure and
thereby a higher number of indents near column boundaries
decrease the hardness for the coating on WC–Co. The slightly
decreased hardness of the DCMS-600 coatings compared to
Table 7
a) Indentation hardness H and b) Indentation Young’s modulus E with statistical errors fo
WC–Co in the as-deposited state obtained by nanoindentation on the surface.

(a)

HPPMS-600 HPPMS-600/-
H in GPa H in GPa

IN718 12:1� 0:3 12:2� 0:
WC–Co 12:3� 0:7 14:2� 0:

(b)

HPPMS-600 HPPMS-600/-
E in GPa E in GPa

IN718 235� 31 228� 27
WC–Co 238� 15 271� 9
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HPPMS-700 may result from the denser microstructure, as dis-
cussed in Section 3.1.

The tendencies of Young’s modulus values for the different
coatings, summarized in Table 7b, follow the differences in hard-
ness and the given explanations apply for the Young’s modules
as well. The highest Young’s modulus was determined for the
HPPMS-700 coating with 279 � 19 GPa and the lowest for
HPPMS-600/-70 V with 228 � 27 GPa and HPPMS-600 with 235
� 31.

The values in this work are in the range of 245 GPa - 363 GPa for
Young’s moduli reported in the literature for Cr2AlC bulk material
and thin coatings [4,14,23]. The Young’s modulus values deter-
mined by Rueß et al. [23] for DCMS and HPPMS coatings with com-
parable bias voltage are up to 100 GPa higher than the values
determined in this work. However, the coatings investigated by
Rueß et al.[23] were fully crystallized with varying metastable Cr2-
AlC to Cr2AlC ratios. As described in this section, the deposition
process and the resulting properties are complex with a vast
amount of influences and therefore those differences are not unli-
kely. Additionally, as described in [66], several influences on the
nanoindentation testing, as the used force of 8 mN in [23] in com-
parison to 35 mN - 200 mN in this work and a corresponding
indentation size effect, can also contribute to the different values.
4. Conclusion

This paper is dedicated to the investigation of the influence of
the deposition process, deposition parameters, and substrate on
the phase composition, microstructure, residual stress state, and
mechanical properties of the Cr-Al-C coating’s as-deposited state.
Cr-Al-C coatings were deposited by the HPPMS and DCMS pro-
cesses, with variation of bias voltage and deposition temperature
on IN718, WC–Co, and Rubalit�708HP substrates. In-situ heat
treatment synchrotron experiments and ex-situ synchrotron
experiments were used to determine phase composition and resid-
ual stress state in combination with electron microscopy for
microstructure and elemental composition investigations. Nanoin-
dentation testing was used for mechanical characterization of the
different coating-substrate combinations.

The Cr-Al-C coatings consisted of a metastable crystalline (Cr,
Al)2C and an amorphous phase. A pronounced dependency on the
deposition process, leading to the highest crystalline amount for
the DCMS coatings with low bias and the lowest crystalline
amount for HPPMS coatings with high bias, was observed. Both,
increasing deposition temperature and decreasing bias voltage
increased the crystalline to amorphous ratio. The microstructure
of the (Cr,Al)2C areas ranged from broader columnar grains with
pronounced column boundaries for DCMS coatings to a fine and
dense microstructure for the HPPMS coatings. The effect of the
deposition process and parameters was highly reduced for the
r HPPMS-600, HPPMS-600/-70 V, HPPMS-700, and DCMS-600 coatings on IN718 and

70 V HPPMS-700 DCMS-600
H in GPa H in GPa

4 14:4� 0:8 13:2� 0:2
6 14:1� 0:1 11:6� 0:6

70 V HPPMS-700 DCMS-600
E in GPa E in GPa
279� 19 254� 14
267� 6 236� 8



Fig. 7. Exemplary hardness and Young’s modulus profiles from the nanoindentation measurements for the DCMS-600 coating on WC–Co substrate. Depth dependence of the
a) hardness and b) Young’s modulus with marks for the analysis range for hardness and linear fit for the Young’s modulus determination.
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Rubalit�708HP substrate with high electrical resistivity, resulting
in very similar coatings.

The chemical composition of the coatings showed the depen-
dency on the coating process. The Cr/Al ratio was increased for
the HPPMS coatings and the amorphous areas as a result of the pre-
ferred Al self- and resputtering.

The residual stress investigations revealed the following main
results for the Cr-Al-C coating’s as-deposited state.

� No evidence for residual stress in the crystalline phase in the
DCMS and HPPMS coatings was found.

� Results from a post-heat treatment revealed that the amor-
phous phase acts as a residual stress buffer.

� The HPPMS process induces higher compressive residual stress
than the DCMS process.

� The compressive intrinsic stress reduces tensile residual stress
during cooling for coatings on WC–Co and increases resulting
compressive residual stress for IN718 substrate.

� The intrinsic residual stress from the ion bombardment is
mainly planar and parallel to the surface, while thermal stress
is 3-dimensional for the coating thickness of approx. 5 lm.

� The compressive residual stress is not stable at temperatures of
700 �C and above.

The Cr-Al-C coatings exhibited hardness values in the range of
11.6 �0.6 GPa to 14.4 �0.8 GPa and Young’s modulus values in
the range of 228 �27 GPa to 279 GPa �19 GPa. A decrease in both,
hardness and youngs modulus was observed for the DCMS
coatings.
5. Data availability

The raw data required to reproduce these findings cannot be
shared at this time as the data also forms part of an ongoing study.
The processed data required to reproduce these findings cannot be
shared at this time as the data also forms part of an ongoing study.
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