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A B S T R A C T   

Compositionally-graded Cr2AlC coatings were deposited from composite targets with Al concentration gradients 
along the long-axis of the targets, ranging from 20.0 to 30.0 at.%, in an industrial plant. Stoichiometric Cr2AlC 
coatings deposited by HPPMS with a peak-power density of 217 W/cm2 and at substrate bias potential of − 100 V 
require an Al concentration in the target of 30.0 at.% to compensate for the Al-loss induced by preferential re- 
sputtering and thermally induced desorption at these deposition conditions. The HPPMS deposition of a stoi
chiometric Cr2AlC coating at floating potential can be attained from a target segment containing 26.4 at.% of Al. 
Hence, during synthesis at 560 ◦C in an industrial deposition system with two-fold rotation significant deviations 
between target and coating composition were observed. It was demonstrated that these ion energy and power 
density induced reductions in Al concentration can be compensated for by utilizing Al-rich composite targets.   

1. Introduction 

Cr2AlC is a Mn+1AXn phase, where M stands for an early transition 
metal, A mostly represents groups 13 and 14 elements, X is either C or N, 
and n ranges from 1 to 3 [1]. These ternary carbides and nitrides, pos
sessing hexagonal nanolaminated crystal structure, consist of alter
nating metallic-like bonds between M-A layers and ionic/covalent-like 
bonds between M-X layers [1–3]. Cr2AlC exhibits electrical and thermal 
conductivities comparable to stainless steels [4–6] as well as high tem
perature oxidation resistance [7] comparable to MoAlB [7,8] and hence 
oxidizes at a much slower rate than ZrB2 [7,9]. Specifically, the scale 
thickness after oxidation at 1300 ◦C for 5 h on MoAlB [8] and ZrB2 [9] is 
6 μm and 180 μm, respectively. Cr2AlC shows an oxide scale thickness of 
approximately 6 μm after oxidation at 1320 ◦C for 4 h and 42 min [7] 
and is hence in terms of the oxidation behavior similar to MoAlB [7,8]. 
Due to the above discussed combination of metallic and ceramic prop
erties, Cr2AlC coatings have been investigated for application as pro
tective coatings in harsh environments such as accident tolerant fuel 
cladds (ATF) [10–13], bond-coats in thermal barrier coatings (TBCs) 
[14–17], and concentrated solar power receivers [18,19]. 

Physical vapor deposition (PVD) of Cr2AlC coatings has been 

reported from elemental targets [20] as well as from multi-element 
compound and/or composite targets [21]. The latter processing strat
egy is often preferred during industrial-scale processing as the inherent 
spatial composition variation caused by co-sputtering from multiple 
elemental targets is prevented. A two- or three-fold substrate rotation is 
generally used in industrial processes to maximize productivity and 
coating uniformity. However, chemical composition deviations between 
the multi-element compound/composite targets and the corresponding 
magnetron sputtered coatings have been observed for Cr–Al–C [22,23] 
as well as for other ceramic coating materials such as Ti–B [24], Mo2BC 
[25], TaB2 [26,27], NbC [28], Ti3SiC2 [29], Zr–Al–C [30], and Hf-Al-C 
[30]. Compared to direct current magnetron sputtering (DCMS), typi
cally operating at a power density of several W/cm2, high power pulsed 
magnetron sputtering (HPPMS) plasma contains a higher fraction of 
ionized coating-forming species due to the utilization of significantly 
higher target power densities of the order of kW/cm2 [31]. Applying a 
substrate bias potential lower than − 100 V during HPPMS processing 
results in formation of a significant amount of the disorder solid solution 
(Cr,Al)2Cx, which deteriorates the mechanical properties of the as 
deposited coatings [32]. Besides, changing the substrate bias potential 
from floating to − 400 V, during HPPMS deposition from a 
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close-to-stoichiometric Cr2AlC powder metallurgical composite target, 
resulted in an Al deficiency in the as-deposited coating of up to 20 at.% 
[23]. It could be shown that this is caused by thermally induced 
desorption of Al and preferential re-sputtering of Al during growth [23]. 
Therefore, the working hypothesis is that the Al concentration loss 
observed during HPPMS processing can be compensated for by 
employing targets with an Al concentration >25 at. %. 

