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Abstract
Srinath, A. 2022. Investigations of the corrosion resistances of magnetron sputtered
multicomponent materials. A study on high entropy alloys, high entropy sublattice ceramics,
and metallic glasses. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 2111. 90 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-1397-9.

The corrosion resistances of sputter deposited AlCrNbYZrN, CrNbTiTaWC and TaNiSiC
alloys were assessed in acidic and alkaline environments. Compositionally complex alloying
strategies, and whether they produced coatings with superior corrosion resistances, were
explored. Another priority was to determine if the formation of a random solid solution was
necessary for the design of corrosion resistant multicomponent alloys. The results showed that
successful surface passivation/oxidation was the key factor determining corrosion resistance.
The corrosion resistance was maximised when coating porosity was minimised, spontaneously
passivating elements were used, and the oxide solubility in the electrolyte was low. The benefits
of multicomponent alloying were demonstrated through the protective effect of oxides of more
stable elements (Cr, Nb, Ta) reducing the loss of less corrosion resistant elements (Al, Ti).
The supersaturation of nitrogen, carbon and/or silicon affected coating morphologies, surface
repassivation rates, and even directly corrosion resistances, e.g. when silicon oxides were
formed on TaNiSiC films.

The N content (0-50 at.% N) in AlCrNbYZrN films affected the film porosity, the absence
of which led to high corrosion resistances in 1.0 M HCl. The formation of a single phase
did not govern the corrosion resistances. It was more important that the coatings were dense,
as this permitted the formation of an impervious passive layer. The addition of 8 at.% C to
nearequimolar CrNbTiTaW alloys affected surface repassivation rates of films whose oxide
had been partially removed by chronoamperometry in a 1.0 M HCl electrolyte. However, the
effect of carbon on the corrosion properties was minor. A comparison of the nearequimolar
CrNbTiTaW, Nb and TaW alloys with their native oxides revealed comparable corrosion
resistances in 0.01 M HCl + 0.1 M NaCl. The nearequimolar CrNbTiTaW, Nb, and TaW alloys
also showed no evidence of pitting in 1.0 M HCl. The high corrosion resistances in CrNbTiTaW
alloys was due to the presence of extremely stable surface oxides abundant in Cr, Nb, and Ta.
TaNiSiC films with Si contents above 12 at.%, and C contents lower than 11 at.% showed high
corrosion resistances in 10 mM sodium borate due to the formation of silicon oxides, even after
three polarisations from −0.7 to +1.5 V vs. Ag/AgCl (3 M NaCl) and 50+ hours of immersion.
Microscopy of the Si-rich TaNiSiC film showed negligible differences in surface condition
before and after corrosion in sodium borate, while films with lower Si contents or higher Ta
contents were more severely corroded.
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Scope 

This dissertation focuses on the relationship between the com-
position of various sputter deposited multicomponent materials 
and their material properties. Special emphasis has been placed 
on the corrosion resistances of AlCrNbYZrN, CrNbTiTaWC, and 
TaNiSiC alloys, all of which have been synthesised by magnetron 
sputter deposition. The films all have a thickness of between 500 
nm and 1.2 μm. The effect of the metallic composition as well 
as the role of the p-elements (nitrogen, carbon and silicon) on the 
corrosion resistances of the coatings in various chloride containing 
and alkaline environments has been assessed. The mechanical and 
thermal stabilities have also been evaluated in certain cases. Fig-
ure 1 shows the areas of interest that have been explored. The end 
goal was to develop corrosion resistant and hard alloyed coatings 
by understanding the role of every element present. Four out of the 
five papers presented herein explore the effect of the composition 
of the coatings on the materials properties (corrosion, mechanical, 
and in one case, thermal). One study explores the influence of 
process parameters such as deposition temperature and substrate 
bias on corrosion resistance and mechanical properties. The results 
show that both composition and method of manufacture play vital 
roles in determining the performance of the coating. 

In summary, this thesis is a collection of studies detailing the 
strategies used to improve the corrosion resistances of AlCrNbYZrN, 
CrNbTiTaWC, and TaNiSiC alloys in acidic and alkaline environ-
ments. The intention was to identify and understand the factors 
determining the corrosion resistance of these materials by under-
standing the role of every element present, as it is highly probable 
that compositionally complex alloys such as these will enter the 
mainstream in the next decade. 



Figure 1: Areas of investigation in AlCrNbYZrN, CrNbTiTaWC and 
TaNiSiC alloys 

1 Introduction 

Alloyed coatings are used extensively to lengthen the functional-
ity of structural components used in corrosive environments [1–5]. 
Excellent corrosion, mechanical and thermal properties can be de-
signed into such coatings by optimising the alloy composition [6–8], 
microstructure [9,10], as well as the manufacturing process [11,12] 
by which they are produced. The coatings used in aggressive aque-
ous and/or flowing environments must be dense so as to drastically 
slow the ingress of corrosive agents to the underlying substrate [13]. 
Secondly, they must exhibit a high degree of passivity to their en-
vironment and adhere strongly to the underlying substrate [13]. 
Thirdly, their dissolution or dispersion into the environment during 
their lifetime must be controlled and/or ecologically non-toxic [14]. 
They must also have very good mechanical properties in cases 
where a combination of aggressive environmental corrosivity and 
mechanical loading is expected [15]. 

Several organisations such as the American Society for Test-
ing and Materials (ASTM), the National Association of Corrosion 
Engineers (NACE), and the International Organisation for Stan-
dards (ISO) draft very particular specifications for coatings used in 
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every industry imaginable [16, 17], but the requirements described 
previously apply to all hard coatings to some degree. Coatings 
of multicomponent materials with excellent corrosion, mechanical 
and thermal properties may be able to tend to the needs of indus-
tries requiring extremely long lasting component functionality and 
a detailed understanding of their corrosion resistances is required 
to design coatings of such materials, which is the subject of this 
thesis. 

1.1 Multicomponent materials 

Multicomponent materials contain multiple elements in principal 
concentrations [18]. They are also known as high entropy alloys 
(HEAs), compositionally complex alloys (CCAs), and even multi-
principal element alloys (MPEAs) [19]. The concept of high en-
tropy alloys (HEAs) was introduced in 2004 by Yeh et al. [20] and 
Cantor et al. [18, 21]. While casting equimolar compositions of at 
least five metals, they observed that some alloy systems gave rise, 
not to a mixture of intermetallic compounds as was expected, but 
to random solid solutions of simple cubic structures [18,20,21]. The 
formation of cubic structures was purportedly stabilised by a high 
entropy of mixing ΔSmix: 

N �
ΔSmix = −R ci ln ci 

i=1 

Where R is the ideal gas constant, N is the number of elements 
and ci is the atomic fraction of component i. A multicomponent 
alloy containing five equimolar components has a mixing entropy of 
1.61R [20,22], which could contribute to the total Gibbs free energy 
energy change (ΔG) and preferably stabilise a solid solution over a 
mixture of intermetallic phases [23]. Recent studies using thermo-
dynamic modelling, however, have shown that thermodynamically 
stable solid solutions are only formed at high temperatures (T ) [24], 
where the entropy of mixing has a large contribution to the total 
Gibbs free energy change (ΔG). 

ΔG = ΔHmix − TSmix 
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Where ΔHmix refers to the enthalpy of mixing. 
Most solid solutions at low temperatures are metastable, and 

their formation is stabilised by kinetic factors [25, 26]. More ap-
propriate names for these alloys are therefore, for example, com-
positionally complex alloys (CCA) or multicomponent materials. 
While the term ”high entropy alloy” is most popular, the relation-
ship between high configurational entropies arising from mixing 
many elements and the resultant materials properties of such al-
loys is the topic of engaging debate [19]. 

