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Abstract: We demonstrate the systematic hardness enhancement of the CoCrFeNi high-entropy alloy
(HEA) by the addition of tungsten carbide (WC). Mixed thin films are fabricated by magnetron co-
sputtering using a home-made spark plasma-sintered CoCrFeNi target and a commercially available
WC target. The WC content in the thin films is adjusted via the ratio of deposition powers applied to
the targets. X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDX)
measurements were taken to determine the surface and bulk stoichiometry, respectively. The uniform
distribution of the elements is confirmed via EDX mapping. X-ray diffraction (XRD) is carried out
on the samples to determine the crystal phase formation. The Vickers hardness of the thin films is
investigated using nanoindentation and shows an increase in the hardness in the thin films following
an increased WC content. The data obtained are presented in comparison to pure WC and CoCrFeNi
thin films fabricated by magnetron sputtering, respectively.

Keywords: high-entropy alloy; tungsten carbide; coating hardness; magnetron sputtering; spark
plasma sintering; X-ray photoelectron spectroscopy; X-ray diffraction; scanning electron microscopy

1. Introduction

In the last two decades, a novel material system known as high-entropy alloys (HEAs)
has gained increasing attention in the fields of material science and natural sciences. First
introduced by Yeh et al. [1] and Cantor et al. [2] and sometimes also known as multi-
principal element alloys (MPEAs) or complex concentrated alloys (CCAs), this type of
material consists of at least four elements in (near-)equimolar ratio. The high mixing
entropy of this material configuration is predicted as the driving force for the formation of
a single-phase solid solution [1]. A wide variety of HEA compositions has been reported
but the majority of results is focused around material systems similar to the so-called
Cantor alloy: CoCrFeMnNi [2,3]. One field of potential application is the use of HEAs
as coating material since the variety of element combinations offers a virtually infinite
realm of material properties. Several HEAs have already been reported to exhibit excellent
mechanical properties regarding hardness [4-6], corrosion behaviour [7-9] or fracture
and wear resistance [10,11]. Increasing their intrinsic hardness is the subject of various
publications wherein the use of different fabrication methods has sought to combine HEAs
and additional alloying elements [12-15]. As a material with high intrinsic hardness [16]
tungsten carbide (WC) appears to be a promising candidate to increase the hardness of
high-entropy alloys and has already been used to fabricate a mixed WC-CoCrFeNi system
by vacuum hot-pressing sintering (VHPS) [17]. While a hardness increase of more than
200% has been reported, a separation of elements within the alloy is observed via energy
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dispersive X-ray spectroscopy (EDX) as well as the formation of multiple phases verified
by X-ray diffraction (XRD). Recently, magnetron sputtering has been demonstrated to be
a promising technique to form HEA thin films of homogeneous thickness and element
distribution [18,19].

In this work, we attempted to form homogeneously mixed thin films of
CoCrFeNi; _«(WC), with few or single-phase structures and variable composition by mag-
netron co-sputtering. Therefore, simultaneous deposition from a spark plasma sintered
(SPS) CoCrFeNi target and a commercial WC target on Si(100) was carried out. By variation
of the deposition powers applied to both targets, the CoCrFeNi:WC ratio was varied. The
obtained surface composition was determined by X-ray photoelectron spectroscopy (XPS).
To investigate the bulk stoichiometry, EDX measurements were conducted. The latter was
also used to analyse the spatial element distribution within the thin films by mapping the
corresponding X-ray intensities. The phase formation of the mixed thin films was examined
by XRD and the hardness was derived from nanoindentation measurements. To consider
the substrates” influence on the latter, a correction approach was applied according to the
suggestion of Jonsson and Hogmark [20]. The results are compared to similarly fabricated
thin films of CoCrFeNi and WC, respectively, and for the hardness values, a comparison
with the literature is given.

2. Materials and Methods

Thin films were prepared by the simultaneous deposition of CoCrFeNi from a home-
made spark plasma-sintered (SPS) target of diameter 50 mm and WC using a commercial
sputtering target of diameter 100 mm (Plansee Composition Materials GmbH, Lechbruck
am See, Germany) on 5i(100) wafers of size 10 mm x 10 mm.