To this end, we study the effects of the target peak power density and 
substrate bias potential on the chemical composition, phase formation, 
microstructure evolution, and mechanical properties of the Cr2AlC 
coatings deposited by DCMS and HPPMS with two-fold substrate rota
tion in an industrial, four cathode, deposition system. 

2. Experimental details 

Cr2AlC coatings were deposited by magnetron sputtering in an in
dustrial coater, (CemeCon CC 800/9). Four powder metallurgically 
fabricated composite split Cr0.438Al0.30C0.262/Cr0.50Al0.20C0.30 targets 
with a size of 500 × 88 mm2 (Plansee Composite Materials GmbH) were 
used in this study. Cemented carbide substrates (Co-WC) with a 
dimension of 12.5 × 12.5 × 3 mm3 were fixed on a cylindrical tower 
with a radius of 6.75 cm at a distance of 10.55 cm from the target 
resulting in a minimum target-to-substrate distance of 3.5 cm which can 
be seen in Fig. 1. Two-fold rotation with a carousel rotation speed of 
approximately 3 rpm was used. 

The substrates were heated to 560 ◦C and the base pressure with 
heated substrates was <1.0 mPa prior to all depositions. During sput
tering, 200 sccm Ar gas flow was introduced into the coater leading to a 
deposition pressure of approximately 380 mPa. The time-averaged 
power input onto each target was set to 1000 W. In the DCMS process 
the target power density was 2.3 W/cm2. In HPPMS process, utilizing 50 
μs long pulses with 2450 μs pulse-off-time, corresponding to a frequency 
of 400 Hz and a duty cycle of 2.0 % resulted in a target peak power 
density of 217 W/cm2. While the pulse-on period was based on [23,32] a 
shorter pulse-off period of 2450 μs was chosen to obtain stable plasma 
processing conditions at maximized target peak power density. 

Substrate bias potentials, floating and − 100 V, were either applied 
constantly for DCMS or by synchronized 200 μs long pulses during 
HPPMS. The deposition times for the DCMS and HPPMS processes were 
150 and 300 min, respectively. 

The chemical composition of the coatings onto cemented carbide 
substrates was measured with a Hitachi TM4000Plus scanning electron 
microscope (SEM), equipped with a Bruker Quantax75 energy dispersive 
X-ray spectroscopy (EDX) detector, at an acceleration voltage of 15 kV. 
A standard characterized by time-of-flight elastic recoil detection anal
ysis (ToF-ERDA) and elastic backscattering spectrometry (EBS) was 
utilized for the composition measurements. The chemical composition 
of the Cr–Al–C standard was Cr: 49.9 ± 2.5, Al: 24.9 ± 1.2, C: 24.7 ±
1.2, O: 0.5 ± 0.3 at.%. The measurement conditions can be found 
elsewhere [33]. 

Grazing incidence X-ray diffraction (GiXRD) analysis of the depos
ited coatings was carried out using a PANalytical Empyrean diffrac
tometer with a Cu Kα radiation source (λ = 1.540598 Å). The 
diffractometer was operated with an incidence angle of 1◦ using a step 
size of 0.015◦ and scanning time of 2 s per step. 

The film microstructure was investigated using scanning trans
mission electron microscopy (STEM) on thin lamellae that were pre
pared by focused ion beam (FIB) using a FEI Helios NanoLab 660 dual- 
beam microscope with Ga+ ions accelerated at 30 kV. A STEM III de
tector was used in bright field (BF) mode for imaging with a voltage and 
current of 30 kV and 100 pA, respectively. The topography was studied 
by scanning electron microscopy (SEM) with a voltage and current of 10 
kV and 100 pA. 

Nanoindentation was conducted in a Hysitron TI-900 TriboIndenter 
and the Young’s modulus of each film was determined by the Oliver- 
Pharr method [34]. A maximum force of 5 mN operated in 
load-controlled mode with a Berkovich diamond tip generated a contact 
depth of <10 % of the coating thickness. At least 54 indentation mea
surements were carried out for each sample and the tip area function 
was determined with a fused silica standard. A Poisson’s ratio of 0.188 
was used for Cr2AlC [5]. 