The HEA/multicomponent concept can be expanded to design 
many different types of materials. The addition of small amounts 
of p-elements, such as carbon in the interstitial sites of the alloy can 
produce a carbon supersaturated solid solution [27]. This has been 
studied in Paper 1, where the corrosion resistances of CrNbTaTiW 
films with 8 at.% C were investigated. When large amounts of 
the p-elements are added, nitrides, borides, carbides, and oxides 
are formed [27–30]. These materials are frequently named high 
entropy ceramics or high entropy metal sublattice ceramics, which 
have also been known to exhibit excellent corrosion and mechanical 
properties [27–30]. It should be noted that the entropy of mixing 
in these materials is different from the pure alloys since only the 
metal sublattice has a random configuration of elements [19,30,31]. 
The corrosion resistances of these types of materials were investi-
gated in Papers 3-5 where AlCrNbYZr films with different amounts 
of nitrogen ranging from the pure alloy to the nitride were stud-
ied. Most studies on high entropy or multifunctional materials are 
focused on crystalline materials. However, amorphous multicompo-
nent materials can also exhibit excellent mechanical and corrosion 
properties [32]. Amorphous structures may be formed as a result 
of high lattice distortion, which occurs when the component atoms 
are of very different sizes [33]. This has been explored by investi-
gating TaNiSiC amorphous alloys, whose corrosion resistances were 
studied in Paper 2. 
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1.2 Multicomponent materials with high corrosion 
resistances 

The corrosion resistances of most alloyed films depend on several 
factors, such as the spontaneity of surface passivation of the com-
ponent metals [34, 35], the degree of solubility of the formed sur-
face oxides in the given environment [36, 37], the morphology and 
porosity of the coating [38, 39], oxidation and repassivation kinet-
ics [40, 41], and other environmental stresses [42]. All of these 
factors are closely connected to the compositions and choice of el-
ements used. For coatings of multicomponent materials, the com-
position plays an especially significant role in determining their 
performance because the corrosion, mechanical, and thermal per-
formances arise from an interplay between all the elements, which 
are all present in significant amounts [43]. The role of any element 
in a multicomponent system thus cannot be reduced to a minor 
effect. Thus, the results of multicomponent alloying, and whether 
improved corrosion resistances actually arise as a result of compo-
sitional complexity, are explored in this thesis. 

The constituent metals in the studied alloys were chosen be-
cause (i) They are all known to spontaneously form oxides on expo-
sure to oxygen [35] (ii) The oxides are known to be stable over wide 
ranges of pH and potential [35,44,45] (iii) They demonstrate strong 
bonding with p-elements [46–48] (iv) Sputtered films of these met-
als, or combinations of these metals, have previously been shown 
to have tunable microstructures [25, 27, 49–53]. 

For the CrNbTiTaW alloys, the corrosion resistance of three 
alloys with very different compositions (nearequimolar, TaW-, and 
Nb-rich) were compared in 1.0 M HCl and 0.01 M HCl + 0.1 M 
NaCl for use as hard protective coatings. The corrosion resistances 
of the native oxides of the three different alloys were studied in 
great detail. Specific emphasis was placed on whether the corro-
sion resistance of the native oxide of the nearequimolar alloy was 
comparable to that of the very corrosion resistant TaW and Nb 
alloys. This helped to shed light on whether multicomponent al-
loying was a useful tool for developing corrosion resistant alloys. 
The effect of adding ∼ 8 at.% of carbon on the corrosion resis-
tances of these alloy systems was also determined. As the selected 
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metals form surface oxides upon exposure to air, the films were 
tested both with the native surface oxide present, and also on films 
whose native oxide had been perturbed/partially reduced (as it is 
not possible to reduce all the oxides). This was done to under-
stand the process of repassivation in the presence of carbon for 
the different alloys. Repassivation is an extremely important pro-
cess by which metals re-form their surface oxide when damaged, 
which is important for the longevity of the coatings in corrosive 
environments [54]. 

The elements in the TaNiSiC amorphous coatings in Paper 2 
were selected based on the ability form very stable surface oxides in 
alkaline environments and their ability to form an extremely dense 
and amorphous metallic glass. The chosen elements were predicted 
to form a glass due to their widely differing radii (Ta: 147 pm, Ni: 
127 pm, Si: 117 pm, and C: 77 pm) [32, 55]. The development 
of TaNiSiC coatings was motivated by the need for a dense and 
amorphous coating for a potential cladding application [56], where 
intergranular corrosion issues are known to plague the performance 
of the existing alloys [57]. Tantalum with its high melting point and 
hardness also forms an extremely hardy oxide known to be resistant 
to the effects of aqua regia. [58]. Ni alloys have been a mainstay 
for nuclear power applications due to their excellent corrosion and 
mechanical properties [59–61], as well as its demonstrated glass 
forming ability with Ta [50]. Si was chosen as its oxidation to SiO2 

was predicted to improve the corrosion resistance of the films by 
contributing to the formation a highly passive surface oxide [62]. 
Lastly, carbon was added due to its high melting point and chemical 
passivity [63]. 

The metals in the AlCrNbYZrN alloys were selected based 
on well-established reports which show that binary and ternary 
nitrides based on Cr, Nb, Y and Zr, which are in commercial 
use [64, 65], have good corrosion resistance and mechanical prop-
erties in a range of corrosive environments [47, 66–69]. Oxides of 
Al are known to be less stable in environments with a pH of less 
than 4.5 [35], which could potentially increase the corrosion rate 
in acidic environments, but would be suitable in neutral pH envi-
ronments. The studied material contains d- and p-block elements, 

15 



which have been reported to form binary nitrides (except AlN) 
with the NaCl-type structure [70]. AlN is stable in the hexago-
nal wurzite-type structure, but exhibits a relatively large solubility 
in NaCl-type nitrides made by physical vapour deposition due to 
kinetic stabilisation afforded by the rapid quenching process [70]. 
Their high mutual solid solubility may thus give a compositionally 
complex nitride with a hybrid combination of properties from the 
respective binary nitrides. Of prime importance among the dif-
ferent investigations was the influence of the nitrogen content on 
the AlCrNbYZrN coatings, which has been studied in great detail. 
A range of both nanocomposite (mixture of amorphous and crys-
talline compounds) and single phase AlCrNbYZrN coatings with 
different N contents (0-51 at.%) were deposited. In particular, the 
influence of stiochiometric and sub-stoichiometric N contents on 
the morphology, porosity and corrosion resistance needed to be de-
termined. Another priority was to determine if the formation of 
a random solid solution of the metals was imperative to the at-
tainment of a corrosion resistant multicomponent material. The 
bonding between the different metals and nitrogen was also inves-
tigated. Papers 3 and 4 together explore the role of each metal, the 
influence of nitrogen content, and deposition conditions on the cor-
rosion resistance. Paper 5, a more fundamental study, was devoted 
to characterising the intermediate region between the bulk and the 
outermost surface to better understand the intermediate chemical 
states of the metals preceding oxide formation. These studies were 
conducted by exposing and polarising the AlCrNbYZrN films in 1.0 
M HCl and then studying them using synchotron-based XPS at dif-
ferent photon energies to probe the near-surface regions of the films. 
Corrosion is a process which relies heavily on high interfacial diffu-
sion rates [71, 72]. To reduce the speed of dissolution/degradation 
on the surface, the conversion to the soluble species must be slow 
and preferably consist of several intermediate stages which are ki-
netically hindered [40], making the choice of the elements and the 
reactivities of their oxides important to study for the purposes of 
designing alloys with very low corrosion rates. 