The SPS process was carried out in an SPS KCE FCT-HP D 25-SI system (FCT Systeme
GmbH, Frankenblick, Germany) by pressing two cylindrical graphite pistons against
CoCrFeNi powder fabricated via gas atomisation (Nanoval GmbH, Berlin, Germany). In
the sintering process, a disc of thickness 5 mm was formed by applying a constant pressure
of 50 MPa for 5 min while a temperature of 1050 °C was maintained.

The thin film deposition was carried out in an INOVAP CF503 system (INOVAP
GmbH, Radeberg, Germany) in an Ar atmosphere of 1.5 Pa with an Ar flow rate of 50 sccm.
Prior to deposition, the substrates were cleaned by radio-frequency (RF) etching in the
same Ar atmosphere for 5min. During the deposition, the substrates were oriented to
face both targets under an angle of 30° with respect to the surface, and kept at room
temperature. The distance between the substrate and each of the target surfaces was
approximately 160 mm. Before deposition, the targets were powered for 5 min to achieve
clean target surfaces and establish homogeneous sputtering rates for all elements. To vary
the ratio of CoCrFeNi and WC, the deposition powers for both targets were varied while
keeping the Ar flow, pressure, temperature, geometry and the deposition time of 15 min
constant for all mentioned samples. To compare the results of the HEA-WC films with the
unmixed constituents, we deposited CoCrFeNi and WC on Si(100) using only the respective
target facing the substrate surface parallel so that a deposition with normal incidence is
conducted. The deposition power was 200 W while the rest of the sputtering parameters are
as described above. In Table 1, the deposition parameters for all samples are summarised.
The film thickness was measured after the thin film deposition using a Dektak 8.35 Profiler
(Bruker Corporation, Billerica, MA, USA).

The composition of the thin films was estimated with two independent methods.
The surface stoichiometry was determined using X-ray photoelectron spectroscopy (XPS)
with Al K, radiation from a Specs XR50M X-ray source monochromatised with a Specs
Focus 500 monochromator. The photoelectrons were detected by a Specs Phoibos 150
analyser (SPECS Surface Nano Analysis GmbH, Berlin, Germany) and all presented XPS
measurements were conducted with a base pressure of 2 x 1079 mbar. Prior to the XPS
measurements, the surfaces of the prepared thin films were cleaned by Ar™ bombardment
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for 5min to minimise the contaminations and contribution of native oxides formed during
the transport between systems.

Table 1. Deposition parameters for the discussed samples (the time values refer to the actual
deposition time excluding presputtering).

Sample ngvﬁey}:_ﬁzafa‘;; Po‘xg le‘;ie(tw) Time (min)  Film Thickness (nm)
CoCrFeNi 200 - 15 201
PRO.5 100 200 15 197
PR1 200 200 15 305
PR2 400 200 15 411
PR4 800 200 15 443
PRS 800 100 15 481
PR20 1000 50 15 820
WC - 200 15 209

To investigate the bulk composition and gain information about the element distri-
bution, energy-dispersive X-ray spectroscopy (EDX) measurements were conducted. The
EDX detector of type Bruker X Flash 1510 (Bruker Corporation, Billerica, MA, USA) was
part of the Nova NanoSEM 200 electron microscope (FEI, Hillsboro, OR, USA) used to
analyse the surface morphology. EDX and scanning electron microscopy (SEM) data were
taken at 15kV to cover the energy range of the K, emission for Co, Cr, Fe and Ni and the L,
emission line of W in the EDX spectra. From the SEM images, the grain size was estimated
using the software WSxM (version 5.0 develop 9.1) [21].

