
Materials and Design 149 (2018) 51–62

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Synthesis and characterization of multicomponent (CrNbTaTiW)C films
for increased hardness and corrosion resistance
Paulius Malinovskis, Stefan Fritze ⁎, Lars Riekehr, Linus von Fieandt, Johan Cedervall, David Rehnlund,
Leif Nyholm, Erik Lewin, Ulf Jansson
Department of Chemistry-Ångström, Uppsala University, SE-751 21 Uppsala, Sweden
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A novel multicomponent carbide
((CrNbTaTiW)C) has been deposited by
magnetron sputtering.

• Extremely hard multicomponent car-
bides can be deposited by tuning of the
composition and deposition tempera-
ture.

• The hardest film exhibits a tetragonal
distortion of the fcc-based lattice not
previously observed for carbides.

• (CrNbTaTiW)C films show excellent
corrosion resistance superior to com-
mercially available hyper-duplex stain-
less steels.
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Multicomponent carbide thin films of (CrNbTaTiW)C (30–40 at.% C) with different metal contents were depos-
ited at different temperatures using non-reactive DC magnetron sputtering. The lattice distortion for the metal
lattice was estimated to vary from about 3 to 5%. Most films crystallized in the cubic B1 structure but Ta/W-
rich films deposited at 600 °C exhibited a tetragonal distortion. X-ray diffraction results show that near-
equimolar films exhibited a strong (111) texture. In contrast, Ta/W-rich films exhibited a shift from (111) to
(100) texture at 450 °C. The in-plane relationship was determined to MC(111)[-12-1]//Al2O3(001)[110] with a
latticemismatch of about 11% along the Al2O3[110] direction. A segregation of Cr to the grain boundaries was ob-
served in all films. The microstructure was found to be the most important factor for high hardness. Less dense
Nb-rich and near-equimolar films deposited at low temperatures exhibited the lowest hardness (12 GPa),
while very dense Ta/W-rich high temperature films were found to be the hardest (36 GPa). No correlation was
found between the lattice distortion and the hardness. Corrosion studies revealed that the multicomponent
films exhibited excellent corrosion resistance, superior to that of a reference hyper-duplex stainless steel, in
1.0 M HCl.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

High entropy alloys (HEA) are multicomponent materials with ap-
proximately equal concentrations of at least five elements. Intuitively,
so many elements should favour the formation of intermetallic phases.
However, many of these alloys are single-phase solid solutions with a
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simple bcc (base centred cubic) or ccp (cubic close packed) crystal
structures [1]. This is attributed to high entropy of mixing, which fa-
vours solid solutions. An important characteristic of these solid solu-
tions is the lattice distortion, δ, caused by the mixing of atoms with
different radii, which results in a distorted crystal lattice. A large distor-
tion is assumed to influence the mechanical properties (e.g. solid solu-
tion hardening) but also to be the driving force for formation of
intermetallic phases [2]. Although the high entropy of mixing certainly
plays a role in the stability of these alloys, other factors such as kinetics
may also be important [3].

The properties of a HEA can be modified by the addition of p-
elements such as B, C, N and O. When the concentration of a p-
element is high enough, this will lead to the formation of borides, car-
bides, nitrides or oxides, which can be named high entropy compound
materials. In particular, carbon compounds are interesting, since many
carbides are known to exhibit high hardness, lowwear rate and low fric-
tion. Hitherto, there are few studies of the effect of carbon in high en-
tropy alloys, but the influence of this effect is likely to be dependent
on the ability of the metals to form carbides. The transition metals can
be separated into two groups: strong carbide formers represented by
group 4–6 elements such as Ti, Nb, W andweak carbide formingmetals
such as Fe, Co andNi. A few studies have been carried out on the effect of
the addition of small amounts of carbon to weak carbide forming HEAs
such as FeCoCrNiMn [4] and strong carbide forming HEAs such as
Mo0.5NbHf0.5ZrTiC0.1 [5]. The results show that incorporation of low
amounts of carbon results in an increase in strength due to precipitation
and grain boundary hardening. While bulk refractory high entropy al-
loys have been studied in detail by experimental [6–11] and computa-
tional [12–14] material science, there are only a few studies published
on the addition of carbon to HEAs based on strong carbide formers
such as the early transition metal in group 4 and 5 [5,15,16]. Braic
et al. have shown that (TiZrNbHfTa)C with a B1 structure with C in the
octahedral sites can be synthesised by co-sputtering in a reactive atmo-
sphere [15]. This multicomponent carbide exhibited higher hardness
and a lower wear rate than those of the binary carbides. Recently,
Gorban et al. deposited (TiZrHfVNbTa)C films with (mainly) a B1 struc-
ture from a compound target using an arc-plasmaprocess [16]. They ob-
served a hardness of 43–48 GPa and very low friction coefficients
(0.14–0.16) for some carbon contents suggesting a potential use of
these materials as e.g. wear resistant coatings. It is tempting to define
these compounds as high entropy carbides (HECs). However, since
most early (i.e. group 4–5) transition metals form carbides with a
cubic Fm-3m (B1) structure it is likely that they exhibit an extensive
mutual solubility also without the additional effect of high entropy of
mixing. For this reason, we will, in the following, use the name multi-
component carbides.

The results by Briac et al. and Gorban et al. show that multicompo-
nent carbide films are possible to synthesize. Most likely, such films
may exhibit different physical and chemical properties compared to bi-
nary carbides with only one transition metal. It is well known that the
microstructure (grain size, texture etc.) and the presence of stresses
have a strong influence on the hardness of magnetron sputtered films.
In addition, variations in the M\\C bonding for the various transition
metals should affect mechanical properties such as hardness and
Young's modulus. The chemical reactivity of the individual metals and
their ability to form oxides should also be important for the corrosion
and oxidation resistance. Earlier studies have shown that HEAs in gen-
eral exhibit improved corrosion resistance compared to stainless steel
[17] although phase separation and chemical reactivity of the principal
elements make these materials susceptible to pitting corrosion. We
have in a recent study shown that CrCx films have very good corrosion
properties [18]. It is possible that a multicomponent carbide can have
even higher corrosion resistance than the corresponding HEA. No such
studies have, however, been published so far.