All the multicomponent materials studied in this thesis were 
designed with objective of producing multifunctional coatings with 
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improved or similar corrosion properties to those of the component 
binary and ternary hard coatings which are presently used in many 
commercial applications. 

Several studies on multicomponent materials have claimed that 
a random solid solution of metals, is key to the realization of im-
proved corrosion properties in multicomponent alloys [73–75]. The 
formation of intermetallic phases has previously been blamed for 
poor corrosion resistance due to reasons such as elemental segre-
gation and dissimilar reactivities [73–75]. The performed studies 
have also attempted to elucidate if these thermodynamic guide-
lines relating to the necessity of forming random solid solutions 
were necessary for the attainment of multicomponent materials 
with extremely high corrosion resistances. As it stands, the es-
tablished principle is that the rate of corrosion is typically gov-
erned by the speed of electron transfer or the mass transport at 
the metal/solution interface [41]. This depends on a number of 
previously mentioned parameters including the solubility of the 
surface oxides [36,37], the morphology of the material [38,39], the 
oxidation behaviour of the metals [34], and the nobility of the met-
als [76]. As a result, it is kinetic considerations that may more 
accurately determine whether a material is corrosion resistant or 
not, which was corroborated by many of the presented results. 

1.3 Important considerations for coatings manufac-
tured by magnetron sputter deposition 

The studied multicomponent coatings were all manufactured by 
magnetron sputter deposition, a physical vapour deposition tech-
nique. It is a highly versatile and well-established technique al-
lowing the synthesis of coatings of nearly every conceivable com-
position on components of widely varying size and shape [77, 78]. 
Almost every non-volatile and solid element may be used, and re-
active gases such as nitrogen (for the synthesis of nitrides) may 
be pumped in to the chamber during deposition [78, 79]. Different 
coating morphologies and porosities may be obtained by chang-
ing the deposition parameters such as substrate bias and tempera-
ture [51], an area that has also been explored for the AlCrNbYZrN 
films in Paper 4. Coating thicknesses can be controlled by adjusting 
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deposition times and compositions can be controlled by adjusting 
the powers of the magnetrons. 

PVD techniques, such as magnetron sputtering, are used to 
deposit solid metal films from gas phase atoms [77,78]. They do not 
necessarily require a high temperature to generate the gas metal 
atoms as they use a strong electric field to first generate and then 
accelerate a plasma of heavy ions towards a solid metal [77, 78]. 
The physical bombardment of the heavy ions (such as Ar+) erodes 
the metal atoms off the surface of the solid target, and the excess 
kinetic energy from the collisions causes the metal atoms to travel 
through the plasma and land on the substrate 10-15 cm away [77, 
78]. 

During magnetron sputtering, the atoms impinging on the sur-
face are rapidly cooled leading to theoretical quenching rates on 
the order of 105K/s and above [52, 80]. The high quenching rate 
reduces the surface diffusion making it difficult to nucleate and 
form a mixture of intermetallic phases [81]. Hence, at low depo-
sition temperatures, magnetron sputtering favours random solu-
tions with simple crystal structures (or amorphous structures) and 
also makes it possible to deposit supersaturated solid solutions of 
p-elements far above the solubility limit predicted by thermody-
namics [27, 49, 82]. This permitted the synthesis of the carbon su-
persaturated films with 8 at.% of carbon in Paper 1, the TaNiSiC 
metallic glasses with Si + C contents up to 23 at.% in Paper 2, and 
the AlCrNbYZrN sublattice ceramics with N contents of up to 51 
at.% N in Papers 3 to 5. 
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2 Experimental 

All the alloys were synthesised as thin film coatings using dc mag-
netron sputtering and then characterised by a range of other mea-
surements to understand their corrosion, mechanical and thermal 
properties. This chapter briefly describes the different techniques 
used to study these materials. 

2.1 Magnetron sputtering 

Dc magnetron sputtering is a physical vapour deposition technique 
used to deposit solid films from gas phase atoms [77, 78]. The 
gaseous atoms of metal are produced through the physical bom-
bardment of a solid metal source by an argon plasma [77,78]. The 
plasma, which is a jet of ionised argon gas, is produced by a rf 
induction coil in the deposition chamber [83]. The bombardment 
of the plasma on the metal target causes some of the metal atoms 
from the source to be ejected, passing through a 10-15 cm-long path 
of high-density argon plasma, and deposited on the substrate [83]. 

As shown in Figure 2, the three main stages in the sputtering 
process are the conversion of the solid source to gaseous metal 
atoms, transport of the vapourised metal atoms to the substrate, 
and lastly the condensation, nucleation and growth of the film [77, 
78]. 

The sputter deposition machines used to deposit all the studied 
films were custom built ultra-high vacuum chambers, one of which 
is described in reference [84]. Films were deposited at ambient 
temperatures up to 700°C, and the substrates used were Si(100), 
SiO2, and  α-Al2O3 (001) which were up to three inches in diameter. 

Elemental targets of the different metals as well as carbon and 
silicon with purities of at least 99.95% were used. Direct current 
power supplies were used for the metals, while a pulsed direct cur-
rent power supply was used for Si and C to avoid charging of the 
target. For the films containing nitrogen, the gas mixture consisted 
of Ar and N2. The Ar and N2 flow rates were adjusted between 0 
and 60 % in order to achieve different N2 flow rate ratios (RN = 
N2/(N2+Ar)) [85]. Changing the Ar:N2 ratio allowed the forma-
tion of films with different nitrogen contents. All the depositions 
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Figure 2: Schematic representation of the different stages involved in 
magnetron sputtering. 

were done in argon at 0.6 Pa and the base pressure of the system 
was on the order of 10-7 Pa or less. 

The substrates were cleaned in acetone and ethanol in an ul-
trasonic bath for five minutes and dried in flowing nitrogen before 
introduction into the deposition chamber. The substrates were 
preheated in vacuum for at least one hour to avoid the formation 
of temperature gradients. The temperature was monitored with 
a thermocouple calibrated using a dual beam pyrometer on the 
substrates. Prior to film growth, the substrates were cleaned by 
Ar+ ion bombardment for a few minutes, using a negative rf sub-
strate bias [85]. The targets were also cleaned prior to deposition 
by using the same target powers as used in the depositions. A 
rotating substrate holder was used to ensure homogeneous compo-
sition of the resulting films, but when a gradient in composition 
was required, the substrate holder remained static. For the combi-
natorially sputtered TaNiSiC films, the powers on the magnetrons 
were chosen for each target material such that the center of the 
wafer had a 1:1 Ta/Ni ratio. After deposition, all the films were 
stored in ambient environmental conditions of pressure and tem-
perature in sterile containers. The TaNiSiC films also underwent 
annealing at 400, 500, 600, and 700°C in the sputter deposition 
chamber with ex-situ XRD measurements taken in between each 
annealing step. The corrosion studies, however, were conducted on 
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the as-deposited films. 

2.2 Electron microscopy 

Scanning electron microscopy was used to visualise the top surfaces 
and cross sections of the films before and after corrosion. High 
resolution images were captured using a Zeiss Merlin FE-SEM with 
Gemini II electron optics. Secondary electron images were acquired 
with an in-lens detector operated at an acceleration voltage of 3-5 
keV. The samples were plasma cleaned before introduction in the 
SEM. 

Cross section and top view sections of the thin film samples were 
prepared with a focused ion beam and scanning electron microscopy 
(FIB-SEM, FEI Strata DB235). Cross sections were extracted us-
ing a gallium FIB attached to a Cu grid by depositing platinum. 
The samples were thinned until electron transparent with a 30 kV 
Ga beam and any damaged surface was polished again using 5 kV 
Ga ion beam. 