The formation of crystalline phases was analysed by X-ray diffraction (XRD) measured
using a Rigaku SmartLab 9 kW with HyPix-3000 detector (Rigaku Corporation, Tokyo,
Japan). The XRD experiments were carried out in air using parallel beam geometry with
Cu K, radiation. Assignments of detected signals were done with the help of the Crystallo-
graphic Open Database (COD) plug-in (see, e.g., [22]) in the Rigaku SmartLab Studio II V
4.1.0.182 software.

The thin films hardness was measured using a UNAT nanoindenter (ASMEC GmbH,
Dresden, Germany) equipped with a Vickers measurement head. Taking into account
the small film thickness and relatively low hardness values typically reported for CoCr-
FeNi [12,13], a force of only 5mN was used for the hardness measurement. To further
investigate the influence of the substrate on the thin film hardness, a correction was applied
to the measured values according to the method reported by Jonnson and Hogmark [20].

3. Results and Discussion

To verify that the sputtered thin films contain a sufficient quantity of the involved
elements, the composition was determined via XPS and EDX measurements. Since XPS
is only sensitive to the topmost few atomic layers of a surface, an Art ion bombardment
step was performed to prepare clean, unoxidised surfaces prior to the XPS measurement.
The stoichiometry was calculated as the intensity ratio of the Co2pq,,, Cr2p3,,, Fe2ps,»,
Ni2p3 />, W4f and Cls core levels. For details about the calculation of elemental composition
for CoCrFeNi in XPS, see [18]. EDX data were obtained in a setup without the possibility of
pre-treatment, so the measured composition was expected to suffer from contaminations.
In Figure 1, the element content for Co, Cr, Fe, Ni, C and W is shown as a function of the
ratio of sputtering powers used to deposit the thin films. Additionally, results for the pure
WC and CoCrFeNi (HEA) samples are shown (see Table 1). It can be seen that the content
of the HEA elements is measured to have a similar percentage in all samples independently
of the method of determination. Only the Cr content appears to be slightly lower than Co,
Fe and Ni in the XPS measurements of the mixed films. This could be due to the fact that Cr
has the highest sputter yield among the involved elements, while the yield is rather similar
for Co, Fe and Ni (sputter yield calculation based on [23]) and therefore, the Cr content in
the surface region is most reduced during the Ar* bombardment step. A clear discrepancy
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between nominal and measured element content can be found for the C and W values in
nearly all samples and for both methods. The expectation for the W to C ration is 1:1 for all
samples which seems to be true only for the XPS measurement of sample PR20. Even for the
pure WC film, a significant difference between the measured content of C and W is detected
which seems to be inverted for the XPS and EDX measurement. An increased C content in
EDX might be partially due to surface contaminations which typically consist of various
adventitious carbon components. Furthermore, the C Ka emission necessary to determine
the stoichiometry in EDX strongly overlaps with various W lines with a much higher
intensity. Therefore, a high error in the automated composition calculation in the EDX
software (Esprit 1.8.5, Bruker Corporation, Billerica, MA, USA) has to be assumed. Since all
samples were cleaned in UHV prior to XPS measurement, the influence of contaminations
should be negligible, and indeed, the C percentage is clearly lower compared to EDX. This
significantly reduced C content in the XPS measurements suggests a depletion of carbon in
the surface region after the cleaning step. Considering the sputter yield again, it is reported
that carbon has the lowest atoms/ion sputtering ratio of the present elements [23], and thus,
the erosion of carbon during the Art bombardment is expected to be the lowest. Under
previous considerations, we have to assume that either the composition of the WC sputter
target does not follow the expected 1:1 ratio or that, during the deposition, the C atoms
undergo some unexpected effects and do not reach the substrate in a sufficient quantity.
From this point, we will discuss the mixed thin films on the basis of a WC content derived
as the sum of W and C percentage measured in XPS.
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Figure 1. Elemental composition for pure CoCrFeNi (HEA), WC and mixed thin films obtained from
XPS (J) and EDX () measurements.

