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� Carbon addition improves corrosion
resistance, hardness, and crack
resistance.

� Thermodynamic calculations were
performed using the Calphad method.

� The calculations predicted carbide
formation, and Cr depletion from the
alloy phase .

� Carbide formation is suppressed to
form a homogenous amorphous
phase.
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This study explores carbon addition as a materials design approach for simultaneously improving the
hardness, crack resistance, and corrosion resistance of high entropy thin films. CoCrFeMnNi was selected
as a starting point, due to its high concentration of weak carbide formers. The suppression of carbides is
crucial to the approach, as carbide formation can decrease both ductility and corrosion resistance. Films
with 0, 6, and 11 at.% C were deposited by magnetron co-sputtering, using a graphite target and a sintered
compound target. The samples with 0 at.% C crystallized with a mixture of a cubic closed packed (ccp)
phase and the intermetallic v-phase. With 6 and 11 at.% C, the films were amorphous and homogenous
down to the nm-scale. The hardness of the films increased from 8 GPa in the carbon-free film to 16 GPa in
the film with 11 at.% C. Furthermore, the carbon significantly improved the crack resistance as shown in
fragmentation tests, where the crack density was strongly reduced. The changes in mechanical properties
were primarily attributed to the shift from crystalline to amorphous. Lastly, the carbon improved the cor-
rosion resistance by a progressive lowering of the corrosion current and the passive current with increas-
ing carbon concentration.
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1. Introduction

CoCrFeMnNi, also known as the Cantor alloy, is a material in the
class of high entropy alloys (HEAs) [1]. It was one of the first to be
classified as such and is now one of the most well-studied HEA
systems [2]. HEAs are defined as alloys of at least four metallic ele-
ments at close to equal atomic concentrations, and they character-
istically form a single phase with a simple crystal structure.
CoCrFeMnNi typically forms a single cubic close-packed (ccp)
phase at high temperatures (often referred to as face-centered
cubic (fcc)), but multiple phases can form when synthesizing at a
lower temperature or during annealing [3,4]. In our previous work,
we have observed that sputtering the alloy at room temperature
forms metastable phases limited by the low rates of elemental dif-
fusion; in our case ccp and the intermetallic v-phase (I-43 m) [5].
CoCrFeMnNi is interesting due to its mechanical properties, includ-
ing a high fracture resistance at cryogenic temperatures [6], and
has exhibited a similar passivation mechanism to that of stainless
steel, through the formation of a chromium oxide-rich surface film
[7]. Compared to steel, it contains higher concentrations of the
more expensive elements, such as Co and Ni, so one way to use
the material while limiting the costs is to deposit it as a thin film
on lower-cost substrates. In this study, we will explore its use as
a magnetron sputtered thin film for corrosion protection, and
simultaneously modifying several material properties by adding
carbon.

A growing field in need of new corrosion-resistant materials is
that of polymer electrolyte membrane (PEM) fuel cells, the most
common fuel cell in hydrogen vehicles. Due to the low pH inside
the cell and the variable voltage during operation, steel
components, such as the bipolar plates, undergo corrosion, causing
a degradation of the cell performance. The low durability of these
materials has become one of the limiting factors for the wide-
spread use of fuel cell technology [8]. To improve the lifetime of
the cells, bipolar plates can be coated with thin films to increase
their corrosion resistance [9]. The corrosion resistance must, how-
ever, be combined with additional material requirements. In many
cases, a roll-to-roll deposition of stainless-steel substrates is
applied to reduce the manufacturing cost. The flow channels must
then be created post-deposition by stamping, meaning that the
films need to be highly formable to avoid crack formation. They
must also resist scratches and wear. The films must, therefore,
meet high demands regarding corrosion resistance, hardness, and
crack resistance. This combination of properties is versatile, but
rare, as there is typically a trade-off between the hardness and duc-
tility of materials. We have selected equimolar CoCrFeMnNi thin
films deposited by magnetron sputtering as a starting point in
the search for a multifunctional material that meets the above-
mentioned three requirements.

The materials design approach we will explore is the addition of
carbon to the films by co-sputtering. Carbon addition to this alloy
has as yet only been tested with bulk techniques. Chen et al. [10]
studied the addition of up to around 4 at.% C to bulk samples of
CoCrFeMnNi, and observed an increase in strength with increasing
carbon content, attributed to interstitial and precipitation harden-
ing. The ductility also increased up to 1 at.% C, which was explained
by a formation of twins that postponed necking during the tensile
tests, something that would not necessarily benefit the tensile
strength of coatings. However, at higher carbon concentrations,
the carbide precipitation embrittled the material [10]. In sputtered
Cr films, carbon has been shown to improve corrosion resistance,
by forming a protective carbon-enriched layer that inhibits the cor-
rosion [11]. However, in the case of CoCrFeMnNi, the formation of a
crystalline carbide leads to a segregation of the elements, including
2

the depletion of Cr from the alloy phase [10]. Since Cr is the main
passivating element, this could lead to preferential corrosion of the
Cr-depleted regions. This effect was seen in CoCrFeMnNi bulk sam-
ples with 0.5 at.% C, where the Cr-depletion was detrimental to the
pitting corrosion resistance [12].

The low solubility of C in CoCrFeMnNi, leading to carbide pre-
cipitation, clearly limits the benefits of carbon addition, as both
the ductility and the corrosion resistance decrease after adding
only a few at.% C due to the Cr-rich carbide. This limitation can
be overcome by sputter deposition. During sputtering, the atoms
are rapidly quenched from the gas to a solid phase, so that the
phase formation often is governed by diffusion kinetics, and meta-
stable phases can be obtained. This has already been used as a
strategy to overcome the trade-off between hardness and crack
resistance for both single element [13] and HEA [14–16] thin films,
where the formation of carbides was suppressed in favor of super-
saturated solid solution of carbon in the alloy. Carbon addition to
the CoCrFeMnNi system is particularly interesting as it consists
of only relatively weak carbide formers, and the known carbides
all have complex structures with large unit cells that would require
considerable atomic diffusion to form [17]. We expect the high
concentration of weak carbide formers to increase the chance of
carbide suppression.

While there is a range of widely accepted techniques for quan-
tifying corrosion resistance, suitable methods are still under dis-
cussion regarding the mechanical characterization of thin films.
To quantify the elastic properties and hardness, nanoindentation
is typically used, most often applying the Oliver and Pharr method
to calculate hardness and Young’s modulus [18–20]. This method
assumes an elastic–plastic behavior of the film and is therefore
not applicable in the case of fracture. Quantitative measures such
as the ratios H/E or H3/E2 have been used as proxies for the fracture
toughness, but the correlation between these ratios and the num-
ber of cracks has only been proven for a few brittle material sys-
tems [21]. Cracking caused by nanoindentation can be analyzed
[22] but is complicated due to the complex stress states and the
influence from the substrate [23]. More direct approaches are
available, but require extensive sample preparation and are not
useful for films thinner than a few microns [24].