Transmission electron microscopy analysis was carried out on a 
probe-corrected FEI Titan Themis equipped with an X-ray – field 
emission gun (X-FEG) and the SuperX system for energy dispersive 
X-ray (EDX) spectroscopy operated at 200 kV. The ESPRIT soft-
ware (version 1.9) by Bruker was used to acquire the EDX maps. 
Theoretical k-factors provided by the software were used to conduct 
a standardless quantification method. 

2.3 X-ray diffraction (XRD) 

X-ray diffraction uses the constructive interference of the diffracted 
rays to probe the interatomic spacings between atoms to determine 
if there is long range order, giving rise to peaks in the diffraction 
pattern [86]. Characteristic patterns obtained from diffraction ex-
periments of different materials allows the determination of lattice 
structure, bond distances, strain and any other relevant structural 
information [86]. A peak is seen on a diffraction pattern when it 
obeys Bragg’s law: 

nλ = 2d sin θ (1) 
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where n is an integer, lambda the wavelength, d is the distance 
between the planes and theta is the scattering angle [86]. 

The structure of the CrNbTiTaW films was studied using Bragg-
Brentano and grazing incidence (GI) (ω=2°) measurements [49]. 
The measurements were performed using a Philips X’Pert MRD 
diffractometer with Cu Kα radiation [49]. A parallel beam setup 
with a Göbel mirror on the primary side and a parallel plate col-
limator with a 0.27° acceptance angle on the secondary side was 
used [49]. The structure of the TaNiSiC films was analyzed using 
Bragg-Bentano X-ray diffraction (XRD) measurements in a Bruker 
D8 Discover with Cu Kα radiation, and a LynxEye XE detector. 
The Cu Kβ radiation was suppressed with a 0.2 mm Ni-filter. The 
beam spot was 5 × 5 mm2 at each measurement point, and the de-
tector was set to 1D mode with a 2.2° opening. The AlCrNbYZrN 
films were studied with a Philips MRD X’Pert diffractometer with 
Cu Kα radiation [85]. The optical setup for the X-ray beam in-
volved a parallel beam geometry, consisting of a Gobel mirror as 
primary optics and parallel plate collimator with a 0.27° divergence 
as secondary optics [85]. Grazing incidence (GI) scans with an in-
cident angle of 2° were conducted [85]. The cell parameters of the 
nitrogen containing samples were refined in the software Unitcell 
using a non-linear least square method. 

2.4 Elastic recoil detection analysis (ERDA) 

Elastic recoil detection analysis uses the energetic bombardment 
of materials by heavy ion beams for elemental quantification [87]. 
The chemical compositions of the films were determined by Time-
of-Flight Energy elastic recoil detection analysis (ToF-E-ERDA) at 
the Tandem Accelerator at Uppsala University. The measurements 
were carried out using 36 MeV 127I8+ ions as projectile species, and 
the scattered ions were detected at an 45° angle with respect to the 
primary beam. The incidence and the detection angle of the ion 
beam was set to 22.5° with respect to the sample surface. Details 
about the employed experimental system can be found in Ström 
et al. [88] and the POTKU software package was used for data 
analysis [89]. 
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2.5 Atomic force microscopy (AFM) 

Atomic force microscopy in non-contact mode was used to study the 
surface roughnesses of the alloys before and after corrosion. Sur-
face roughness is an important parameter affecting the electroac-
tive area during corrosion and also helps to visualise the surface 
morphology [90]. 

The surface morphology and roughness of the CrNbTiTaWC 
samples were studied using a Park Systems (PSIA) XE150 instru-
ment and XEP data collection software. The surface of the film 
was scanned using an AppNano ACTA tip at 300 kHz frequency 
with a scan area of 1 × 1 μm2 at a scan rate of 1 Hz and with 512 
× 512 pixel resolution. PSIA XEI image processing and analysis 
software was used to process the images, and the roughnesses were 
acquired from the region analysis tool therein. 

A Bruker Dimension Icon ICON4-SYS instrument in AFM mode 
was used to carry out the surface roughness measurements for the 
AlCrNbYZrN films. A high resolution scanasyst air tip in non-
contact mode was used. An area of 0.5 μm2 was mapped at a scan  
speed of 1 Hz. The software NanoScope Analysis (Version 1.9) was 
used to extract the surface roughness of the samples. 

2.6 Corrosion testing 

Corrosion tests were conducted in a three-electrode cell using an 
Ag/AgCl reference electrode, a Pt wire as a counter electrode, and 
the thin film as the working electrode. The Ag/AgCl electrode was 
contained in either 3 or 3.5 M KCl or NaCl. Copper tape was used 
to connect the working electrode to the potentiostat and an O-ring 
was used to keep the apparatus from leaking. The samples were 
cleaned with ethanol, acetone and water before and after every 
measurement. The electrolytes used were either 1.0 M HCl, 0.01 
M HCl + 0.1 M NaCl or sodium borate with a pH of 0, 2 and 9.5 
respectively. The volume of the electrolyte was either 3.5 or 4 ml 
with the same volume being used in each paper. The experimental 
set-up is shown in Figure 3. 

An open circuit measurement is one where the potential of the 
electrochemical cell is measured as a function of time, with no load 

23 



Figure 3: Drawing of corrosion cell showing the reference, working and 
counter electrodes. 

being applied [91]. The open circuit value is a mixed potential 
consisting of all the oxidation and reduction reactions occurring at 
the surface when no potential is being applied [91]. The potential 
naturally established on the surface and recorded by the potentio-
stat is representative of the corrosion resistance of the film [91]. 
More positive and stable potential readings are associated with 
films that are more corrosion resistant. The films were usually left 
to equilibrate in the electrolyte for up to 2 hours under open circuit 
conditions. 

Potentiodynamic polarisations were used to study the current 
response of the films to an imposed potential. During potentiody-
namic polarisation measurements, the current densities of the test 
material are recorded as a function of the potential in a pre-set 
potential window in a given electrolyte over a relatively short time 
period [92, 93]. Scanning to anodic potentials provides an accel-
erated driving force for surface oxidation. As the experiment is 
not carried out under equilibrium conditions, this technique helps 
to ascertain the electrochemical stability of different elements of a 
film with factors such as the electroactive area [94], the presence 
of a native oxide [95], faradaic reaction rates [95], and composi-
tion [96] all affecting the results. While this technique helps shed 
light on many different aspects of the corrosion resistance, it is an 
accelerated test and is not transferrable to long term predictions 
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of the corrosion resistance of a material. 
The ac impedance responses of the films were also recorded at 

the open circuit potential for up to a maximum of 72 hours us-
ing the three-electrode cell and potentiostat indicated above. The 
frequency range spanned from 200 kHz to 0.1 Hz and the ac ampli-
tude was 10 mV. Each measurement was typically conducted three 
times. The impedance response of a film taken before and after a 
polarisation was helpful in determining and comparing changes in 
corrosion resistance between the different films. 

Chronoamperometry was used to partially reduce the surface 
oxides on the films by maintaining the potential at a sufficiently 
negative value at which the metal oxides were expected to be re-
duced according to the equation ΔGo = -nFEo [40]. The purpose of 
the chronoamperometry was to study the reformation of the oxide 
and thus gain insight of the repassivation rates. 