The XRD patterns of the sputter-deposited mixed WC-CoCrFeNi thin films and pure
WC and CoCrFeNi references are shown in Figure 2. The substrate was Si(100) for all
samples and the strong Si(400) signal at 69.1° was suppressed by applying an offset of
3° to the X-ray source angle ©. Still a weak Si(400) residual can be seen for the pure
CoCrFeNi sample marked by an asterisk. Within the WC measurement, two peaks can
be related to the hexagonal Pém2 structure which is the common occurrence of tungsten
carbide. Furthermore, there are two additional peaks that have to be assigned to W,C (COD
database for Rigaku software, [22]). The formation of the latter was reported for WC films
prepared by sputter deposition [24] and seems to be in reasonable accordance with the XPS
results, suggesting a tungsten enrichment. A presence of more than 50% of W in the system
makes the formation of tungsten rich W,C parallel to WC seem at least possible, although
an additional component in the W core levels investigated with XPS has not been observed.
For the mixed films, only one rather broad peak is observed in the diffraction patterns.
With the increasing CoCrFeNi content, the 20 value of this feature shifted from 38.85° for
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PRO.5 to 43.05° in sample PR8. While the large half width of these peaks, ranging between
(6.7-12.7)°, suggests a structure formed by small polycrystalline grains, the shift to a higher
diffraction angle indicates a change in the lattice parameter to smaller values. Taking into
account the atomic radius of the elements involved, which is approximately (14-23)% larger
for W than for Co, Cr, Fe and Ni [25], it appears comprehensible to observe the transition
towards a smaller lattice constant with a reduced WC content. For PR20, a comparably sharp
peak can be observed at 43.65°. This value is close to the CoCrFeNi(111) peak detected for
the pure HEA thin film at 44.07° and in accordance with the literature [18,26]. According to
the stoichiometry previously discussed for PR20, the dominance of the CoCrFeNi structure
is assumed. In this sense, we identify the peak detected for PR20 as the (111) reflex of the
CoCrFeNi fcc-structure with a slightly increased lattice constant due to the presence of
approximately 15% WC.

IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
CoCrFeNi(111)
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Figure 2. X-ray diffraction patterns of the WC-CoCrFeNi mixed thin films and pure WC and CoCr-
FeNi for comparison. Assigned signals are labelled according to the Crystallographic Open Database
(see, e.g., [22]). The asterisk marks the residual of the suppressed Si(400) signal from the substrate.

In order to investigate the elemental distribution, EDX mappings were performed
for the mixed thin films. The obtained intensity maps are shown in Figure 3 for the Ka
excitation lines of C, Co, Cr, Fe and Ni and the La line of W along with the corresponding
secondary electron (SE) image, respectively. The intensity of the EDX signals was equally
scaled for each sample to display the best contrast. It can be seen that all elements are evenly
distributed in all samples and no hint for separated phases can be observed. From the SE
images, a change in morphology can be denoted. On samples PR0.5-PR4, no prominent
features can be resolved, even with higher resolution. For PR8, a fine-grained structure
is observed with an averaged grain size of (20 & 8) nm. Additionally, parallel lamellar
structures appear therein with an average normal distance of dxyy, = (353 £ 28) nm (for
an image of the lamellar structure with higher magnification see Figure S1). In the EDX
mapping of PR8, however, no similar structure is observable, which indicates an homo-
geneous stoichiometry even in the lamellae. Sample PR20 shows an enlarged grain size
compared to the previously discussed samples, with diameters in the range of (50-260) nm.
It is assumed that the formation of bigger grains is due to the increasing CoCrFeNi content.
A very similar structure was also reported for surfaces of pure CoCrFeNi prepared by
sputter deposition [18].