An important factor in HEA and other multicomponent materials is
the lattice distortion, δ, which is introduced by metals with different
atomic radii [19]. A large δ-value could lead to a solid solution hardening
effect due to restricted dislocation mobility. The lattice distortion, δ, in
metallic alloys is usually calculated as:

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i
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ri
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where ci and ri are the atomic fraction and atomic radius of element i, re-
spectively, while the average atomic radius is given by r ¼

X
i

ci � ri. It is

important to note that the radius of a metal atom is dependent on the
coordination number and the type of bonding. A transition metal car-
bide with a B1 (NaCl) structure can be described as an fcc (face centred
cubic) lattice of metal atoms with carbon in the octahedral sites. Car-
bides usually exhibit a mixture of metallic, covalent and ionic bonding
[20–23] and the use of the metallic radius in 12-coordination to calcu-
late lattice distortion is therefore questionable. However, to estimate
trends regarding the distortion of the metal fcc lattice we can apply
Eq. (1) above using the metallic radii. As will be discussed below, it is
possible to deposit multicomponent carbide films with different lattice
distortions by changing the metal concentrations. Large δ-values will,
create a driving force for element segregation and possibly the forma-
tion of coherent or semi-coherent precipitates leading to an additional
increase in e.g. hardness. Furthermore, some transition metals such as
Cr, Fe, Ni etc. form no stable B1 carbides and prefer to form structures
in which the carbon is not placed in octahedral sites. This can be an ad-
ditional driving force to segregate elements and form precipitates. To
our knowledge, no study has yet been carried out to study such effects
in multicomponent carbides.

The purpose of this study was to investigate the structure and prop-
erties of multicomponent (CrNbTaTiW)C films grown with different
metal ratios, and hence different lattice distortions in the metal fcc lat-
tice. This carbide includes three strong carbide-forming metals (i.e. Ti,
Nb and Ta) known to form monocarbides with the B1 structure. Cr
and W, however, only form metastable cubic carbides at low tempera-
tures. In addition, Cr has a small radius (1.289 Å in 12-coordination)
leading to a larger lattice distortion. The films were deposited using
magnetron sputtering with three different metal ratios (close to equi-
molar, Ta/W-rich and Nb-rich) at 600 °C, 450 °C, 300 °C and room tem-
perature (RT), resulting in three different δ values (~5%, 3.4% and 3%)
using a compound Ti/Cr target (50/50 at.%), a segmented Ta/W target
(50/50 at.%) as well as Nb and C targets. The structural, mechanical
and corrosion properties of these films were investigated using X-ray
diffraction (XRD), pole figure XRD, X-ray photoelectron spectroscopy
(XPS), elastic recoil detection analysis (ERDA), transmission and
scanning electron microscopy (TEM and SEM), TEM EDX (energy dis-
persive X-ray spectroscopy), nanoindentation, and electrochemical
measurements.

2. Experimental

The films were deposited by non-reactive DC-magnetron sputtering
from two-inch circular targets (diameter 51 mm, thickness 3.2 mm):
Nb, Ti/Cr (composition 1:1) and segmented Ta/W (composition 1:1)
and C targets. All targets had a claimed purity of 99.9%. The experiments
were carried out after baking and outgassing of the targets and cham-
ber. An ultra-high vacuum DC-magnetron sputtering system (base
pressure b 3.8 10−7 Pa) with a confocal sputter-down configuration
equipped with four targets were used for film growth. The targets
were mounted at an angle of 24° and a distance of 150 mm from the
substrate. The substratesweremounted on a rotational tablewith an in-
tegrated heater, preheated (for 1 h) before deposition and then kept at
constant temperature of 600 °C, 450 °C or 300 °C, respectively, as mea-
sured by thermocouple (calibrated with an optical pyrometer). Addi-
tional samples were also deposited under unheated conditions, the



Table 1
Sample name (the letters represent the dominant elements while the numbers represent
the growth temperatures), growth temperature (Tdep), composition observed from XPS
and observed cell parameters (a).

Sample Tdep (°C) Composition (at.%) a (Å)

Ti Cr Nb Ta W C O

NEC600 600 12 12 9 14 14 36 b2 4.34
NEC450 450 13 15 9 13 13 35 b2 4.34
NEC300 300 13 13 8 13 13 40 b1 4.34
NECRT 20 12 17 9 14 13 33 b2 4.32
TaWC600 600 4 4 5 26 25 33 b3 4.35
TaWC450 450 4 4 5 25 25 35 ~2 4.36
TaWC300 300 4 4 6 24 24 38 ~0 4.36
TaWCRT 20 4 4 6 24 24 36 b2 4.33
Nb300 300 3 4 51 2 4 36 ~0 4.42
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latter are referred to as RT (i.e. room temperature) samples. The Ar+

plasmawas ignited at 0.6 Pa, using a 42 sccmAr gas flow rate. The C tar-
get current was kept constant at 150 mA (yielding ~2.2 W/cm2), while
the Nb, Ti/Cr and Ta/W target currents were varied accordingly to attain
the HEC with the desired composition. All depositions were performed
with a DC bias voltage of −100 V applied to the substrate table and a
low ion current density (b0.2 mA/cm2). Coatings were deposited simul-
taneously on Si(001), a-SiO2, α-Al2O3(001) substrates for structural in-
vestigations (Si(001) 0.5 mm thick); mechanical studies (α-Al2O3)
analysis and a-SiO2 for corrosion measurements, respectively. The
films were deposited to yield a thickness of about 600 nm.