2.7 Inductively coupled plasma mass spectrometry 

Inductively coupled plasma mass spectrometry was used to deter-
mine the concentrations of the different metals in solution after cor-
rosion. A NexION 300D ICP–MS instrument (Perkin Elmer, USA), 
using the SyngistixTM 1.0 software and equipped with nickel cones, 
a cyclonic spray chamber, and an ES–2040 PFA–ST MicroFlow 
nebulizer was used for the determinations for all the measurements, 
as well as 103Rh, which was used as an internal standard. All iso-
topes were measured in the kinetic energy discrimination (KED) 
mode to further reduce any polyatomic interferences. The instru-
ment was stabilised for 45 minutes prior to the optimisation of the 
Ar gas flow to the nebuliser and mass calibration by measuring 
Li, Mg, In, and U, as a part of the optimization procedure. The 
MS-method involved three replicate readings of 30 sweeps over the 
analyte mass-range with an integration time of 75 ms for each mass 
per sweep. The sample aspiration rate was 0.3 ml/min with a sam-
ple pre-flush of 45 s before the analysis of each sample. After each 
sample, the system was washed with 1% HNO3 for 90 s.  When  
running the instrument in the KED mode, a He flow rate of 4.5 
ml/min was used. 
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2.8 In-house X-ray photoelectron spectroscopy (XPS) 

The elemental compositions of the as-deposited films were deter-
mined by X-ray photoelectron spectroscopy (XPS) using an X-ray 
spot size of 100 μm2. Sputter depth profiles were employed with 
an area of 1×1 mm2 and Ar+ ion etch energy of 200 eV. The sensi-
tivity factors, used for the bulk composition determinations, were 
obtained from reference measurements by time-of-flight elastic re-
coil detection analysis (ToF-ERDA). For the AlCrNbYZrN films, 
XPS measurements on a metallic bulk reference sample with a com-
position of 10 at.% Al, 30 at.% Cr, 30 at.% Nb, 10 at.% Y and 10 
at.% Zr were also conducted. 

The surface and bulk compositions of the corroded films were 
also studied by X-ray photoelectron spectroscopy (XPS). Measure-
ments were conducted using a Ulvac-Phi Quantera II scanning XPS 
microprobe with monochromatic Al Kα radiation and an X-ray 
spot size of 100 μm2. Sputter depth profiles of selected core lev-
els were collected using 200 eV Ar+ ions rastered on an area of 1 
× 1 mm2, for a total of 20 cycles of 1 minute each, giving a to-
tal sampling depth on the order of 7 nm. The resulting elemental 
abundances were determined using sensitivity factors provided by 
Ulvac-Phi. 

To separate the different components, peak fittings were per-
formed. Peaks with lower oxidation states were fitted using Doniac-
Sunjic profiles [97] whereas the oxide core level peaks were fitted 
using Voigt profiles. Lorentzian broadenings [98] according to re-
ported natural widths were used for all elements as well as reported 
spin-orbit splittings. The background was modelled by a Shirley-
type function. 

2.9 Hard X-ray photoelectron spectroscopy (HAX-
PES) 

The HAXPES measurements were performed at Diamond Light 
Source, in the beamline I09, containing a Scienta R4000 electron 
analyser. Photon energies of 2351 eV, 4000 eV and 5922 eV, hence-
forth referred to as ∼ 2 keV, 4 keV  and 6 keV respectively,  were  
used to study the AlCrNbYZrN films. The AlCrNbYZrN films 
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were conducting, but deposited on a non-conducting sapphire sub-
strate, causing some charging effects. Charging was monitored by 
checking the core level peak positions as a function of varying X-
ray intensity and then reducing the X-ray intensity. The binding 
energy scale was corrected by placing the valence band edge at 0 eV 
binding energy. Severe charging was mitigated by aligning the core 
level spectra with the metal/metal nitride core level peaks. Bind-
ing energy shifts are presented with an uncertainty of 0.1 eV. The 
TPP2M formula in the Quases software [99] was used to approxi-
mate the maximum escape depth using ZrN as the matrix material 
(density=7.09 g/cm3). Peak fittings of the core levels were con-
ducted to determine oxidation states with a minimum number of 
peaks. Fits of the metal and metal nitride core level peaks were 
made using asymmetric Doniac-Sunjic profiles [97]. The contribu-
tion from higher binding energies/oxidation states (as for oxides or 
sub-oxides) were modelled by symmetric Voigt profiles [100]. The 
intensity ratio of the spin-orbit components was 1:2 for p1/2:p3/2
levels and 2:3 for d3/2:d5/2 levels. Lorentzian broadenings [98] ac-
cording to reported natural widths were used for all elements. The 
pristine materials measured at the highest photon energies were 
used as models to fit the peaks of the corroded samples, with the 
obtained Gaussian broadening, asymmetry parameter and spin-
orbit splitting for the metal or nitride components being applied 
to fit other core level spectra. If multiple oxides were present, the 
same Gaussian width was used when possible. 

2.10 Nanoindentation 

A CSM Instruments Ultra Nano Hardness Tester nanoindenter, 
equipped with a diamond Berkovich tip, was used to measure the 
mechanical properties. 20 load-displacement curves were recorded 
for each composition, and the indentation depth was set to 50 nm, 
which is below 10% of the film thickness, so as to minimise sub-
strate effects. The hardness (H) and the reduced elastic modulus 
(Er) were determined from at least 10 load-displacement curves 
following the method by Oliver and Pharr [101]. 
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3 Results and discussion 

3.1 CrNbTaTiW alloys 

The corrosion resistance of three sputter deposited alloys with dif-
ferent compositions - nearequimolar, TaW-, and Nb-rich - contain-
ing the elements Cr, Nb, Ta, Ti, and W with and without 8 at.% 
carbon was evaluated in Paper 1. The aforementioned films with-
out carbon are referred to as NE, TaW and Nb, while the carbon 
containing films are referred to as NE(C), TaW(C) and Nb(C). NE 
stands for nearequimolar. In total, six alloy types were studied. 
The compositions are shown in Table 1. The amount of carbon 
added to each of the alloys was 8 at.%. Fritze et al. [49], who stud-
ied the structure and mechanical properties of the films determined 
that all the cross sections of the films were dense and that the films 
had bcc-type structures before and after the addition of carbon, ex-
cept in the case of the NE(C) film which became amorphous. APT 
studies of the nearequimolar alloys by Shinde et al. [82] showed 
that carbon was present in the interstitial sites as a solid solution. 

SEM images seen in Figure 4 showed that the addition of car-
bon led to modest morphological changes in the grains for the Nb 
and TaW alloys i.e. grain refinement was observed. The surface 
of the NE film did not have distinct grains, but shallow nucleation 
defects were observed. These changes were in agreement with pre-
vious studies conducted by Fritze et al. [49] and Shinde et al. [82]. 
The TaW film exhibited grains between 100-145 nm long and the 
Nb film also had grains ∼ 150 nm in length and ∼ 50 nm in width. 
Studies of the corrosion resistances of the six different alloys pro-
duced three main findings which are highlighted herein. 

3.1.1 The corrosion resistances of all the alloys with their 
native passive layers were nearly equal in the tested 
conditions 

The corrosion resistances of the films in 0.01 M HCl + 0.1 M NaCl 
were tested according to the following protocol: (i) All films were 
left in the electrolyte for 1 hour in open circuit conditions (ii) This 
was followed by an impedance measurement from 100 000 to 0.1 Hz 
using a 10 mV ac peturbation (iii) A potentiodynamic polarisation 
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Table 1: Sample names, structures and chemical compositions (in at.%) 
for the synthesised thin films. The same synthesis route was used, with 
compositions similar to those reported in reference [49]. The overall com-
position, including the C content, sums to 100%. 