Coatings 2022, 12, 269 6 of 10

Figure 3. EDX maps and corresponding SE images for the WC-CoCrFeNi mixed thin films prepared
by magnetron co-sputtering. The mapped intensities for C, Co, Cr, Fe and Ni belong to the respective
Ka radiation lines; for W, the La intensity map is shown.
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To determine the hardness of the sputtered thin films, nanoindentation measurements
were carried out. For comparison, the pure WC and CoCrFeNi samples discussed before
were also analysed. On each sample, 10 measurements were conducted using a force of
5mN. The averaged hardness values are displayed in Figure 4 as a function of the WC
content obtained from XPS (filled black circles). To put the data into the context of existing
literature, published hardness values for pure CoCrFeNi [6,12,13], the WC [16,27] and
WC-CoCrFeNi mixed specimen [17] are shown as well (blue squares). For thin films, the
influence of the substrate on the measured hardness has to be considered, even for low
indentation forces. In an attempt to respect this fact, a correction was made as suggested by
Jonsson and Hogmark [20] to reduce—or even eliminate—the influence of the substrate on
the measured hardness. Accordingly, the film hardness H; can be estimated as

H. — H;s

Hp= Hy+ S5
2Ch —C2(3)

)
where Hjs is the substrate hardness, H. is the composite hardness—meaning the value
directly measured for the thin film /substrate system—t denotes the film thickness and D
is the indentation depth. The value C represents a geometry factor that accounts for the
difference in the elastic and plastic behaviour of the substrate and coating layer and the
geometry of a pyramid-shaped Vickers indenter of the face angle 136°. Assuming a higher
hardness for the Si substrate than for the WC-HEA layer, the value C = sin (22°) = 0.1403
was used in this work. Obtained values for the measured composite hardness, calculated
film hardness, indentation depth and film thickness of all sputtered samples we discussed
are summarised in Table 2.

Sample
CoCrFeNi PR20 PR8 PR4 PR2 PR1 PRO.5 wcC
2500 T T T T T T T T
2250 L [—®— HV (measured) i
0 ®)
I —O— HV (corrected)
2000 [ | m Literature values ]
> 1750 [ |(2) Nagy et al. Surf. Coat. Technol 386 (2020) (2) Ma et al. J. Alloys Compd. 827 (2020) c)m
E 1500 [ |(3) Jiang et al. Mater. Chem. Phys. 210 (2018) (4) Xu et al. Coatings 9 (2018) ®
% | |(5) M. Bauccio, ISBN: 9780871705020 (1994) (6) Miyoshi et al. J. Jpn. Soc. Powder 12 (1965)
@ 1250 em
o
= 1000 B m(1) i
% L I— / ]
750 |- 8/. §/§\§ .
500 %7 \(:)\é i
r 4)
250 |- -
[
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

WC content / %

Figure 4. Hardness values of the sputtered thin films as obtained from nanoindentation (black filled
circles) and after thin film correction according to [20] (empty circles) as a function of the WC content
determined by XPS. Literature values from [6,12,13,16,17,27] are presented for comparison (blue
squares). The error bars correspond to the maximum error approximation.

To obtain the substrate hardness, a pristine Si(100) wafer was probed in the same
manner as described for the thin films and a hardness value of Hy = (1140 + 56) HV was
obtained in good agreement with the literature [28,29]. The calculated hardness values for
all samples are displayed in Figure 4 as empty circles. The error bars shown correspond
to the maximum error approximation. The measured and corrected hardness values both
show a monotonic increase with a higher WC content within the realm of the error bars.
Although the calculated hardness is 5-25% lower than the directly measured value for
the mixed films and the pure CoCrFeNi layer, the similar trend indicates the reasonability
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of the correction method. On the other hand, the sputtered thin films seem to be thick
enough to almost neglect the substrate influence when using a force as low as 5mN. The
hardness obtained for the pure CoCrFeNi specimen in this work fits within the realm
of values available in the literature. Most data accessible for CoCrFeNi deal with HEAs
fabricated by arc melting methods [12-14] and the hardness reported therein is typically
3 (4) times smaller than our directly measured (calculated) values. For samples prepared
using sputtering techniques, much higher hardness values of up to 999 HV (9.8 GPa) were
recently reported by Nagy et al. [6]. In all of the sources mentioned, the hardness was
related to grain size and multiphase formation. In general, smaller grains and fewer parallel
existing crystal phases were mentioned as the driving force for hardness enhancement.
Although the CoCrFeNi sample discussed in this work exhibited only one peak associated
with the fcc (111) structure (see Figure 2), we obtained a comparably big grain size of
(210 £ 24) nm from the SEM images of the sample. Therefore, the hardness obtained in
our CoCrFeNi specimen seems to be reasonable. For mixtures of WC and CoCrFeNi
fabricated via vacuum hot pressing sintering (VHPS), hardness measurements are available
from Xu et al. [17]. For a nominal WC percentage of 10 wt.% (11.4 at.%) and 30 wt.%
(32.9 at.%), the hardness is therein given to be 475 HV and 531 HV, which fits the trend
of data obtained in this work. Zhou et al. published hardness values for mechanically
spark plasma-sintered alloyed powders of Co, Cr, Fe, Ni and WC [15]. For WC contents in
the range of (3-11) at.%, increasing hardness values between (603-768) HV are reported
and found to be in reasonable proximity to the values measured in this work. A larger
difference between the measured and corrected hardness can be denoted for the sputtered
WC reference. In this case, the calculated value differs by 36% from the measurement. Both
values are at least still in the realm of literature data ranging from 1300 HV to 2200 HV
depending on the WC crystal orientation [16]. Since XRD revealed a mixed formation of
various WC and W,C orientations, it appears expedient to find hardness values within this
range.