3. Results and discussion 

Fig. 2 shows a schematic of the here utilized split composite target 
and the measured chemical composition profiles of Cr–Al–C coatings 
onto cemented carbide substrates deposited by DCMS and HPPMS along 
the long axis of the targets. The yellow regions mark the positions where, 
within the measurement uncertainties, stoichiometric coating compo
sitions were obtained. It is evident that the actual locations where 
stoichiometric coatings can be synthesized, strongly depend on the 
deposition conditions and that they are moved toward the Al-rich end of 
the targets as the power density and ion energy is increased. 

As discussed above, the Al-deficiency in Cr–Al–C coatings is caused 
by preferential Al re-sputtering and thermally induced desorption [23]. 
Both effects are enhanced during HPPMS due to higher energy and ion 
fluxes compared to DCMS [23]. Therefore, targets providing an Al excess 
(Al concentration >25 at.%) were utilized in an attempt to compensate 
for the Al-loss caused by these two mechanisms. It is demonstrated that 
the chemical composition deviations of the coatings can be compensated 
for based on utilizing off-stoichiometric target compositions for the 
growth of stoichiometric thin films. For example, an Al target concen
tration of 30 at.% compensated the Al loss during HPPMS at a substrate 
bias potential of − 100 V, resulting in the deposition of a stoichiometric 
Cr2AlC coating. For the HPPMS coating deposited at floating potential, 
target segments containing 26.4 at.% Al are required, while for DCMS at 
floating potential no Al excess is required. The chemical composition of 
the, within the measurement uncertainties, stoichiometric Cr2AlC 
coatings are summarized in Table 1 for the corresponding deposition 
conditions. 

The diffractograms of the stoichiometric Cr2AlC coatings deposited 
by DCMS and HPPMS are shown in Fig. 3. While the characteristic (002) 

Fig. 1. Schematic representation of the setup utilized for coating deposition 
with two-fold substrate rotation in an industrial coater utilizing all 
four cathodes. 
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basal plane peak at 13.8◦ is not visible in the diffraction geometry 
employed here, the equally characteristic (101) peak at 36.9◦ is 
observed in all coatings, indicating the formation of the Cr2AlC MAX 
phase. The formation temperature, 560 ◦C, of Cr2AlC coatings deposited 
with 2-fold substrate rotation is similar to previous reports using sta
tionary deposition geometry [35]. 

The cross-sectional scanning transmission electron microscopy 

(STEM) images of the coatings deposited by DCMS and HPPMS are 
shown in Fig. 4. The morphology of all coatings is V-shaped columnar as 
illustrated by the yellow lines. The bright areas indicated the presence of 
intercolumnar pores, as indicated by red arrows. As can be clearly 
observed in Fig. 4b and c, the pore size and number density are reduced 
in the coatings deposited by HPPMS compared to the DCMS deposition. 
Compared to DCMS, the HPPMS plasma consists of a large fraction of 
ionized coating-forming species [23] with energies up to several tens of 
eV [36]. The larger ion flux and ion energy triggers surface diffusion, 
which results in finer columnar grains and coating densification [23, 
36–38]. The deposition rate for DCMS and HPPMS processing, both 
operating with a time averaged power of 1000 W, is 1.68 and 1.12 μm/h, 
respectively. Hence, the HPPMS deposition rate is about 33 % lower 
than for DCMS. Deposition rate reduction of 38 % was reported for 
depositions from a Cr2AlC compound target onto stationary substrates 
with similar time averaged power density, 5.6 W/cm2 (target peak 

Fig. 2. (a) Schematic of the split composite target geometry utilized here and the chemical composition profiles measured by EDX for coatings deposited by DCMS at 
floating substrate bias potential (b) as well as by HPPMS at substrate bias potentials of floating (c) and − 100 V (d). 

Table 1 
Chemical compositions determined by EDX of the coatings from Fig. 1 within the 
regions marked in yellow.   

Cr [at. %] Al [at. %] C [at. %] O [at. %] 

DCMS floating 47.0 ± 2.4 24.6 ± 1.2 26.9 ± 1.3 1.5 ± 0.8 
HPPMS floating 49.5 ± 2.5 25.1 ± 1.3 24.3 ± 1.2 1.0 ± 0.5 
HPPMS -100 V 49.0 ± 2.5 24.4 ± 1.2 26.5 ± 1.3 0.1 ± 0.1  
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power density = 300.5 W/cm2) for HPPMS and 5.7 W/cm2 for DCMS 
processing, respectively [39]. Hence, the deposition rate reduction re
ported in Ref. [39] is comparable to the here reported data. As the 

substrate bias potential of − 100 V is applied during HPPMS processing, 
the deposition rate drops to 0.63 μm/h. The reasons for this 44 % 
reduction are besides the inhomogeneous distribution of thickness of the 

Fig. 3. Grazing incidence X-ray diffractograms of Cr2AlC coatings deposited by DCMS and HPPMS and a close-up of characteristic peaks of the MAX phase: (100) at 
36.236◦, and (101) at 36.930◦. Reference positions are taken from card (00-029-0017) of the International Centre for Diffraction Data. 