Sample Structure Cr Nb Ta Ti W C 
NE bcc 26 19 16 21 18 0 
NE(C) amorphous 26 16 15 16 19 8 
TaW bcc 3 12 41 3 41 0 
TaW(C) bcc 4 11 37 4 36 8 
Nb bcc 1 91 1 1 6 0 
Nb(C) bcc 2 83 1 1 5 8 

was conducted from −0.2 to 1.5 V vs. Ag/AgCl (3 M KCl) using a 
scan rate of 10 mV/s (iv) The films were left in the electrolyte for 1 
hour at open circuit conditions (v) A final impedance measurement 
was carried out using the same parameters mentioned previously. 

Potentiodynamic polarisation data of all the alloys with their 
mature passive layers in 0.01 M HCl + 0.1 M NaCl showed that 
the polarisation curves of all the films overlapped, as seen in Figure 
5. 

Small increases seen in the current densities at potentials above 
1.0 V vs. Ag/AgCl (3 M KCl) for the nearequimolar alloys with 
and without carbon were attributed to the higher Cr contents in 
the films, which have higher corrosion rates in Cl-containing so-
lutions above 1.0 V vs. Ag/AgCl (3 M KCl) [35]. However, the 
increase in current of the NE alloys does not appear to scale with 
the compositional differences between the different films. It was ini-
tially thought that the nearequimolar alloys would produce much 
higher current densities than observed due to their 5-17 fold higher 
Ti and Cr contents than the TaW and Nb alloys, but it can be 
seen that apart from a modest increase in current after 1.0 V vs. 
Ag/AgCl(3 M KCl), the response of the nearequimolar films was 
akin to that of all the other alloys, and superior to that of the hy-
per duplex SAF 3207 steel, which had the same Cr contents as the 
NE films. This demonstrated that a well-functioning passive layer 
was in place which minimised the corrosion of Ti and Cr. 

The NE alloys were expected to have a passive layer with a 
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Figure 4: SEM micrographs showing top surface views of each pristine 
carbon free and carbon containing thin film, prior to the corrosion studies. 

composition roughly representative of its bulk composition, with 
the metals forming oxides on exposure to air. The Nb alloys con-
taining 91 and 83 at.% Nb were predicted to have a surface largely 
dominated by Nb2O5 [35], also reflective of the film composition, 
which was based on the Pourbaix diagram for Nb. The TaW films 
were expected have a passive layer rich in Ta2O5 and WO3, again 
based on their respective Pourbaix diagrams [35]. While the com-
position of the alloys may differ significantly, Pourbaix diagrams 
indicate that a passive layer containing Cr, Nb, Ta, W, would be 
formed on every film. The process of obtaining said passive layer 
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would also be different for each alloy i.e. more etching for the NE 
alloys due to loss of Cr, but the end result was the attainment of 
similarly stable passive layers. Once a mature passive layer was 
formed, it was likely that any significant dissolution of Ti and Cr 
was reduced to a steady state minimum due to a passive layer rich 
in the other more stable elements. 

Further evidence to all the CrNbTiTaW alloys having nearly 
equal corrosion resistances is shown in the impedance measure-
ments in Figure 6. They were collected pre- and post-polarisation 
in the same 0.01 M HCl + 0.1 M NaCl electrolyte after 1 hour 
at OCP conditions, and also displayed either overlapping or very 
similar responses for all the alloys. In contrast, it was observed 
that the impedance of the reference steel depreciated significantly 
after the polarisation, probably due to large losses in Fe and Cr, 
losses which the thin films did not sustain as the oxides of Nb, Ta 
and W in all the films inhibited large losses in Ti and Cr. 

Thirdly, ICP-MS measurements taken after all the films were 
immersed in the 0.01 M HCl + 1 M NaCl electrolyte for 1 hour also 
showed similar magnitudes of Ti and Cr dissolution, despite the NE 
and NE(C) films containing 5-17 times the amount of Ti and Cr 
compared to the other films. This led to the conclusion that the 
formation of a passive layer in the CrNbTaTiW alloys under open 
circuit conditions necessitated a loss of similar amounts of Ti and 
Cr that was independent of the Ti and Cr concentrations in the 
films, and more dependent on the presence of Nb, Ta and W whose 
oxides were very stable. Their presence asserted a protective effect 
on all the CrNbTaTiW films and reduced the release of Ti and 
Cr ions to a steady-state minimum irrespective of their individual 
compositions. 

The XPS results of the surfaces of the nearequimolar alloys with 
and without carbon after polarisation in 0.01 M HCl + 0.1 M NaCl 
with their native oxide intact are shown in Table 2. The collected 
data concerns the metal ratios, and the carbon was not taken into 
account, due to conflation with adventitious carbon. It showed 
that the surfaces of the pristine films were slightly richer in Ti and 
Cr than the other elements compared to the bulk. The pristine NE 
film had a Ti concentration of 36 at.% near the surface vs. 13 at.% 
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in the bulk. Conversely, a lower abundance of W on the surface, 
compared to the bulk was noted (12 at.% near the surface vs. 34 
at.% in the bulk). Calculations of the standard potential of the 
metal oxides of Cr, Nb, Ta, Ti and W showed that the oxidation 
of W occurs less readily than the other metals, possibly accounting 
for the preferential aggregation of W under the passive layer of all 
the CrNbTaTiW films, including the TaW- and Nb-rich alloys. The 
pristine NE(C) film also showed Ti enrichment and W depletion 
on the surface, in addition to a significant surface enrichment of 
Cr (29 at.% near the surface vs. 17 at.% in the bulk). After 
corrosion, both the NE film and the NE(C) film showed surface 
losses in Ti/Cr, and surface enrichments in Nb, Ta, and even W on 
the surface. In the pristine samples, there appeared to be roughly 
one-third the amount of W present on the surface compared to that 
of the bulk. After corrosion, the amount of W increased to nearly 
half of what was present in the bulk for both NE alloys. Previously 
mentioned ICP-MS results agree well with the XPS results as they 
showed increases of Ti and Cr in the electrolyte but less than 20 
ppb of dissolved Nb and W, and no Ta. 

The presented polarisation curves, impedance measurements 
and ICP-MS readings all showed that CrNbTaTiW alloys with 
their naturally formed surface oxides exhibited similar corrosion 
resistances over short time domains, independent of significant dif-
ferences in composition. The shapes of the acquired polarisation 
curves were induced by the applied potential and reflected the dif-
ferent processes occurring at the film interface. They showed that 
there were negligible differences for the samples with and without 
carbon because a similarly behaving native passive layer i.e. a pas-
sive layer of similar electrochemical stability, was present on all the 
films. A loss of corroding elements was seen to lead to an enrich-
ment of the more passive elements. Even large differences in the 
proportions of Cr, Nb, W, or Ta oxides would thus show very sim-
ilar electrochemical responses as all these oxides are passive under 
OCP conditions and also below 1.0 V vs. Ag/AgCl (3 M KCl). 
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Figure 5: Potentiodynamic polarisation curves (log j vs. EW E) of all 
films with the surface oxide intact in 0.01 M HCl + 0.1 M NaCl. The 
potential range was −0.2 to +1.5 V vs. Ag/AgCl (3 M KCl) and the 
scan rate was 1 mV/s. The films were equilibrated in the electrolyte for 
one hour at open circuit prior to the recording of the polarisation curves. 
The films with carbon are shown in dotted lines and the films without 
carbon are shown in solid lines. The reference steel used was Sandvik 
hyper duplex stainless steel SAF 3207 HD (UNS S33207) known for its 
high corrosion resistance in chloride environments. 
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Figure 6: EIS spectra before and after potentiodynamic polarisation from 
−0.2 to +1.5 V vs. Ag/AgCl (3 M KCl. The frequency range was 100 
000 Hz to 0.1 Hz and the ac perturbation signal was 10 mV. The reference 
steel used was Sandvik hyper duplex stainless steel SAF 3207 HD (UNS 
S33207) known for its high corrosion resistance in chloride-rich environ-
ments. 