Calibration of thefilm compositionwas performed by Time-of-Flight
Energy ERDA (ToF-E-ERDA) experiments, performed at the TandemAc-
celerator Laboratory at Uppsala University. The experiments were per-
formed in a vacuum chamber (b1 10−4 Pa) using 36 MeV 127I8+ ions
as primary projectiles. Scattered recoils were detected at an angle of
45° with respect to the primary beam, with both the incidence and
exit angles of the beam and detected particles at 22.5° with respect to
the sample surface. Further details on the detection systems can be
found in Ref. [24]. The calculations of the depth profiles from the
time-energy coincidence spectra of recoils were made using the
CONTES program package [25]. These results were used to calibrate
the XPS sensitivity factors. Due to the Ta andWpeak overlap, additional
TEM EDX studies were carried out on a number of samples to verify the
metal compositions.

The chemical bonding in the films was analysed with XPS using a
Physical Electronics Quantum 2000 instrument with monochromatic
Al Kα radiation and a 45° photoelectron take-off angle. High resolution
spectra were acquired after sputter-etching (1 keV Ar+ ions for 10min,
yielding an approximate depth of 42nm) to analyse thebulk of the coat-
ing material, i.e. below the surface oxide. The analysis region was 200
μm in diameter and the ion beam for sputter-etching was rastered
over a 1 × 1 mm2 area. Compositional and chemical bonding analysis
was carried out on coatings deposited on Si(001) substrates. All analy-
ses were performed with sensitivity factors determined using reference
films with compositions determined in ERDA and TEM EDX studies.

X-ray diffraction (XRD) (θ–2θ and GI (grazing incidence) (at ω =
2°)) was performed with a Philips X'Pert MRD diffractometer with Cu
Kα radiation and parallel beam geometry using a Göbel mirror on the
primary side and a parallel plate collimator with a 0.27° acceptance
angle on the secondary side. The peak positions and peak widths were
determined by curve fitting of the peaks using the full width at half
maximum. Lattice parameters were determined using the observed
(111) and (222) peaks (in some cases also a weak (200) peak), assum-
ing a cubic crystal structure. Pole figure measurements were performed
using a Philips X'Pert MRD diffractometer employing the point focus
mode with Cu Kα radiation. An X-ray poly-capillary lens with crossed
slits were used as incident beam optics and a parallel plate collimator
with a 0.18° acceptance angle and a flat graphite monochromator
were used as diffracted beam optics. The pole figures were measured
between 6 and 89° in Ψ (tilt angle) on the HEC (200) diffraction peak
i.e. at ~41° in 2θ.

Themicrostructure of thefilmswas studied using a ZeissMerlin SEM
instrument on films deposited on α-Al2O3(001) substrates with an in-
lens detector and a 5 keV beam. Electron transparent cross-section
TEM samples were prepared from as-grown films using a FEI Strata
DB235 FIB/SEM. The TEM investigations were carried out in STEM
mode on a probe corrected FEI Titan Themis instrument operated at
200 kV acceleration voltage and equippedwith the SuperX EDX system.
For nanobeamdiffraction (NBD), the TEMwas set up to μProbe STEM so
that electron diffraction patterns of approximately 5 nm lateral resolu-
tion could be recorded. The recorded spot diffraction patterns were
evaluated using the software tool CrysTBox [26–28] and JEMS [29].

Mechanical properties (hardness and Young's modulus) were mea-
sured on the CSM Instruments Ultra Nano Hardness Tester (UNHT)
equipped with a Berkovich diamond tip. Load-displacement curves
were measured for 20 different spots on the sample with 70 nm in dis-
placement control and unloading and loading rates of 2.5mN/min (with
maximum load of b10mN). The hardness and elastic modulus were de-
termined using the Oliver-Pharr method and the results were averages
from at least 12 indentation spots distributed over the sample area [30].
Sinus mode was used to confirm that the hardness results were not in-
fluenced by the thickness of the films. In this mode, the tip vibrates in a
harmonical manner (sinus) and the indentation is recordedwith depth.

Potentiodynamic polarization measurements were carried out to
evaluate the corrosion resistances of the coatings. All electrochemical
experiments were performed in a 1.0 M HCl aqueous electrolyte using
a VersaSTAT4 (Princeton Applied Research) potentiostat/galvanostat.
A three-electrode cell containing the sample as the working electrode,
a Pt wire counter electrode and a saturated Ag/AgCl reference electrode
wasused. The electroactive area of all sampleswas 0.196 cm2 and all po-
tentials are given with reference to the Ag/AgCl reference electrode. In
the experiments, the open circuit potential (OCP) was first measured
during 1 h. The sample was then polarized at a potential of −1.5 V for
300 s to reduce surface oxides. A polarization curvewas finally recorded
between−0.2 V and +1.5 V at a scan rate of 1 mV/s. The corrosion po-
tential (Ecorr), passivation potential (Epass) and the passive current den-
sity (jpassive) were then determined from the polarization curves. The
material used as the reference for the corrosion studies was a hyper-
duplex stainless steel (SAF 3207 HD, Sandvik AB, with a composition
given in the supplementary information, Table SI 1).

3. Results

Table 1 shows a summary of the films deposited in this study. All
films contained 30–40 at.% C, which is lower than the 50 at.% expected
for a monocarbide with the stoichiometry MC. The low carbon content
was selected to minimize the amount of non-carbidic carbon (free car-
bon) frequently formed in magnetron-sputtered thin films. As can be
seen in Table 1, a series of multicomponent films were deposited from
room temperature (RT) to 600 °C, with close to equimolar concentra-
tions with respect to the metals. These samples are labelled NECRT,
NEC300, NEC450 and NEC600. The lattice distortion, δ, for themetal lat-
tice in the NEC-series was estimated to be about 5% using a 12-
coordination radii value in Eq. (1). A second series of Ta/W-rich films
with a δ of about 3.3% denoted TaWCRT, TaWC300, TaWC450 and
TaWC600 was also deposited in a broad temperature range. These
films contained a total amount of about 50 at.% of W + Ta, while the
concentrations of Ti, Nb and Cr added up to 13–14 at.%. Finally, a Nb-
rich sample (Nb300) with δ of around 3% was deposited where the Nb
content was about 50 at.% and the Cr, Ti, Ta and W contents added up
to about 13 at.%.