Fig. 4. Cross-sectional bright field (BF) scanning transmission electron microscopy (STEM) images of Cr2AlC coatings deposited using DCMS at (a) floating for 150 
min and HPPMS at (b) floating and (c) − 100 V substrate bias potential for 300 min. The yellow lines and red arrows marked the columnar grains and intercolumnar 
pores, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. SEM images of the topography of Cr2AlC coatings deposited using DCMS at (a) floating and HPPMS at (b) floating and (c) − 100 V substrate bias potential. The 
white circles marked the pores on the surface. 
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coatings along the target long axis, also re-sputtering and thermally 
induced desorption [23]. 

Fig. 5 shows the SEM top view micrographs of the as-deposited 
coatings. The topography is facetted consistent with the columnar 
grain morphology visible in Fig. 4. Furthermore, under-dense regions 
are marked by white circles, see Fig. 5. 

The Young’s moduli of Cr2AlC coatings deposited by DCMS at 
floating substrate bias potential and HPPMS were determined by 
nanoindentation and are shown in Fig. 6. The DCMS coating shows an 
average Young’s modulus of 248 ± 33 GPa. The average modulus of 
HPPMS coatings increases from 281 ± 39 GPa at floating to 296 ± 33 
GPa at − 100 V substrate bias potential, which is 16 % lower than the 
calculated DFT values of 349 GPa [32]. This difference is according to 
Paier within the expected deviation of the here employed functionals 
[40] and the experimental nanoindentation data [41]. The modulus of 
the HPPMS deposited columnar coating using a substrate bias potential 
of − 100 V is in good agreement with the 298 ± 21 GPa value reported 
for a Cr2AlC coating deposited by DCMS at 650 ◦C in a stationary ge
ometry [21]. The 19 % lower Young’s modulus measured for the DCMS 
coating compared to the HPPMS coating deposited at − 100 V substrate 
bias potential can be attributed to the porosity visible between the 
column boundaries in Fig. 4a. Recently, Fekete et al. reported a Young’s 
modulus measurement of 341 ± 9 GPa for a Cr2AlC coating which was 
annealed to 690 ◦C exhibiting a dense, equiaxed microstructure [5]. The 
deviation of the measured Young’s modulus to the ab initio predicted 
value [32] is 2 % and hence theory and experiment are in excellent 
agreement, underlining the detrimental effect of the aforementioned 
inter-columnar porosity on the elastic modulus. 

4. Conclusions 

Following the working hypothesis that for the deposition of stoi
chiometric Cr2AlC coatings non-stoichiometric targets are required, four 
powder metallurgical composite Cr–Al–C targets with Al concentration 
gradients ranging from 20.0 to 30.0 at.% were employed in an industrial 
plant using two-fold substrate rotation. It was demonstrated that the 
excess Al in the target can compensate for the Al-loss induced by pref
erential Al re-sputtering triggered by ion bombardment and thermal 
desorption at a substrate temperature of 560 ◦C. The HPPMS coating 
deposited at a substrate bias potential of − 100 V requires 30.0 at.% Al, i. 
e. a 5 at.% Al excess in the target to attain stoichiometry in the film. In 
addition, the coating deposited at this condition shows an elastic 
modulus which is consistent with ab initio predictions and with 
measured elastic moduli of coatings deposited without substrate rota
tion. From the here communicated data it is evident that the target 
composition required to ensure the deposition of stoichiometric Cr2AC 
coatings is crucially dependent on both power density and substrate bias 
potential. Hence, target compositions can only be optimized for a certain 
set of deposition conditions as target power density, substrate bias po
tential as well as substrate temperature affect the magnitudes of Al re- 
sputtering and Al evaporation during growth. 
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