Figure 7: The concentrations of 49Ti (purple bars) and 53Cr (maroon 
bars) in ppb of all CrNbTiTaWC films after one hour at open circuit in 
the 0.01 M HCl + 0.1 M NaCl electrolyte. The OCP values vs. Ag/AgCl 
(3 M KCl) are shown at the top of the plot. The error bars represent the 
error (Sy/x) calculated from three replicate measurements. 
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3.1.2 The addition of carbon influenced the surface repas-
sivation of all the tested alloys, but played a minor 
role in changing the corrosion resistances of the 
passivated alloys 

The addition of carbon was observed to alter the rate of surface 
oxide reformation (repassivation) on the films. To study the poten-
tial role of carbon, all the films underwent a reduction procedure 
wherein a static potential of −1.5 V vs. Ag/AgCl (3 M KCl) was 
applied for five minutes to all the films. This was done to partially 
reduce a proportion of the outermost surface oxide to the metal, 
and to observe the reformation of the modified surface oxide. The 
re-oxidation of the reduced metal on the surface was then induced 
through potentiodynamic polarisation measurements in 1.0 M HCl. 
These experiments were conducted to determine the influence, if 
any, of carbon on the formation of a new passive layer. 

The polarisation data in Figure 8 showed that the presence of 
carbon influenced the surface repassivation of the alloys in different 
ways. 

When the surface oxides of the NE alloys were partially reduced 
by a chronoamperometry to −1.5 V vs. Ag/AgCl and then sub-
sequently polarised in 1.0 M HCl, the NE(C) film showed higher 
current densities than the NE film for the entire potential range. 
This indicated that more etching took place on the surface of the 
NE(C) film in order to form the passive layer, possibly delaying its 
formation. 

For the TaW and Nb alloys, the addition of carbon mainly de-
creased the oxidation rate of the surrounding metals, as can be seen 
by the corrosion potentials which increased by +0.6 and +0.28 V 
for the TaW(C) and Nb(C) films respectively. Such large increases 
in the corrosion potential are unlikely to have arisen from a ther-
modynamic effect, and were instead attributed to the kinetically 
hindered oxidation of carbon, as it is unlikely to undergo signifi-
cant corrosion at these potentials. The shaded red line in Figure 
8c indicates the region of the curve disrupted by the presence of 
hydrogen evolution, which was not possible to avoid. 

ICP-MS studies in Figure 7 measured in 0.01 M HCl + 0.1 M 
NaCl revealed that the Nb(C) and TaW(C) films had lower disso-
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lution rates of Ti and Cr than the Nb and TaW films respectively. 
This supported the conclusion that the presence of carbon in some 
way reduced the losses of Ti and Cr for Nb and TaW alloys even 
in cases where a mature oxide was present. In contrast, the NE(C) 
film had higher rates of Ti and Cr dissolution, compared to the NE 
film, which agrees well with the higher current densities seen in 
the potentiodynamic polarisations conducted in 1.0 M HCl. This 
may initially suggest a lower corrosion resistance, but polarisation 
curves and impedance measurements of all the films with mature 
passive layers in the previous section demonstrated that all the 
films with mature passive layers had similar corrosion resistances. 
This indicates that carbon affected the kinetics of surface repassi-
vation, but did not play a major role in determining the corrosion 
resistances of the films. Once the oxide was fully formed and the 
less corrosion resistant elements were etched off, an oxide contain-
ing Cr, Nb, Ta and W was found on all the films. 

Table 2: Calculated metal ratios from XPS measurements of pristine (i.e. 
with the native oxide) and corroded surface, as well as the bulk for the 
NE and NE(C) coatings. The bulk values were attained after 20 min of 
sputter-etching using 200 eV Ar+. 

Metal ratios (at.%) Coating Sample Ti Cr Nb Ta W 
Pristine Surface 36 21 11 20 12 

NE Corroded Surface 27 11 20 26 16 
Bulk 13 19 12 22 34 

Pristine Surface 30 29 11 17 13 
NE(C) Corroded Surface 16 17 22 27 18 

Bulk 13 17 15 23 32 

3.1.3 All the CrNbTiTaW alloys displayed high corrosion 
resistances in 1.0 M HCl 

Lastly, SEM images showed that the CrNbTiTaW films with and 
without carbon appeared to lack any visual indication of pitting 
in 1.0 M HCl, as shown in Figure 9. These images were captured 
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after exposure to and polarisation in 1.0 M HCl, and all the films 
remained free of pits, even after the oxide layer had been partially 
reduced prior to the polarisation. This does not, however, mean 
that no corrosion occurred, but it was more likely that the corrosion 
was uniform. 
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Figure 8: Potentiodynamic polarisation data (log j vs. EW E) of all  
CrNbTiTaWC films with surface oxide partially removed in 1.0 M HCl. 
The potential range was −0.2 to +1.5 V vs. Ag/AgCl (3 M KCl) and 
the scan rate was 1 mV/s. Prior to the polarisation, the films were left 
to equilibrate in the electrolyte at open circuit for one hour and then the 
surface oxide was subsequently reduced using a five-minute long potential 
step to −1.5 V vs. Ag/AgCl (3 M KCl) prior to the start of the polar-
isation. The red outline in (c) shows the bursting of a hydrogen bubble 
close to the electrode. 
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Figure 9: SEM micrographs of all corroded CrNbTaTiW alloys, both with 
and without carbon, after potentiodynamic polarisation tests from −0.2 
to +1.5 V vs. Ag/AgCl (3 M KCl) in 1.0 M HCl. The oxide layer had 
been partially reduced via a chronoamperometry at −1.5 V vs. Ag/AgCl 
(3 M KCl) for 5 minutes prior to the polarisation. 
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3.2 TaNiSiC amorphous alloys 

TaNiSiC amorphous alloys were synthesised by combinatorial mag-
netron sputtering, and their corrosion, thermal and mechanical 
properties were evaluated in Paper 2. Figure 10 shows the gra-
dients in composition along the 3-inch Si wafer upon which the 
TaNiSiC alloy was deposited. Along one direction was a Ta/Ni 
gradient with the contents varying between 52 and 27 at.%. Along 
the perpendicular direction was a gradient in C/Si with the C com-
positions between 18 and 10 at.% and the Si compositions between 
13 and 6 at.% The spots indicated by alphabets showed the re-
gions on the film where different measurements were performed. 
Increases in Ta or C content were accompanied by concomitant 
decreases in Ni or Si content respectively. 

High angle annular dark field (HAADF) images of the cross 
and top sections of the film shown in Figure 11 confirmed that 
they were dense, with fine columns, and that there was a mild seg-
regation between Ta and Ni on the surface. XRD and TEM studies 
confirmed that the films were amorphous. The XRD measurements 
can be seen in Figure 12. The main conclusions and the evidence 
to support the claims relating to the corrosion resistance, thermal 
properties and mechanical properties are presented below. 