High-resolution XPS spectra show that metal carbides were formed.
All samples exhibitedmetal core levels (not shown) thatwere shifted to
higher binding energies compared to the metallic references, thus indi-
cating carbidic surroundings for all metals. Also, the samples featured
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broad C1s peaks at 282.6–283 eV (see Fig. SI 1 in the supplementary in-
formation), which mainly were due to Me\\C and a small amount of
C\\C contributions. The latter was quantified by peak fitting, and it
was estimated that 4–9% of all the C atoms in the films were present
as non-carbidic (free) carbon presumably in grain boundaries between
the carbide grains.

Fig. 1 shows normalised X-ray diffractograms acquired in the θ–2θ
mode for the NEC300, TaWC300 and Nb300 films, red triangles indicat-
ing a cubic phase with a B1 structures with the cell parameter a = 4.34
Å. As can be seen, only two strong peaks at ~36° and ~77° were present,
together with a Al2O3 (006) peak from the substrate at 41.62° (Fig. 1),
suggesting a strong (111) texture.

Fig. 2 shows diffractograms from films in the NEC and TaWC series
deposited at different temperatures. The near-equimolar temperature
series (Fig. 2a) exhibited the same strong peaks as seen in for the sam-
ples grown at 300 °C. As can be seen in Fig. 2b, the Ta/W-rich series fea-
tured an additional diffraction peak at ~41.5° after deposition at the
highest temperatures. At a first glance, all peaks could be attributed to
a single solid solution carbide phase with a cubic B1 structure normally
observed for transition metal carbides. The samples deposited at room
temperature (NECRT and TaWCRT, in the lower part of Fig. 2) show dis-
tinctly lower diffraction intensities, and broader peaks, indicating
smaller grains and/or a less crystalline material.

However, amore detailed study of the diffraction peaks showed that
a simple cubic B1 structure cannot be the correct assignment for all
films. This is most easily seen in Fig. 2b where e.g. the (200) peak for
TaWC450 and TaWC600 is shifted compared to the red markers show-
ing the expected positions for a B1 phase, and clearly asymmetric.
Therefore a further analysis of selected diffractograms was performed
with FullProf [31] using the Rietveld method [32]. The refinements
were performed based on the GI-XRD measurements (see Fig. SI 2) on
the samples NEC300, NEC600, TaWC300 and TaWC600 are exemplified
in Fig. 3. The nature of GI-XRD measurements makes the refinements
less precise with respect to the phase contents and exact profile param-
eters since peaks at high angles will be overestimated compared to
when using θ–2θ scans. As these thin film samples alsowere highly tex-
tured, the Rietveldmethod is not as applicable as it is intended for pow-
der diffraction patterns. However, regardless of such issues, the
refinements will still be valid for phase analyses of the sputtered films.
For both NEC300 and NEC600 (only NEC600 is shown in Fig. 3a), the
cubic B1 structure (space group Fm-3m, a = 4.320(2) Å) could be
Fig. 1. θ–2θ XRD scans (normalised with respect to the highest intensity) for the near-
equimolar, Ta/W-rich and Nb-rich samples grown at 300 °C. The triangular markings
indicate a B1 complex carbide structure with a cell parameter a = 4.32 Å. The sapphire
(006) reflection has been marked with a vertical bar.
used in the refinements yielding acceptable fits. For the Ta/W-rich sam-
ples, however, the use of a single cubic phase did not provide a reason-
able fit. To explain the observed diffraction pattern a more complex
crystal structure yielding two peaks around 2θ = 42°, is needed. A te-
tragonal distortion of the B1 structure, with c = 3.029(1) Å and a =
4.392(1) Å, and the space group I/4mmm gives such a diffraction pat-
tern, as shown in the inset of Fig. 3b. To attain an acceptable fit for the
TaWC600 sample a small amount of the cubic phase with similar unit
cell parameters as for the NEC600 sample was also required. Therefore,
it can be noted that W/Ta-rich non-equimolar compositions yield a te-
tragonal distortion of the cubic B1 structure similar to what has been
observed during hydrogen absorption in HfNbTiVZr [33,34].

In the further discussion of the results, however, we will neglect the
distortion and assume a simple B1 structure. Table 1 shows the cell pa-
rameters of the films assuming such a cubic structure. As can be seen,
the cell parameters varied from 4.32 Å to 4.42 Å depending on the com-
position. The cell parameters can be related to the average atomic radii
of the metal atoms in the carbide structure (see Fig. SI 3) and very sim-
ilar lattice parameters were obtained within each group of samples.

If we attribute the diffraction peaks in Fig. 1 and Fig. 2 to a simple B1
structure, the NEC series show a strong (111) texture. In contrast, the
Ta/W-rich series exhibits a shift from (111) texture to (100) texture at
450 °C. Also, the peaks from the TaWC450 and TaWC600 films are
broad suggesting a smaller grain size or the presence of stress. The tex-
ture was further investigated by pole figure measurements, which also
give the in-plane orientation of the films. Fig. 4 shows the (200) pole
for five of the samples. Strong reflections at a Ψ angle of 54.7° can be
seen for all samples deposited at 300 °C and the NEC600 sample, indi-
cating a (111) texture which is consistent with the observations from
the θ–2θ measurements. The TaWC600 sample, on the other hand,
only displayedweak reflections atΨ=54.7°, but a strong increase of in-
tensity towards themiddle of the pole figure, consistent with the (100)
texture and thus also consistent with the θ–2θ measurements where a
strong (200) and a weak (111) peak is observed. The middle of the
pole was not measured as a strong and narrow substrate peak was ex-
pected. However, the observed peak was much broader than the ex-
pected substrate peak and was thus associated with the film.