There is clearly a need for a simple way of characterizing frac-
ture behavior of thin and ductile films. In this study, we will
explore fragmentation testing of the films on polymer substrates.
The coated substrates are stretched inside an electron microscope,
and observations are made on the cracking behavior during
increasing uniaxial stress. Such a cracking mechanism has been
observed for a variety of film materials and thicknesses [25–27].
Considerable fracture data can be generated from only one frag-
mentation test, and the tensile strength distribution [28] and frac-
ture toughness [29] of the films can be estimated. The simplicity of
the test and the range of possible material systems makes it a suit-
able choice in this study case.

In this work, we evaluate carbon addition to CoCrFeMnNi thin
films, as a way to increase the hardness, crack resistance, and cor-
rosion resistance of the material. The phases of the CoCrFeMnNi(C)
system are evaluated through thermodynamic calculations with
the Calphad method. Thin films of equimolar CoCrFeMnNi with
up to 11 at.% C are deposited using magnetron co-sputtering and
characterized using diffraction, electron microscopy, and photo-
electron spectroscopy. To study the elastic properties and hard-
ness, nanoindentation is used, and we test and evaluate
fragmentation tests on a coated polymer substrate as a method
for studying the crack resistance. Electrochemical tests and analy-
ses of the electrolytes with inductively coupled plasma mass spec-
trometry are used to evaluate the corrosion resistance.
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2. Experimental

2.1. Thermodynamic calculations

The Calphad approach is amethod to describe phase-based prop-
erties in multicomponent, multiphase materials systems which has
been extensively applied to describe the thermodynamic properties
of alloys. In the case of Calphad thermodynamics, it is the Gibbs free
energy of each phase that is computed, and the resulting Gibbs free
energy expressions are then stored in databases. Calculationswhere
thermodynamic information is needed as input; e.g., calculations of
multicomponent equilibrium phase diagrams, can then be per-
formed. In the current work, Calphad thermodynamic calculations
were used to obtain the phase fractions and phase compositions
for the CoCrFeMnNi(C) system at equilibrium. For this, the
Thermo-Calc software packages [30] and the Calphad thermody-
namic database for HEAs, version three, from Thermo-Calc [31,32]
(TCHEA3)were applied. The obtained results were used as guidance
when interpreting the experimental data.
2.2. Synthesis

Thin films were deposited through unbalanced dc magnetron
sputtering, using a graphite target from Kurt J Lesker (99.999%
pure) and a composite CoCrFeMnNi target from Plansee Composite
Materials, Germany. The CoCrFeMnNi targets were produced by
spark plasma sintering, mixing powders of the five elements with
average grain sizes between 10 and 45 mm and maximum grain
size of 80 mm. Sintering was performed in vacuum for 10 min at
780 �C, applying a pressure of 30 MPa to the powders in a graphite
mold. The short sintering time allowed a dense and fine-grained
material to form, without alloying or formation of intermetallic
phases, which might aggravate the machining of the targets. The
resulting targets were equimolar, as quantified by X-ray fluores-
cence spectroscopy (XRF), 98.5% pure (at.%) with contamination
of mainly oxygen, and had a density of 7,5 g/cm3. As for the film
deposition, the method is described in a previous publication [5],
detailing the deposition geometry, pressure and flow of Ar gas,
substrate rotation, and handling of the substrates. In this study,
no active heating was used, which resulted in a varying substrate
temperature of 20 to 85 �C, the metal target power was 150 W
and a substrate rf bias of �100 V was selected. The target power
of the graphite target was then varied to obtain different carbon
contents, while all other sputter parameters were held constant.
These synthesis parameters, particularly a high substrate bias for
all samples, were selected to obtain a sample series with a dense
microstructure and to minimize variations in surface roughness.
This is required to obtain a high corrosion resistance and compara-
ble results throughout the sample series. The deposition time was
around 60 min, resulting in films of approximately 500 nm thick-
ness. All films were deposited on two types of substrates, Si sub-
strates with a 1.5 lm thick amorphous oxide grown by dry
oxidation, chosen to facilitate the characterization of the crystal
structure by diffraction, and 4 by 11 mm polyimide strips suitable
for the fragmentation tests.
2.3. Characterization

2.3.1. Composition, structure, and morphology
Themorphology of the films was studied with scanning electron

microscopy (SEM). Cross-section electron imageswere recorded in a
Zeiss Merlin instrument using the in-lens detector and a field emis-
sion gun (FEG) operating at 3–5 kV acceleration voltage. The relative
concentrations of all five metallic elements were recorded by
energy-dispersive X-ray spectroscopy (EDX), using an 80 mm2 sili-
3

con drift detector in a Zeiss 1530 instrument with a voltage of
15 kV, and analyzed using the Aztec (INCA energy) software.

The carbon and oxygen concentrations were measured using X-
ray photoelectron spectroscopy (XPS) sputter profiles, in a PHI
Quantera II 2000 scanning XPS microprobe with monochromatic
Al Ka radiation. The analysis area was 100 lm2, and the samples
were etched using 200 eV Ar+ ions in steps, after which the bulk
concentration was calculated by averaging three steps with stable
peak intensities. The C 1 s and O 1 s peaks were used to calculate
the relative concentrations, using sensitivity factors determined
with time-of-flight elastic recoil detection analysis (ToF-ERDA)
using two standard samples of similar composition. The same
instrument was used to record high-resolution spectra of the bulk
film after the sputter ion etching.

The crystalline phase content of the films was studied using
grazing incidence X-ray diffraction (GI-XRD) in 0.02� steps with
2 s/step, on a Siemens D5000 instrument with parallel Göbel mir-
ror and parallel plate collimator with 0.4� divergence.

Cross-sections of the samples with 0 at.% and 11 at.% carbon
were prepared for transmission electron microscopy (TEM) analy-
sis using a focused ion beam in a scanning electron microscope
(FIB-SEM, FEI Strata DB235). The samples were then mounted on
a Cu lift-out grid and a focused 30 kV Ga ion beam was used to thin
them to electron transparency. This was followed by a polishing
step using 5 kV Ga ions to reduce the thickness of the surface dam-
aged volume. The TEM analysis was performed at 200 kV with a
probe corrected FEI Titan Themis equipped with the SuperX system
for EDX. Selected area electron diffraction (SAED) patterns and hol-
low cone dark field (HCDF) images were recorded in the TEM
mode. The SAED patterns were evaluated with the programs Cryst-
Box [33] and JEMS [34]. EDX maps were acquired in the scanning
TEM (STEM) mode and evaluated with the software ESPRIT 1.9
by Bruker.