Table 2. Hardness values H. as measured via nanoindentation (black circles in Figure 4) and after the
thin film correction from Jénnson and Hogmark [20] Hf (empty circles in Figure 4). The indentation
depth D and film thickness t necessary to calculate H; is given for the sake of completeness.

Sample H. (HV) H; (HV) Indentation Depth D (nm) Thickness ¢ (nm)

WC 1538 £47 2099 £ 206 125+2 209
PRO.5 1108 =34 1050 £ 199 142 £2 197
PR1 925+28 696 £123 152 +2 305
PR2 895+ 27 742 + 84 152 +2 411
PR4 847 £26 686 £76 154 £2 443
PR8 740 £23 523 +71 166 £2 481
PR20 651 £20 588 + 33 174 +2 820
CoCrFeNi  523+16 391 +£90 190 £2 201

4. Conclusions

The fabrication of evenly mixed CoCrFeNi;_,(WC)y thin films by simultaneous mag-
netron sputter deposition from two targets was demonstrated. By the variation of the
deposition powers for both targets, the WC content of the mixed layers was tuned in
the range of (17-82) at.%. The composition was investigated using XPS and EDX. While
the percentage of HEA elements Co, Cr, Fe and Ni was in a near-equimolar range for all
samples, as confirmed by both methods, larger discrepancies were denoted for the W and
C contents. While the stoichiometry obtained from EDX is doubtable, at least for the C
content, elemental image mappings reveal an even distribution of all constituents. The
SEM images did not show an indication of the separated phases. Single phase formation is
further confirmed by X-ray diffraction wherein only one peak was observed for each of the
mixed films. A shift of this signal from 43.05° to 38.85° with an increasing WC percentage
is observed and interpreted as the transition from a CoCrFeNi dominated fcc structure
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into a WC-like phase. The Vickers hardness was determined by nanoindentation and
showed a monotonic rise from (651 & 20) HV to (1108 + 34) HV following the increasing
WC content. In an attempt to exclude the possible influence of the Si substrate on the
hardness measurement, the obtained values were corrected following the suggestion of
Jonnson and Hogmark [20]. Furthermore, for the corrected values, a similar trend with
slightly reduced hardness, in the range of (588 + 33 — 1050 & 199) HV was obtained. All
hardness data fit well into the scope of the existing literature, which is dominated by reports
on the arc melting and sintering processing of HEAs. For the first time, the deposition of
evenly mixed thin films of a HEA and WC in a wide range of compositions by magnetron
sputtering could be confirmed. The results presented in this work show the potential of
co-sputtering to increase mechanical properties of HEAs by adding a variety of additional
elements or compounds with high homogeneity and tuneable stoichiometry.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ coatings12020269/s1, Figure S1: SEM image of sample PR8.
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