Furthermore, all reflections appeared as distinct points, indicating a
high degree of in-plane orientation. The pole figure of the NEC600 film
showed narrower reflections compared to the other investigated
films. This indicates that the degree of in-plane orientation was highest
for the NEC600 film. The pole figures from the films deposited at 600 °C
showed additional reflections at lowΨ angles (~11°) indicating that ad-
ditional orientations were present (most likely ⟨511⟩). The observed
⟨111⟩ out of plane orientation showed crystal twinning and as a result
the number of observed reflections was doubled (the (111) plane has
3-fold rotational symmetry). By measuring a (104) pole figure on the
sapphire substrate, the in-plane relationship between the substrate
and the ⟨111⟩ orientation could be determined to be: MC (111)
[−12–1]//Al2O3 (001)[110]. The latticemismatch between the sapphire
substrate and the film was calculated to be about 11% along the Al2O3

[110] direction using the experimentally determined in-plane relation-
ship. This is a significant lattice mismatch, but other authors also report
similar values for carbide films deposited on sapphire substrates [35].

SEM top-view images of films grown at 300 °C and 600 °C are shown
in Fig. 5. Tetragonal pyramid formation was observed for all films in the
NEC and Nb series. The triangular features were larger on the near-
equimolar films, reaching a size of about 100 nm, while the Nb-rich
sample exhibited much smaller (about 50 nm) features. The triangular
specieswere not closely packed indicating a less dense structure. In con-
trast, the Ta/W-rich film exhibited a smoother structure with just some
triangular features of around 100 nm size. With increasing deposition
temperature, the surface morphology changed into a denser closed
packed smooth surface with just some triangular shapes visible for the
near-equimolar sample and a very smooth morphology for the Ta/W-
rich sample.



Fig. 2. θ–2θ XRD scans (normalised with respect to the highest intensity) for the near-equimolar (a) and Ta/W-rich (b) temperature series. The triangular markings denote a B1 complex
carbide structure with a cell parameter a = 4.32 Å. The sapphire (006) reflection has been marked with a vertical bar.
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STEM bright field cross-section micrographs of NEC300, NEC600,
TaWC300 and TaWC600 are presented in Fig. 6. It should be noted
that the top region of the FIB lamella is thinner as a result of an imperfect
FIB sample preparation explaining the contrast variation. The films de-
posited at 300 °C exhibited a columnar structure extending from the
substrate interface to the film surface. The STEM images show that the
columns are not tightly packed and that there is space between them.
For both samples, NEC300 and TaWC300, the column width is small at
the substrate interface (approximately 5 nm to 10 nm) but reaches a
width of about 30 nm to 50 nm at about 100 nm distance from the sub-
strate. From there the column width remains relatively constant in the
growth direction.

The nanostructures of the films deposited at 600 °C differ signifi-
cantly from those for the films deposited at 300 °C. Both 600 °C films
are dense in growth. Only for NEC600 a columnar structure in the first
230 nm from the substrate interface is identified. The column width is
approximately 20 nm and relatively constant in the growth direction.
After 230 nm, the nanostructure changes to a polycrystalline appear-
ance. For TaWC600, no clear columnar growth is observed and the dif-
fraction contrast indicates a polycrystalline film. The STEM bright field
micrographs with higher magnification of NEC600 (image taken in
polycrystalline region of the film) and TaWC600 visualize the densely
grown grains with different crystallographic directions directly. The
grain size is in the order of a few tenths of nanometers for both samples.

Selected area electron diffraction (SAED) patterns integrating over
the whole film and NBD patterns probing single domains are presented
Fig. 3. Refined patterns for the: a) NEC600 and b) TaWC600 GI-XRD patterns. The inset in b) sho
experimental data, the black curve is the simulated pattern, and the blue curve denotes the diffe
Note that in b) two patterns were used for the fit, a tetragonal structure (I/4mmm, top markers
colour in this figure legend, the reader is referred to the web version of this article.)
in Fig. 7. For all films the cubic B1 structure has been used for indexing.
The NBD patterns of NEC300 prove that columns in two different crystal
orientations [1–10] and [0−11] coexist. By combining these twodiffrac-
tion patterns, all reflections in the SAED pattern of NEC300 can be iden-
tified, as shown in the overlayed pattern. The overlap of the 111-
reflections for the [1–10] and [0–11] zone axes indicates that the two
different orientations share a common (111) lattice plane. Since there
is space between the single columns, no atomically close twin bound-
aries between the single columns are expected. The reflections in the
SAED pattern are asymmetrically broadened. This can be attributed to
a size effect and some degree of freedom for column bending due to
the fact that the film does not exhibit dense growth.

The SAED pattern of NEC600 can be indexed in a similar way as
NEC300. But in contrast to NEC300, additional reflections next to the
dominant reflections of the [1–10] and [0–11] twin zone axes are ob-
served. No clean NBD patterns identifying the additional reflections
could be recorded. But by evaluating the SAEDpattern closely, it appears
that the additional reflections can be indexed with the same zone axes
rotated by ±70.53°. The simulated patterns for NEC600 are presented
in Fig. 7. Using this approach, most reflections in the SAED could be
identified as depicted in the overlay. For NEC600, a dense grain struc-
ture with small domains is observed and therefore a high twin bound-
ary density is expected in which the dominant [1–10] and [0–11] twin
zone axes share a common (111) lattice plane. The SAED pattern of
the TaWC300 film can be indexedwith the [1–21] zone axis as depicted
in the simulated diffraction pattern and the according overlay. Similar to
ws that two peaks are necessary to index the pattern for TaWC600. The red points are the
rence. Peak positions of the used structuremodels aremarkedwith black vertical markers.
) and a cubic structure (Fm-3m, bottommarkers). (For interpretation of the references to



Fig. 4. Pole figures obtained using the (200) reflection from the carbide phase. Data for near-equimolar (a and b), Ta/W-rich (c and d) andNb-rich samples (e) grown at 300 °C and 600 °C.
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the SAED pattern of the NEC300 film, the reflections are asymmetrically
broadened. This is again attributed to a size effect and slight bending of
the columns. The evaluation of the SAED patterns confirms that for
NEC300, NEC600 and TaWC300, the [111] direction is aligned with the
[001] direction of the sapphire substrate, as previously found by XRD
andpolefiguremeasurements. For the TaWC600 sample the [100] direc-
tion is aligned with the [001] direction of the sapphire substrate.