2.3.2. Mechanical tests
Nanoindentations were performed with a CSM instrument. A

Berkovich diamond tip was used to evaluate the hardness and elas-
tic modulus of the films with indents performed at a loading rate of
2.5 mN/min down to a depth of 50 nm, which corresponded to
approximately 10% of the film thickness. The indentation hardness,
H, and reduced Young’s modulus, Er, were calculated using the
Oliver-Pharr method [20]. A cube corner diamond tip was then
used to study the deformation qualitatively by performing indents
of different depths down to 1250 nm, e.g. more than twice the film
thickness, at a rate of 5 mN/min. The cube-corner tip was used to
achieve a higher strain for the same load compared to the Berko-
vich tip, thus increasing the probability of crack formation. These
indents were studied with SEM imaging in the Zeiss Merlin instru-
ment described in 2.3.1., using a secondary electron detector and
different sample tilts. For both types of indents, load control and
an acquisition rate of 10 Hz were used, and the tips were calibrated
with Al2O3.

To qualitatively study the crack resistance of the samples in the
carbon series, in situ fragmentation tests [28] were carried out. The
tests were performed using a Hitachi scanning electron microscope
operating at 15 kV acceleration voltage and a Deben tensile stage,
on samples deposited on 4x10 mm2 polyimide strips. The samples
were stretched using a displacement rate of 0.1 mm/min while
monitoring in-situ the crack accumulation in the coating. Fragmen-
tation diagrams were obtained by plotting the crack density, CD, as
a function of tensile straine. The fragmentation diagram is repre-
sented by the empirical cumulative distribution function or proba-
bility of failure in the fragmentation tests (except close to crack
saturation) [25]

F1 ¼ CD rð Þ=CD1 � 1� exp � r=r1ð Þq� � ð1Þ
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where r is the thin film stress and q and r1 are the Weibull shape
and scale parameters, respectively. Here, the thin film strength and
the experimental scatter are represented by Weibull parameters
[35]. Another way to measure the crack resistance is by using frac-
ture mechanics. The main material property is the fracture energy
or the critical energy release rate [29]

G ¼ p=2 hE
�
e2onsetg aD; bDð Þ ð2Þ

at the crack onset strain (COS), where h is the thickness of the thin

film, E
�
¼ Ec=ð1� mc2Þ is the plane strain tensile modulus of the thin

film, eonset the crack onset strain whereas gðaD;bDÞ is a dimension-
less function of the Dundurs parameters [36]. In this section, the
residual stresses of the thin films were not considered since the
deposition was carried out at room temperature. The fragmentation
tests were also performed several days after the coating deposition,
allowing stress relaxation in the polymer substrate.

2.3.3. Electrochemical tests
In the electrochemical experiments, a three-electrode electro-

chemical cell was used in connection with an SP-300 BioLogic
potentiostat (BioLogic Science Instruments). A 0.05 M H2SO4 aque-
ous solution served as the electrolyte and the thin film samples
were used as working electrodes. The reference electrode was an
Ag/AgCl (3 M NaCl) reference electrode (RE) whereas a Pt wire
functioned as the counter electrode (CE). All measurements were
performed at room temperature. Firstly, the samples were kept
in the electrolyte solution for 40 min under open circuit potential
(OCP) conditions, after which the electrolyte was collected and
analyzed with inductively coupled plasma mass spectrometry
(ICP-MS). Electrochemical impedance spectroscopy (EIS) measure-
ments were then carried out at the OCP within an applied fre-
quency range from 100 kHz (initial frequency) to 100 mHz (final
frequency), using an ac amplitude of 10 mV. The recorded spectra
were plotted as Nyquist plots. Following that, potentiodynamic
polarization curves were recorded to evaluate the corrosion resis-
tance of the films. A potential range from �0.3 vs. the OCP to 1.5 V
vs. Ag/AgCl and a scan rate of 5 mV/s were used in these tests.
Additionally, chronoamperometry (CA) experiments were per-
formed on the samples, for two hours at 0.4 V and 1.3 V vs. Ag/AgCl
respectively, after which the electrolyte was subjected to ICP-MS
analyses. The ICP-MS analysis method is described in the support-
ing methods.

3. Results and discussion

3.1. Thermodynamic calculations

The elemental compositions of the samples are presented in
Table 1; three compositions containing 0, 6, and 11 at.% C, respec-
tively, were chosen for analysis. Using the Calphad method, the
phase fractions and phase compositions at equilibrium were calcu-
lated for the three sample compositions. For the carbon-free sam-
ples, the calculations agreed with several examples in the
literature [3], predicting a single ccp phase above 800 �C and phase
Table 1
The atomic composition of all films measured by EDS and XPS.

C target

Power (W) Cr Mn

0 18 18
87 18 13
167 18 10

4

mixture of a ccp phase, a r-phase, and a bcc phase below this
temperature.

Fig. 1(a) and (b) show the equilibrium phases for 6 and 11 at.% C,
respectively, as a function of the temperature. For both composi-
tions, the predicted phases at temperatures above 600 �C are a ccp
phase and the metal carbide M7C3. This carbide has a complex
hexagonal structure (space groupP63mc),with a unit cell containing
80 atoms. In Fig. 1 (c) and (d), the compositions of the M7C3 carbide
as a function of the temperature are shown. The carbide consists of
30 at.% C, 50–70 at.% Cr (lower Cr concentration is seen for higher
carbon content) and small amounts of the remaining elements, with
Mn and Fe being slightlymore abundant than Co and Ni. This agrees
with the results obtainedbyChen et al. for 2–4 at.% C [10]. It is also in
line with current knowledge on carbide formation as Cr and Mn are
known to form thermodynamically stable carbides, while the car-
bides of Fe, Co, and Ni are metastable [37]. Furthermore, the carbon
affinity decreaseswith increasing group number for the d-block ele-
ments [17]. The ccp phase (presented in Fig. 1 (e) and (f)) is depleted
of Cr and contains only a few at.% C. An FeCo-rich bcc phase appears
below600 �C for both compositions and consists of around 45 at.% of
eachmetallic element,with about 10 at.% C. Lastly,with 6 at.% C, ar-
phase with the approximate formula Cr21Mn32Fe31Co14Ni2 is found
below500 �C.With11 at.% C, ther-phase is not present, and instead,
a second metal carbide with the formula Cr3C2 is formed below
600 �C (orthorhombic, space group Pnma).

The Thermo-Calc Software TCS High Entropy Alloys Database
version 3 (TCHEA3), which was used for the present calculations,
includes thermodynamic assessments of the full temperature and
compositional range of all the binary sub-systems of the included
elements. It also includes assessments of eleven out of twenty of
the ternary sub-systems, including six of the ternary metal–carbon
systems. While a lot of work has been published on thermody-
namic calculations of the phases in HEAs [38] and some work
specifically validating the calculation on the CoCrFeMnNi system
[3], there are only a few examples of calculations of multicompo-
nent systems with added carbon [39–41]. To support the calcula-
tions in this paper, we have compiled the observed phases in
known bulk studies of CoCrFeMnNi with added carbon and com-
pared them to the equilibrium phases calculated using the TCHEA3
database. The list can be found in the Supporting Results (SI
Table 2). A section of the phase diagram with varying C content
and equiatomic CoCrFeNiMn, with up to 10 at.% C is also presented
(SI Fig. 1). The experiments and calculations show relatively good
agreement. A single ccp phase with interstitial carbon is stable at
up to 0.8 at.% C at 1200 �C and the solubility decreases with
decreasing temperature. At higher carbon concentrations, a phase
mixture of ccp and the carbide M7C3 is expected, and at lower tem-
peratures, a r phase and a M23C6 carbide are stable. From this first
assessment of validity, we can conclude that the calculations and
experiments show relatively good agreement in samples with a
few at.% C, and that they correctly predict phase equilibria with
metal carbides at carbon concentrations higher than 0.8 at.%. It
should be noted that, due to the lack of thermodynamic data at
low temperatures, a prediction of the equilibrium phases at the
synthesis temperature (20–85 �C) with the Calphad method would
Concentration (at.%)

Fe Co Ni C

21 21 22 0
21 21 21 6
20 20 21 11



Fig. 1. The results from Calphad thermodynamic calculations for the equimolar CoCrFeMnNi system with 6 and 11 at.% added carbon, following the compositions in Table 1.
(a-b) the predicted phase fractions, (c-d) the composition of the M7C3 phase, and (e-f) the composition of the ccp phase, as a function of the temperature.

Table 2
Summary of material properties for the sample series, sorted with respect to the characterization technique.

Nanoindentationa Fragmentation testsb Polarization curves

Sample ID HIT
(GPa)

Er

(GPa)
COS
(%)

r1
(GPa)

q
(-)

G
(J/m2)

Ecorr

(V)
jcorr
(A/cm2)

jpassivec

(A/cm2)
0 at.% C 7.9 ± 0.4 180 ± 5 0.62 ± 0.06 2.0 2.8 31 ± 8 �0.28 8�10�6 1�10�5

6 at.% C 14.1 ± 0.6 173 ± 4 0.8 ± 0.3 3.8 2.5 44 ± 42 �0.21 9�10�7 2�10�6

11 at.% C 15.9 ± 0.6 183 ± 2 1.1 ± 0.2 3.9 2.4 86 ± 51 �0.18 8�10�8 5�10�7

Abbreviations: HIT: indentation hardness, Er: reduced Young’s modulus, COS: crack onset strain, r1: Weibull scale parameter, q: Weibull shape parameter, G: fracture
energy, Ecorr: corrosion potential, jcorr: corrosion current density, jpassive: passive current density.

a The uncertainties are the standard deviations from 20 indentations performed on one sample.
b The uncertainties are the standard deviations from tensile tests on three separate samples.
c (at 0 V vs. Ag/AgCl).
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be uncertain. The results from this section can only be used to pre-
dict the results of annealing or synthesis at higher temperatures.

Based on these results, it would not be possible to achieve
carbon-containing CoCrFeMnNi with the desired qualities through
traditional bulk methods, such as melting or casting. The formation
of the M7C3 and M3C2 carbides, although it might increase the
hardness, would embrittle the material. The segregation
of the metallic elements, particularly the depletion of Cr from the
alloy phases, would likely lead to more rapid corrosion of these
5

phases, as they cannot form the passivating Cr-rich surface oxide
[42].

3.2. Composition, structure, and morphology

As can be seen in Table 1, the films sputtered with an equimolar
composite target displayed close to equimolar ratios for the carbon-
free samples, with a slightly lower concentration for the lighter ele-
ments and vice versa. The concentration of Mn decreases greatly



Fig. 2. Results from GI-XRD measurements of the samples. The darker line for each
composition denotes films deposited on oxidized Si whereas the lighter lines
represent films deposited on polyimide. The diffractogram for the polyimide
substrate is shown in grey color at the bottom of the graph. All intensities are
background subtracted.

Fig. 3. Bright-field STEM images and the corresponding SAED patterns of a)-b) the
sample with 0 at.% C, and c)-d) the sample with 11 at.% C.

Fig. 4. Core-level XPS spectrum of C1s peak. The striped regions indicate the energy
intervals given in the literature for the C-C [49] and the C-Me [46–48] binding
energies.
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with increasing carbon content. This was linked to the increase in
the graphite target power during the deposition combined with
the use of the rf substrate plasma, probably leading to a change in
the plasma density close to the growing film. This in turn appears
to have led to faster preferential sputtering of Mn. It is not clear
why the plasma conditions affected Mn to a greater extent, but it
may be of importance that it is the most volatile of the five metallic
elements, that it has the most rapid diffusion within this alloy [43],
and, asweandothergroupshave reported [5,44], that it tends to seg-
6

regate to the grain boundaries in thematerial. The oxygen content in
all the films was below 1 at.% in the bulk.

In Fig. 2 the effect of the carbon on the crystal structure is pre-
sented. The structures appeared to be the same on the oxidized Si
and the polyimide substrates. For the carbon-free samples, a phase
mixture of ccp and v-phase was found, as shown by the ccp(111)
peak and clusters of multiple v-phase peaks. The identification of
the crystalline phases, which was done by a combination of
selected area electron diffraction (SAED) and XRD, is explained in
a previous publication [5]. Although ccp and v-phase were the
main identified phases, a r-phase could not be excluded. The
two carbon-containing samples appeared X-ray amorphous and
no evidence of a crystalline carbide phase was found.