The NBD patterns of TaWC600 can be indexed with the zone axes
[0−13], [0–11] and [001], as shown by the overlayed simulations.
Despite the high lateral resolution of the NBD method, no clean dif-
fraction patterns of the single zone axes could be obtained and the
recorded patterns suffer from diffuse scattering intensity and super-
position of other diffraction patterns. This finding is interpreted as an
indication for a fine grain size and a heavy intergrowth of the identi-
fied zone axes. In contrast to the NEC600 film which exhibits a twin
like nanostructure with a shared (111) lattice plane, the identified
zone axes for TaWC600 have no obvious twin relationships. How-
ever, the SAED pattern of TaWC600 shows that the 200-reflections
of the [0–13], [0–11] and [001] zone axes coincide indicating that
the differently oriented grains share are common (200) lattice
plane throughout the grain boundaries.

STEM EDX line scans and elemental maps of the samples were re-
corded to investigate the elemental distribution within the columnar
grains. An elemental map of the NEC300 film and the corresponding
line scan are presented in Fig. 8. The line scan is extracted from the
map taken perpendicular to the grain boundary with the intensities



Fig. 5. SEM top-view images of the near-equimolar, Ta/W-rich and Nb-rich samples grown at 300 °C, and 600 °C.
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along the pathway integrated for better count statistics (see Fig. 8 DF
image). The map shows that Cr is segregated to the grain boundaries
of the columnar grains. The Cr content within the columns was about
10 at.%, and approximately 20 at.% at the columnar grain boundaries.
The elemental maps of Ta, Nb, Ti and W indicated a lower intensity in
the Cr-enriched column boundaries and the line scan showed a drop
of 1–2 at.% for these metals. No significant segregation of C was identi-
fied, but the quantification of the light elements is less accurate with
EDX. A similar Cr enrichment at the grain boundaries was observed
for the NEC600 (not shown). The Cr concentration in the Ta/W-rich se-
ries was too low to allow the detection of a similar segregation effect.

Nanoindentation measurements were performed to determine the
hardness and elastic moduli of the films. The results are summarized
in Table 2. The films were quite thin (~600 nm), and to avoid substrate
influence additional sinus mode hardness measurements were per-
formed on some samples. It was found that indent depths between
50 nm and 100 nm can give reliable hardness values, excluding surface
and substrate effects. Nevertheless, the hardness values were taken
from the 70 nm indents. The hardness was observed to be highest for
the TaWC600 sample with a hardness value of around 35 GPa. For
both theNEC and TaWC series, the hardness decreasedwith a decreased
deposition temperature. In the near-equimolar temperature series, the
hardness decreased from 26.5 GPa for NEC600 to 17 GPa for the
NEC300 film. The Ta/W-rich films exhibited the highest hardness with
35.5 GPa for the TaWC600 film and 20.2 GPa for the TaWCRT film. In
general, the elastic moduli of the film followed the hardness with the
Nb300 films as an exception. As can be seen in Table 2, the H/E ratios
were between 0.02 and 0.08, thus indicating a limited ductility [36,37].

To analyse the corrosion resistance, electrochemical studies were
conducted in a 1.0MHCl. Potentiodynamic polarization curves obtained
for the HEC films and a stainless steel reference material (i.e. SAF 3207
HD) are shown in Fig. 9a. It was found that the corrosion potentials for
the Nb-rich, near-equimolar and the Ta/W-rich samples were 0.69 V,
0.83 V and 0.96 V, respectively, whereas the corresponding corrosion
potential for the reference hyper-duplex stainlesswas 0.34V. The corro-
sion potentials of the carbide thin film samples were thus significantly
more positive than that for the hyper-duplex reference sample. For
the Nb-rich film, a passive region was observed between 0.9 and 1.1 V
with a passive current density of about 0.1 mA/cm2. No such passive re-
gions were observed for the near-equimolar and Ta/W-rich films, as a
steady current increase was seen from the corrosion potential up to
1.5 V in these cases. A marked current increase was also seen above
1.4 V for the near-equimolar film. The latter current increase was likely
caused by homogeneous transpassive corrosion of Cr since no pits were
observed on the surface after the corrosion analysis.

For the stainless steel reference sample, a steady current increase
was seen between the corrosion potential (i.e. 0.34 V) and about 1.0 V
after which a significant current increase was seen, most likely due to



Fig. 6. STEM bright field cross-section overview of the near-equimolar and Ta/W-rich samples grown at 300 °C and 600 °C.
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the formation of soluble Cr(VI) species (i.e. chromate and dichromate)
in the transpassive region. Investigations of the surface morphologies
of the samples after the corrosion measurements were performed by
SEM. The latter showed that no pits were present on the surfaces of
any of the carbide films. Indications of a thin surface oxide layer were,
however, found for the Nb-rich and near-equimolar samples (not
shown). The morphology of the W/Ta-rich film was, on the other
hand, completely unaffected by the corrosion experiment, see Fig. 9b
and c.
4. Discussion

The results show that multicomponent transition metal carbides
with an extensive solid solubility on the metal lattice can be deposited
by magnetron sputtering. It is also clear that the metal composition
can be varied in wide range while maintaining a cubic (or distorted
cubic) structure. Three of the five metals in this study (Ti, Ta, Nb) form
cubic monocarbides, while cubic structures with a B1 structure are
metastable for W and Cr at the temperatures used in this study. For
this reason, an extensive solid solubility of these elements on the
metal lattice is expectedwithout any additional contribution of high en-
tropy of mixing. We therefore use the term multicomponent carbides
and not high entropy carbides to describe these materials.

EDX analyses (an example shown in Fig. 8) of all investigated near-
equimolar samples show a significant Cr segregation from the bulk of
the grains to the column boundaries. This is not unexpected, since Cr
has the smallest radius (1.289 Å in 12-coordination) of all metals in
this study and as CrC with a B1 structure rarely is observed. In fact,
due to an unfavourable C/Cr radius ratio, Cr prefers to form carbides
with a low C content and complex crystal structures such as Cr23C6

and Cr7C3. Consequently, the driving force for the observed Cr
segregation to the grain boundaries can be a reduction of the total en-
ergy of the system.

The XRD and electron diffraction results suggest an epitaxial or
highly textured (111) growth on the Al2O3 (001) surface for most
films except for TaWC450 and TaWC600 where a (100) texture is ob-
served. The (111) surface of cubic carbides with a B1 structure is polar
and typically exhibits a higher surface energy than the (001) surface
[38]. At 300 °C, the films exhibit a typical columnar microstructure
30–50 nmwide, where each column consists of a single grain extending
from the substrate to the film surface. The NEC600 films features grains
with an extensive twinning and grainswith diameter of ≤20 nmare also
observed, whereas grains with a similar grain size in the TaWC600 fol-
low a strict orientation relationship, although the found zone axes are
not twin zone axes. The denser packed grain boundaries of the films de-
posited at 600 °C are clearly due to a higher atomic mobility with in-
creasing temperature. High entropy alloys are typically assumed to
exhibit a reduced bulk diffusion rate of the components compared to
conventional alloys. This is attributed to a “sluggish diffusion” effect
[39]. Such an effect should be stronger in the NEC series than in the
W/Ta-rich TaWC series. However, other factors such as individual ad-
sorption energies of the elements in the carbide are also important.
The lack of surface mobility data for these complex materials makes it
difficult to explain the mechanisms behind the different microstruc-
tures observed for the NEC and TaWC series.

The peaks in the diffractograms can easily be attributed to a simple
B1 structure formed in many metal carbon systems. However, a more
detailed analysis of XRD data (Fig. 3) shows that the multicomponent
carbide has a distorted cubic lattice. We can explain the distortion ac-
cording to the initial step of a Bain distortion used to describe the mar-
tensitic transformation in austenite (see Fig. SI 4). This is similar to the
distortion observed during hydrogen absorption in HfNbTiVZr [33].
Such a distortion can be due to several effects. Possible explanations



Fig. 7. SAED from the complete film cross-section and NBD on individual domains of the near-equimolar and Ta/W-rich samples grown at 300 °C and 600 °C. The colours correspond to
diffraction spots from different orientations. The overlays present a combination of the simulated and the raw data. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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are, for example, a relaxation of the unit cell to accommodate a high lat-
tice distortion caused by different metal atom radii or the formation of
an ordered substoichiometric carbide, where either themetal or carbon
atoms orders give rise to a non-cubic unit cell. Further studies are re-
quired to clarify the detailed mechanisms behind this distortion.

The hardness of themulticomponent films varies from about 12 GPa
to 35 GPa. An explanation for the hardness trends is difficult to present
due to the limited data available and the complexity of themulticompo-
nent carbide. The hardness of a material is dependent on several factors
such as the microstructure (film density, grain size, texture, element
segregation etc.), stresses and finally inherent properties of the carbide
materials (bond strength, shear properties etc.). In a multicomponent
material like the carbides investigated in this study, an additional hard-
ening effect is also possible due to extensive lattice distortion. The latter
effect ismuch larger compared to conventional solution hardening in al-
loys. Regarding themicrostructure, the results show large variations be-
tween the different films. In general, less dense, columnar films were
deposited at lower temperatures. The latter are, as expected, less hard
than the denser films deposited at higher temperatures. Furthermore,
the grain size and the texture of the films are different. The TaWC450
and TaWC600 films have the highest hardness (about 36 GPa). The lat-
ter have densely packed fine grains that follow a strict orientation rela-
tionship, which should lead to a higher hardness. The near-equimolar
film on the other hand has a higher Cr content, which leads to a more
significant Cr segregation to the columns boundaries. The column
boundary segregation may hinder dislocation movements and contrib-
ute to an increased hardness for the NEC series compared to the W se-
ries. The hardness of a carbide depends also on the dominating slip
planes in the material. Rowcliffe and Hollox found that the dominating
slip plane is different depending on the transition metal [40]. At low
temperatures, a {110} slip is observed for carbides with group 4 metals
(Ti, Hf, Zr), while carbides with group 5 metals deform on {111}. The
dominating slip planes in our multicomponent carbides are unknown
and the effect of the (001) texture in the W series compared to the



Fig. 8. STEM-ADF and EDXmaps of the same area for the near-equimolar sample grown at 300 °C. The sample growth direction is upward in the images. The line-scan presented in the top
is extracted from the spectral image as depicted in the DF micrograph.

Table 2
Sample parameters (lattice distortion (δ), and valence electron concentration (VEC)) and
properties (hardness (H), Young'smodulus (E) (calculated using υ=0.2), reduced elastic
modulus(Er), and H/E ratio) for all studied samples.