The SAED patterns depicted in Fig. 3(b) and (d) confirm the
change from crystalline to amorphous, as is also apparent from
the lack of contrast in the bright field STEM images (Fig. 3(c)).
The same change in morphology is depicted in the tilted cross-
section SEM micrographs of the films, presented in the
supplemental results (SI Fig. 2). After the addition of carbon,
the films are smooth and appear free from grain boundaries or
other features at this degree of magnification (250 k x), an effect
tied to the amorphous nature of the films. The fracture surface of
the 11 at.% C sample exhibits the typical vein pattern caused by
shear band formation [45]. The EDX results for the films with 0
at.% and 11 at.% C, shown in the supporting information (SI
Fig. 3), display a uniform distribution of the elements down to
the nm-scale.

The core-level XPSC1s spectra in Fig. 4 showpeaks at 283.1 eV for
the samples with added carbon, a binding energy typical for a car-
bidic environment in amorphousMe-C films of similar composition
[46–48]. Little to no contribution from free carbon is found, as seen
by some diffuse intensity around 285 eV [49]. It can therefore be
concluded that the carbon is fully incorporated into the amorphous
alloy, binding almost exclusively to the metallic elements. Since
there is no clear distinction in the nature and bond strength of car-
bon in metal carbides and in solid solutions, no conclusions could
be drawn with XPS alone regarding the formation of a crystalline
metal carbide. These results are a complement to the diffraction
with XRD and SAED in TEM, which indicate that no such carbide
was formed. Neither do these results reveal preferential bonding
to any one metallic element. The reported shift in C1s varies more
between values reported for the same carbide in different studies
(e.g. 282.9–283.5 eV for Cr7C3 [50–52]) than between carbides of
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the different metals (e.g. 283.3 eV for amorphous Fe-C [48]). A sep-
arate studywill be published in the near future on the local environ-
ment of the carbon, using Hard X-ray Photoelectron Spectroscopy
(HAXPES) and Near Edge X-ray Absorption Spectroscopy (NEXAFS).
Due to several large overlaps with Auger lines, the 2p spectra of
the five metallic elements were not included in the study.

The addition of carbon to sputter-deposited metallic films has
been explored for many metals and alloys [15,53]. At low carbon
contents, an interstitial solid solution of carbon in the metallic lat-
tice is typically formed. The extent of carbon solubility varies with
the metallic element as well as the crystal structure. As explained
in the introduction, the fast quenching during the sputtering can
yield a solid solution of carbon with higher carbon content than
is thermodynamically favorable, if the formation of this phase
requires less atomic diffusion than that of the carbide [13,14].
Beyond a certain carbon concentration, the energy cost of supersat-
uration is too high and no more carbon will be accommodated into
the metal lattice. For metallic elements with high carbon affinities,
the formation of a crystalline carbide phase will be more favorable.
At even higher carbon contents, the films can become amorphous
or they can form a nanocomposite of carbide particles in a carbon
matrix [53]. If the alloy contains weaker carbide formers, the for-
mation of a crystalline carbide can be entirely avoided and the car-
bon concentration required for amorphization is decreased [54]. It
should be noted that, while the composition has a great influence
on the likelihood of forming amorphous materials, the effect of
sputter process parameters cannot be ignored, as they govern the
extent of ad-atom diffusion.

The films in our study are amorphous with both 6 and 11 at.% C,
with no evidence of the Cr-rich carbide that was predicted by the
thermodynamic calculations. This phase was clearly suppressed,
following the principles explained above. The effect of the limited
atomic diffusion during sputtering could be particularly
pronounced for the present composition; the formation of the lar-
ger M7C3 or M3C2 unit cells would require more extensive atomic
diffusion, compared to the simple NaCl structures formed by the
earlier transition metals.

A fundamental question tied to the phase formation in this study
is whether the multicomponent and equimolar composition of the
alloy affects the tendency to form amorphous films upon carbon
addition. Two examples from the literature suggest that an amor-
phousmaterial is preferred to a supersaturated solid solution of car-
bon in equimolar compositions. Firstly, in a parallel to the films in
this study, thin films of 316L stainless steel (the composition was
Fe69Cr18Ni11Mo2) [46]weredepositedwith carbonaddedby reactive
magnetron sputtering. For these films, a solid solutionwas reported
to be stable with up to 15 at.% C, after which an amorphousmaterial
was formed. Analogous results were obtained in a study focusing on
magnetron sputtered CrNbTaTiW with added carbon [14,55]. Here,
the addition of 8 at.% carbon resulted in an amorphous film for the
near-equimolar (slightly Cr-enriched) metal composition, while
the same amount of carbon in a non-equimolar TaW-rich composi-
tionwasdissolved in themetallic lattice. This is an interestingobser-
vation, and further studies should be conducted to test if the
Fig. 5. Secondary electron SEM micrographs of indents performed with a cube
corner diamond tip, for 0 at.% and 6 at.% C. The indent depth is 1250 nm, which
corresponds to more than twice the film thickness. The samples were tilted 59�
with respect to the electron beam.
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equimolar alloys exhibit an earlier destabilization of the solid solu-
tion compared to conventional alloys.

3.3. Mechanical properties of the films

The nanoindentation results, presented in Table 2, show that
the indentation hardness, HIT, increased with the carbon content.
The largest increase was seen between the samples with 0 and 6
at.% C, which had hardness values of 7.9 and 14.1 GPa, respectively.
A smaller difference was seen between the two carbon-containing
samples, though the sample with 11 at.% C was found to be signif-
icantly harder (using a two-tailed t-test with a = 0.01), with a value
of 15.9 GPa. No trend could be discerned regarding the reduced
Young’s modulus, Er, which was similar for all three samples.
Finally, the ratio H/E increased, from 0.04 to 0.09. As discussed ear-
lier, it is not fully established what the relationship between H/E
and the crack resistance is for ductile materials [21]. Nevertheless,
the increase suggests an improved fracture toughness.

Fig. 5 shows SEM images of indents obtained using a cube corner
tip for the samples with 0 at.% and 6 at.% C. The two carbon-
containing samples displayed the same deformation behavior. The
indent to 1250 nm, which corresponds more than twice the film
thickness, formed no cracks for either sample. Both samples dis-
played a continuous plastic deformation with pile-up formation
(for the indentations at several depths see Supplemental results SI
Fig. 4). For the filmwith 6 at.% C, the pile-upwas composed of many
bands, indicating a more uneven deformation mechanism. The
bands can be related to pop-in events present in the load vs. depth
curve (not shown). This serrated flow is typical of metallic glasses
[56,57], and each visible band can be related to the activation of a
shear band [45]. The absence of cracks shows that this method is
not suitable for testing the crack resistance of materials with this
high ductility.

To further investigate the mechanical performance of the thin
films, fragmentation tests were performed. In Fig. 6, SEM micro-
graphs show representative images of the thin films at different
strains during the fragmentation test on polyimide substrates, with
cracks appearing perpendicular to the direction of the strain. For
the carbon-free sample, the cracks propagated through the entire
width of the thin film directly upon crack onset, as shown in micro-
scope images (Fig. 6, upper left), whereas for carbon-containing
thin films, the crack propagation was mainly initiated at the edges
and propagated progressively across the width of the thin film
(Fig. 6, second and third rows). The number of cracks decreased
with increasing carbon concentration at all strains, with the most
notable difference between the carbon-free thin film and the two
amorphous carbon-containing ones.

Fig. 7(a) shows the crack density as a function of tensile strain
for the three samples. The dots are experimental data and the solid
curve corresponds to the empirical distribution function Eq. (2). A
higher density of cracks was found for the carbon-free thin film.
The accumulation of many cracks also gives information on the
scatter in the strength of the thin film material which is of engi-
neering importance for the mechanical integrity of thin films.
The scatter is commonly represented in Weibull plots, from which
the distribution parameters can be directly deduced from the slope
and intercept of the linear regression line. The offset to higher val-
ues for the carbon-free thin film in the Weibull plot in Fig. 7(b)
shows a difference in the modal or typical value defined by the
scale parameter, r1. The difference in slopes shows a difference
in the scatter of the strength, given by the shape parameter q.
The distribution parameter values are presented in Table 2, with
the main result being that both the strength and the scatter are
lower for the carbon-free thin film compared with the carbon-
containing ones. This indicates that the addition of carbon results
in stronger films with a more heterogeneous cracking behavior.



Fig. 6. SEM micrographs of the samples deposited on polyimide substrates. The images are taken during the fragmentation tests to show the cracking evolution at 1%, 1.7%
and 2.5% of tensile strain for each carbon content thin film.

Fig. 7. (a) Fragmentation diagrams for 0% carbon, 6% carbon, and 11% carbon thin films with their correspondent (b) Weibull plots.
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The calculated fracture energies at the crack onset, G, are
reported in Table 2. They suggest an increase in G with increasing
carbon concentration. However, this change is not statistically sig-
nificant given the high standard deviation. Large scatter for frac-
ture energy in thin films is not unusual at the crack onset
[58,59], since it is typically controlled by the largest flaw. This
means that a very large number of samples is needed for compar-
isons of materials. An F-test (a = 0.05), however, showed that there
was a significant difference in variance for the crack onset strain
8

between the sample with no carbon compared to the carbon-
containing samples. This suggests that the crack formation mecha-
nism is different for these materials.

The observed trends in the mechanical properties of the films
can be related to the change in the structure from crystalline to
amorphous, causing the plastic deformation mode to change from
dislocations to shear banding [45]. Metallic glasses are generally
harder than crystalline alloys, and the indents in Fig. 5 display a
typical deformation mechanism with activation of individual shear
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bands. While metallic glasses are generally known for their low
ductility in tensile tests, some exhibit a very high ductility [60].
Another effect that seems to be related to the amorphous nature
of the films is the increased scatter in the crack onset strain as well
as the continuous formation of cracks, indicating a less predictable
cracking behavior. The deformation mechanisms of this system
require more in-depth studies, to understand the relatively high
crack resistance of the amorphous films and to clarify why the
hardness continues to increase with the addition of carbon once
amorphous films are already achieved.
3.4. Influence of carbon content on the corrosion resistance

The first step of the corrosion study was a 40-minute-long
period at the open circuit potential (OCP), which was about
�0.1 V, �0.02 V, and 0.06 V vs. Ag/AgCl for the samples with
0, 6, and 11 at.% C respectively. After this step, the electrolyte
was collected, and the metal ion concentrations were deter-
mined with inductively coupled plasma mass spectrometry
(ICP-MS). The higher OCP values for the carbon-containing sam-
ples indicate that the corrosion reactions were slower. The metal
ion concentrations are presented in the supporting information
(SI Table 3). The overall metal concentration in the electrolyte
was found to be 15% lower for the sample with 11 at.% C than
for the carbon-free sample. For the samples with both 0 and
11 at.% C, the relative concentrations of Mn and Fe were higher
in the electrolytes than in the films (see Table 1), while the rel-
ative concentrations of Cr, Co, and Ni were lower in the elec-
trolyte than in the films. The behavior of each element can be
related to their electrochemical stabilities [61], and follow a sim-
ilar trend as seen for stainless steels [62]. In the presence of an
acidic aqueous electrolyte, Cr is readily oxidized and forms an
oxide (Cr2O3) with low solubility, thus passivating the material.
Mn and Fe are also easily oxidized but, compared to Cr, form
more soluble oxidation products, which appears to have led to
their preferential dissolution. Co and Ni have the highest stan-
dard potentials and will, therefore, have the lowest driving force
for oxidation. As the redox reaction during the OCP is a current-
controlled oxidation of the alloy, the metallic elements with the
highest driving force will be oxidized preferentially. We can,
therefore, expect to find less Co and Ni in their oxidized states.

The conclusions drawn from the ICP-MS results are supported
by XPS measurements that were performed on the corroded sur-
Fig. 8. Electrochemical investigations of the thin film samples with different carbon conte
Rs(RctQ). The fitted curves are lines and the markers are experimental data. (b) Polariza
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face after 40 min at OCP and in the bulk of the films after sputter
etching through the corroded layers (see the supporting informa-
tion, SI Fig. 6). Peak fitting was performed on the 3p region, as
the 2p regions have several overlaps with Auger peaks and are
therefore unsuitable for this purpose [63]. The results are almost
identical for the films with 0 and 6 at.% C. After the 40 min at
OCP, Cr is found at higher relative intensities compared to the bulk;
it is enriched close to the surface, mainly in its oxidized form. Mn,
Fe and Co are partly oxidized while Ni is purely metallic. The con-
tribution from the metallic states of all elements is an indication
that the signal is coming partly from below the oxide film and
the strong metallic Ni signal suggests that this element is enriched
there. Similar results were obtained in a previous XPS depth profil-
ing investigation of the OCP oxide formed in the same electrolyte,
where a Cr-rich oxide and an enrichment of Ni below the alloy
were found [63]. The carbon was not studied in-depth using XPS,
due to the difficulty in separating the carbon signal close to the
surface from that of the adventitious carbon, which always is pre-
sent on the surfaces of metals after their exposure to air [64].