Sample δ (%) VEC H (±2.2 GPa) E, Er (±34 GPa) H/E

NEC600 5 8.12 26.5 445, 330 0.06
NEC450 5.1 8.04 21.4 444, 329 0.048
NEC300 5 8.42 15.7 367, 287 0.043
NECRT 5.3 7.92 16.9 371, 288 0.046
TaWC600 3.3 8.03 35.5 487, 350 0.073
TaWC450 3.3 8.2 35.3 418, 315 0.084
TaWC300 3.4 8.43 26.8 568, 390 0.047
TaWCRT 3.4 8.43 20.2 387, 298 0.052
Nb300 3 7.95 11.7 550, 376 0.021
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(111) texture in the NEC series cannot be determined with available
data, but may be a significant factor. Furthermore, the hardness should
also be affected by the observed tetragonal distortion of the TaWC450
and TaWC600 films described above. The non-cubic distortion can
partly contribute to the higher hardness of these films. The hardness
of transition metal carbides and nitrides are also dependent on the
chemical bonding within the carbide structure. For transition metal ni-
trides, harder and more ductile films are observed when group 5 and
6metals are alloyed into e.g. TiN [41]. The alloying increases the valence
electron concentration (VEC) leading to an optimal hardness at a VEC-
value of 8.4. In transition metal nitrides with increasing VEC, electrons
are transferred to N giving a more covalent bonding character in the
alloy. A similar effect has recently been predicted for the alloying of car-
bides, where DFT studies of ternary alloys shows that the addition of



Fig. 9. Corrosion behaviour of carbide films in 1.0MHCl. a) Potentiodynamic polarization curves for the near-equimolar, Ta/W-rich andNb-rich films. A polarization curve for a hyper-duplex
stainless steel (SAF 3207 HD) reference is also presented. The surface morphology before and after the corrosion measurements analysed by SEM is shown for the (b and c) TaWC300.
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group 6 elements leads to an increased covalent character in the bond-
ing [38]. The VEC was also calculated for our film and found to be in the
range of 8.0–8.4 which is at the “sweet spot” of the hardest carbide
[42,43]. In the present study no clear correlation between the hardness
and VEC was however observed. Finally, a hardening effect due to the
lattice distortion, δ described above can also influence the hardness.
However, the NEC series with highest distortion (Table 2) is clearly
less hard than the Ta/W-rich series, which suggests that themicrostruc-
ture difference is a more important parameter in controlling the hard-
ness of our films. In the present study this is probably the dominating
effect.

The corrosion behaviour of the carbide films was analysed in 1.0 M
HCl and compared with that of a hyper-duplex stainless steel reference
material. In comparison with the reference material, all carbide films
showed higher corrosion potentials and lower oxidation current densi-
ties. The highest corrosion potential (i.e. 0.96 V) was observed for the
Ta/W-rich film, which also exhibited the lowest oxidation current den-
sity. TheNb-rich samplewas, on the other hand, the only film exhibiting
a passive region (see the potential region between 0.9 and 1.1 V). By
comparing the SEM and electrochemical results it is clear that the Ta/
W-rich film exhibited the best corrosion resistance in 1.0 M HCl al-
though it should be pointed out that the corrosion resistances of all
three carbide films were excellent. The latter conclusion is supported
by the fact that none of the films exhibited signs of pits after the corro-
sionmeasurements. To determinewhich of the carbide film that should
be preferable in a certain application, the mechanical properties of the
carbide films also need to be taken into consideration. Based on such a
comparison the Ta/W-rich carbide seems to be the best candidate due
to its resistance to both mechanical and electrochemical stress.

5. Conclusions

Multicomponent transition metal carbides with five early transition
metals (Cr, Nb, Ta, Ti,W) have been deposited bymagnetron sputtering.
XRD shows that a cubic (or distorted cubic) structure is formed in a
wide composition range. EDX analysis of all investigated samples
shows a significant Cr segregation from the bulk of the grains to the col-
umn boundaries. The XRD and TEM results suggest an epitaxial or
highly textured (111) growth on the Al2O3 (001) surface for most
films except for TaWC450 and TaWC600 where a (100) texture is ob-
served. At 300 °C, the films exhibit a typical columnar microstructure
30–50 nm wide, where each column consists of single grain extending
from the substrate to the film surface. At 600 °C, however, the films
are denser with an extensive twinning of the NEC600 film and columns
with diameter of around 20 nm are observed. The peaks in the
diffractograms can easily be attributed to a simple B1 structure. How-
ever, a more detailed analysis of XRD data shows that the TaWC600
has a distorted cubic lattice. Distortion can be explained according to
Bain distortion used to describe the martensitic transformation in aus-
tenite. Further studies are required to clarify the detailed mechanisms
behind this distortion. The hardness of themulticomponent films varies
from about 12 GPa to 35 GPa. An explanation of the hardness trends is
difficult due to limited data available and the complexity of the multi-
component carbide. Starting with microstructure, the results show
large variations between the different films. In general, less dense, co-
lumnar films were deposited at lower temperatures. The TaWC450
and TaWC600 films which have the highest hardness (about 36 GPa)
exhibit dense packed small grains, which should lead to a higher hard-
ness. The VEC was also calculated for our film and found to be in the
range of 8.0–8.4 which is at the “sweet spot” of the hardest carbides,
but no clear correlation between hardness and VEC was observed. Fur-
thermore, the hardness was not influenced by the lattice distortion.
Consequently, the results suggest that variations in the microstructure
were the most important factor controlling the film hardness. More de-
tailed and systematic studies on carbides with one to five metal atoms
are required to clarify possible improvements of themechanical proper-
ties in a multicomponent carbide system.

The corrosion behaviours of the carbide filmswere analysed in 1.0M
HCl and compared with that of a hyper-duplex stainless steel reference
material. In comparison with the reference material, all carbide films
showed higher corrosion potentials and lower oxidation current densi-
ties. The highest corrosion potential (i.e. 0.96 V) was observed for the
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Ta/W-rich film, which also exhibited the lowest oxidation current den-
sity. The results suggest that designed multicomponent carbide films
may have a potential use as hard and wear-resistant coatings combined
with extreme corrosion resistance.
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