After 40 min at the OCP, electrochemical impedance spec-
troscopy (EIS) experiments were performed. The results are shown
in the Nyquist plots (Fig. 8(a)), and a combined Bode phase and
Bode impedance modulus |Z| diagram in the supplemental results
(SI Fig. 7). The low-frequency contribution shows the kinetic
response for the charge transfer reaction related to a resistance
Rct. The phase angle does not reach 90� as it would for ideal capac-
itive behavior. A comparison of the EIS data in the low-frequency
region (100 mHz) shows that the electrochemical interface for
the carbon-free sample was dominated by Rct, indicated by a close
semi-circle in the Nyquist plot (Fig. 8(a)) and a higher slope of
phase angle in the Bode plot at lower frequencies (SI Fig. 7). The
carbon-free film under OCP, showed a phase angle close to 71�
degrees at the lowest frequency value (100 mHz), while the sam-
ples with 6 and the 11 at.% carbon samples exhibit angles of
80.5� and 82.5� degrees respectively. A higher phase shift (closer
to 90�) at a lower frequency value in a Bode phase plot is indicative
of better corrosion resistance. Similarly, the total impedance mag-
nitude was higher for the samples with carbon and lower for the
carbon-free samples at the lowest frequency value. The impedance
values increased and became more capacitive when the carbon
content was increased in the samples. The electrochemical
impedance spectroscopy (EIS) measurements are consistent with
the decrease seen in the icorr values since the former were per-
nts. (a) Nyquist plots obtained after 40 min at the OCP, fitted to an equivalent circuit
tion curves recorded in 0.05 M H2SO4 at a scan rate of 5 mV/s.
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formed under OCP conditions. These results confirm that the pres-
ence of carbon significantly improved the corrosion properties of
the CoCrFeMnNi thin films. The EIS spectra can be fitted to the sim-
ple equivalent circuit model of Rs(RctQ) using the EC-lab software.
The fitted curves are seen in Fig 9(a) as lines over each set of exper-
imental data. In this model, the Rs represents the electrolyte resis-
tance and the Rct is the charge transfer resistance, which is
inversely proportional to the corrosion rate. The Rct increased from
0.6 MX to 3.5 MX with the carbon content (SI Table 6), confirming
that the carbon-free sample corroded more easily. Q is the constant
phase element (CPE) which represents a shift from ideal capacitive
behavior. The impedance of the CPE is expressed by ZQ = Y0

�1 (jx)�n

, where ZQ is the CPE impedance value (X), Y0 is the CPE constant
which represents the capacitance part in CPE, j = (�1)1/2 which is
equal to the imaginary number, x is the angular frequency in
rad/s and n is a dimensionless constant related to the roughness
of the surface [65], with values between 0 and 1. When n = 0,
the CPE becomes equivalent to a resistor while for n = 1, the CPE
becomes equivalent to an ideal capacitor [66]. The simulated val-
ues of n increase from 0.90 for the carbon-free sample to 0.93
and 0.94 for 6 and 11 at.% carbon, respectively. This confirms the
more capacitive behavior of the carbon-containing films. The lower
n value for the carbon-free sample can also be related to a differ-
ence in surface roughness, as the carbon-free sample seems to have
a slightly higher roughness (SI Fig. 2).

Following the experimental procedure thus far, we have
observed the formation of a Cr-rich surface oxide layer on each
of the samples. The subsequent polarization experiment, per-
formed directly after the EIS, was designed to test the performance
of this oxide layer. This was achieved by using a short cathodic
region, to limit the reduction of the oxide. A more extensive reduc-
tion (i.e. the use of a wider cathodic potential range) would mean
that the polarization curve mainly would reflect the formation of a
new passive layer. Since, in a real-life application, the surface oxide
layer will never be fully reduced, keeping the OCP oxide layer
intact is closer to a real-life corrosion situation, e.g. in a fuel cell.
The polarization experiments were started at �0.3 vs. the OCP,
and the results are shown in Fig. 8(b).

The shape of the early part of the polarization curve further con-
firms the results of the prior steps, showing that the filmswithmore
carbon formed a more corrosion resistant passive layer at the OCP.
The corrosion potential (Ecorr, see Table 2) was shifted to progres-
sively higher values upon increasing the carbon content, i.e.
�0.28 V, �0.21 V, and �0.18 V vs. Ag/AgCl, for 0, 6, and 11 at.% C,
respectively. Meanwhile, the corrosion current density (jcorr)
decreased with increasing carbon content, 8�10�6, 9�10�7, and
8�10�8 A/cm2 for 0, 6, and 11 at.% C, respectively. A higher Ecorr value
and lower jcorr value in the same electrolyte indicate that the corro-
sion reaction is slower. The XPS results showed that there was
almostnodifference in the relative intensities of thedifferentmetals
close to the surface before the polarization experiment was started.
As the behavior of the metals during corrosion appears to be the
same, the slower corrosion reactions must be due to the presence
of carbon. For comparison, the sample with 11 at.% C exhibited sim-
ilar Ecorr and jcorr values as a hyper-duplex stainless steel (Sandvik-
SAF 3207 HD [67]), developed for highly corrosive environments
(see supporting information SI Fig. 5).

The carbon-containing samples also had lower current densities
than the carbon-free sample in the passive region, i.e. from Ecorr to
around 0.8 V vs. Ag/AgCl. The region with a lower current was
shorter for the sample with 6 at.% C and longer for the one with
11 at.% C. For 6 at.%, the current density was as high as for the
carbon-free sample from 0.4 V and onward, while the sample with
11 at.% C featured a longer interval with a lower current, extending
up to 0.8 V. This is another strong indication that it was the pres-
ence of carbon that gave rise to improved corrosion resistance. To
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further study this effect, ICP-MS experiments were performed on
the electrolyte after polarizing the samples with 0 and 11 at.% C
at 0.4 V vs. Ag/AgCl for two hours. The results of these experiments,
which are presented in the supporting information (SI Table 4),
show that the overall metal concentration in the electrolyte was
35% lower for the sample with 11 at.% C, compared to the
carbon-free sample. The relative amounts of Cr, Fe, and Co were
similar to the values found after the OCP, but Mn was found at
lower concentrations and Ni at higher. All the metallic elements
were found at lower concentrations for the sample with 11 at.%
C, indicating that the presence of carbon slows down the dissolu-
tion of the oxide films, without a dramatic change in the behavior
of the metals.

At potentials beyond 0.8 V (Fig. 8(b)), there was a rapid increase
in the current density for all three samples. This can be explained
by the Cr(III) species in the passive layer being oxidized to soluble
Cr(VI) species [61], as in the trans-passive region of stainless steels.
As a potential of 1.3 V was reached, the current density for the
carbon-free sample decreased dramatically while it continued to
increase for the two carbon-containing samples. The ICP-MS
results obtained after polarization at 1.3 V for two hours, show
around three times higher concentrations of metal ions in the elec-
trolyte exposed to the 11 at.% C sample than the carbon-free sam-
ple (SI Table 5). Based on the Pourbaix diagram for Mn [61], the
decrease in the current for the carbon-free sample could be
explained by the formation of a passive layer composed of man-
ganese(IV)oxide. This is also supported by the lower relative
amount of Mn ions in the electrolyte, compared to all other metal-
lic elements. The lower manganese content in the carbon-
containing samples (see Table 1) could not explain the absence
of this second passivation, as non-equimolar bulk samples with
similar Mn concentrations (the composition was Cr21Mn10Fe23-
Co23Ni23) were tested in the same way, and exhibited the same
current decrease at 1.3 V. The higher currents in the carbon-
containing samples could partly be due to the oxidation of carbon.
However, this does not explain why the sample with carbon
released higher amounts of metals to the solution, as found by
ICP-MS. Further studies are needed to explain why the Mn oxide
passivation only was seen for the carbon-free sample.

Amorphous films were formed upon the addition of carbon. The
corrosion behavior of amorphous alloys is a well-discussed topic,
with some claiming that they should have a higher resistance than
crystalline alloys, and others claiming the opposite. No such gen-
eral principles have yet been proven, but a common observation
is that the lower defect concentration and higher chemical homo-
geneity of amorphous alloys can yield lower corrosion rates com-
pared to crystalline alloys of similar composition [68,69]. These
differences can be large between amorphous and crystalline bulk
alloys. However, using magnetron sputtering, amorphous and crys-
talline films with similar elemental segregation and morphology
can be acquired. Given the results from the SEM images in SI
Fig. 2, showing low roughness and high density for both films,
and the TEM-EDX maps (supporting information, SI Fig. 3) showing
no detectable segregation for either, we can assume that the
observed increase in corrosion resistance does not depend on these
factors. The improvement in corrosion performance between the
samples with 6% C and 11% C, considering that both these films
were amorphous, further indicates that the change from crystalline
to amorphous cannot be the only cause of the improved
performance.

The differences are better explained by the behavior of carbon
during the corrosion process. Thermodynamically, CO2 should be
formed above 0 V vs. Ag/AgCl [61]. However, the rate of oxidation
is relatively low, which is why carbon can be used in corrosive
environments. During the corrosion of graphite, it was reported
that CO2, CO, and oxidized surface groups were formed in parallel
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above around 0.3 V vs. Ag/AgCl [70]. The results of studies on sput-
tered Cr-C thin films [11,47] suggest that, when the carbide phase
is oxidized, carbon remains on the surface during the formation of
Cr2O3. The carbon, being relatively inert, oxidizes slowly and there-
fore inhibits corrosion. Even when the carbon is oxidized, it can
remain on the surface as oxidized (i.e. oxygen-containing) groups.

In this study, the concentration of carbon is much lower than in
the Cr-C films, but as the metallic elements are dissolved, carbon
should become enriched in the material. During the OCP, the more
noble Ni was oxidized to a lesser extent and was therefore
enriched below the oxide film. The same principle should apply
to carbon, as it has a higher standard potential than any of the met-
als, and typically corrodes more slowly. After 40 min at the OCP,
the films with carbon have orders of magnitude lower corrosion
currents, showing that this enrichment greatly inhibits the corro-
sion process. During the polarization curve (Fig. 8(b)), above a cer-
tain potential, the protective effect from carbon becomes less
pronounced. However, the effect remains up to higher potentials
for the film with 11 at.% C than for the one with 6 at.% C. It seems
that there is the possibility of improving the corrosion resistance
further by increasing the carbon content. A more in-depth corro-
sion study, coupled with studies of the oxidized surface, would
help to investigate this protective mechanism and hopefully to pin-
point the location and function of the carbon enrichment.

4. Conclusions

Equimolar CoCrFeMnNi thin films with different carbon concen-
trations were deposited by magnetron sputtering and character-
ized with regard to mechanical properties and corrosion
resistance. A summary of all material properties is presented in
Table 2. The conclusions are:

1. According to the thermodynamic calculations, the equimolar
CoCrFeMnNi with added carbon forms a phase mixture of alloy
and metal carbide phases at equilibrium, accompanied by seg-
regation of the metallic elements.

2. Experimentally, it was found that the addition of carbon formed
an amorphous material with 6 and 11 at.% C, as shown by X-ray
and electron diffraction. No signs of a segregated carbide were
detected by diffraction or by EDX, and XPS showed that the car-
bon was almost entirely found in a metallic environment. The
suppression of the carbide formation is explained by the fast
quenching and limited atomic diffusion during the sputter
deposition, in combination with the many weak carbide form-
ing elements in the alloy.

3. The addition of carbon to CoCrFeMnNi caused an increase in
hardness, shown by nanoindentation. This effect is tied to the
shift from crystalline to amorphous.

4. Coating fragmentation in tensile testing showed its versatility
by revealing multiple cracks in CrFeMnCoNi films; it is a suit-
able method for comparing ductile thin films. The results show
that the strength of the films increased upon carbon addition.
The carbon also gave rise to a more heterogeneous film mate-
rial, which was manifested by a larger scatter in the strain at
crack onset as well as the continued cracking behavior. Both
effects are tied to the shift from crystalline to amorphous.

5. The corrosion resistance of the films increased with increasing
carbon content, up to about 0.8 V vs. Ag/AgCl, as shown by
the electrochemical results. The presence of carbon close to
the surface of the films appeared to be the main reason for this
improvement. At potentials above 1.3 V vs. Ag/AgCl, the carbon-
free film exhibited a second passivation due to the formation of
Mn(IV) oxide. The corrosion resistance for the sample with 11
at.% C is slightly higher than for a hyper-duplex stainless steel
designed for highly corrosive conditions.
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The results show that the addition of carbon increased the cor-
rosion resistance and enhanced both the crack resistance and hard-
ness. This brings us closer to finding the multifunctional material
that is needed for corrosion-resistant coatings, for example on
bipolar plates in PEM fuel cells. A deeper understanding of the
deformation and corrosion mechanisms is needed to generalize
this approach and, in the future, apply it to other material systems.
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