3.2.1 Films with higher Ta content were more corrosion 
resistant and potentially hindered the oxidation of 
Ni up to 1.0 V vs. Ag/AgCl (3 M NaCl) 

TaNiSiC films with Ta contents above 50 at.% showed lower cur-
rent densities in 10 mM sodium borate between the potentials of 
−0.2 to 1.5 V vs. Ag/AgCl than films with Ta contents below 30 
at.%, as seen in Figure 13a. TaNiSiC films with higher Ta con-
tents (and thus lower Ni contents) produced proportionally higher 
concentrations of Ta oxides on the surface, thus reducing the cur-
rent densities between −0.2 to 1.5 V vs. Ag/AgCl (3 M NaCl). 
An increase in Ta content led to a decrease in Ni content due to 
the gradient produced during the sputtering process, and the lower 
current densities may have arisen due to the replacement of Ni by 
Ta, as Ta is more noble than Ni. It was, however, noted that both 
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the TaNiSiC films tested in Figure 13a showed an increase in cur-
rent above 1.0 V vs. Ag/AgCl. The increase in current is unlikely 
to have arisen from the oxidation of tantalum or silicon oxides as 
these oxides are stable at these conditions of pH and potential. The 
oxidation of carbon to carbon dioxide may appear to be plausible 
from Pourbaix diagrams [35], but is kinetically slow as the oxi-
dation of carbon is a complex 4-electron process. Several studies 
indicate that the increase in current after 1.0 V vs. Ag/AgCl (3 
M NaCl) may be due to the increased oxidation of Ni [102–104]. 
In these studies of Ni alloys, increases in the oxidation current by 
3-5 orders of magnitude were observed at potentials above 0.5 V 
vs. Ag/AgCl (3 M NaCl). In contrast, the studied TaNiSiC films 
showed smaller increases (2 orders of magnitude) in oxidation only 
above 1.0 V vs. Ag/AgCl (3 M NaCl), indicating that the oxida-
tion of Ni was hindered in the presence of Ta. Increasing the Ta 
content also appears to lower the current densities after 1.0 V vs. 
Ag/AgCl (3 M NaCl) by one order of magnitude at the most oxi-
dizing potentials. This indicates that the Ta oxides play an active 
role in slowing the oxidation of Ni, but as mentioned previously, 
this may also arise from the replacement of Ni by Ta. The largely 
homogeneous distribution of Ni and Ta, arising from the sputtering 
and subsequent rapid quenching may have favoured the formation 
of a passive layer homogeneously distributed in Ta and Ni, thus 
slowing the loss of Ni due to the surrounding Ta [53,105,106]. The 
Pourbaix diagram for Ni suggests that it forms Ni(OH)2 at ∼ −0.2 
V, Ni3O4 at ∼0.6 V, Ni2O3 at ∼1.0 V and NiO2 above ∼ 1.1 V (all 
potentials vs. Ag/AgCl (3 M NaCl)) at a pH of 9.5. XPS stud-
ies would be needed to conclusively confirm this, but could not be 
performed due to time constraints. 

3.2.2 The increased oxidation of Ni provided additional 
passivity to the TaNiSiC films 

Figure 13b shows the effect of oxidation on a Ta39Ni39Si9C13 film 
on Days 1 and 2. The films were left immersed in the electrolyte 
overnight and three polarisations were conducted 24 hours apart 
from one another. Much lower current densities were recorded on 
Day 2 compared to Day 1. On Day 3 (not shown here), the current 
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densities were the same as Day 2 with the curves overlapping. The 
lower current densities on Day 2 indicate that the existing passive 
layer was enriched due to the oxidation from the previous day, ef-
fectively minimizing any corrosion of the surface. As mentioned 
previously, studies on Ta oxidation in alkaline environments show 
that Ta2O5.nH2O is formed on the surface [107] and is stable at pH 
10 [35]. It was therefore logical to conclude that it was the proposed 
increase in Ni oxidation, occurring after 1.0 V vs. Ag/AgCl(3 M 
NaCl) on Day 1, that contributed to the lower currents (i.e. in-
creased passivity and corrosion resistance) recorded on Day 2. Ul-
timately, as Ni is the least noble of all the elements, it is both the 
increased oxidation and the very low solubility of the Ni oxides in 
the alkaline environment that determines the corrosion resistance 
of the TaNiSiC films [108, 109]. Over longer periods of time, the 
loss of Ni would ultimately, if at all, lead to the formation of a 
surface rich in Ta. However, in the Ni-rich alloys, large amounts of 
Ni depletion may still compromise the corrosion resistance of the 
films. 

3.2.3 Films with Si contents > 12 at.% and C contents 
< 11 at.% and were observed to have the highest 
corrosion resistances 

Potentiodynamic polarisations, shown in Figure 14 were also con-
ducted on the films with varying Si content (7 to 13 at.%) from 
−0.7 to 1.5 V vs. Ag/AgCl (3 M NaCl). Increases in Si content 
led to a decrease in C content as can be seen from Figure 10. All 
films had very similar current responses on Days 1-2 irrespective of 
their Si/C variation, as shown in Figure 14. On Day 3, all the Si 
containing films again produced nearly identical responses to that 
of Day 2 and hence have not been shown. Only the Si-free film 
produced a very chaotic response on Day 3, which when inspected, 
was attributed to severe etching. Optical microscopy, as seen in 
Figure 15, showed that large portions of the Si-free Ta55Ni29C16 

film were lost. The reason for this loss was not understood. A 
surface oxide rich in Ta should have been formed, thus preventing 
the film from being etched away. The film was also observed to be 
dense in TEM and SEM studies. One explanation for its deteriora-
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tion could be the potential formation of cracks along the surface of 
the film during the polarisation, which may explain the distinctive 
patterns along which material was lost, as seen in Figure 15a. 

The overlapping of the polarisation curves for the Si-containing 
TaNiSiC films was attributed to Si and C both being corrosion re-
sistant elements. The oxidation of carbon is considered kinetically 
unfavourable, and the dissolution of silicon oxide is unlikely, as it 
is stable in the tested conditions [35]. It is therefore possible that 
even though the Si and C contents were varied, the electrochemical 
responses for the different films remained indistinguishable as the 
total p-element (Si+C) concentration remained the same along the 
gradient. On exposure to a harsh alkaline environment, Si- and 
C- containing materials oxidize to form SiO2 or mixed SiCOx com-
pounds on the surface [110–112]. In alkaline solutions below pH 
10, SiO2 has very low solubility [113,114], and is predicted to form 
a highly passive surface oxide. Pourbaix diagrams of Si also show 
that SiO2 is electrochemically stable to oxidation at this range of 
pH and potential [35]. Additionally, the similarity in the responses 
of the TaNiSiC films may indicate that the polarization technique 
may not be very sensitive to modest differences in composition due 
the logarithmic scale used. There were also no significant trends in 
corrosion current densities and potentials. 

However, when the samples were inspected by optical microscopy, 
very significant differences could be seen in the films with differ-
ent Si content. Figure 15 shows the surfaces of the TaNiSiC alloys 
with different compositions before and after corrosion (three polar-
ization tests each spaced 24 hours apart with overnight immersion) 
in 10 mM sodium borate. The top two images in Figure 15 show a 
marked difference in the surface conditions between a TaNiC and 
TaNiSiC film with 13 at.% Si. The TaNiC film appears to have 
undergone severe etching with some parts of the film being lost 
entirely while the TaNiSiC film appears intact. This suggests that 
a phase separation may have been present, such as from TaC in 
the TaNiC sample. Figure 15b and c show that a higher Ta con-
tent is also beneficial to the corrosion resistance of the film and 
reduces the etching of the film. However, it was the TaNiSiC film 
with the highest Si content and lowest C content (Ta39Ni38Si13C10) 
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which appeared least affected (or more homogeneously etched) af-
ter corrosion compared to all the other film compositions, such as 
Ta38Ni37Si7C18 and Ta52Ni28Si8C12. 

3.2.4 The Si- and Ni-rich TaNiSiC films saw the biggest 
increases in hardness after annealing but the films 
with higher Ta and C contents had the highest 
hardnesses overall 

For the as-deposited films, the highest observed hardness among 
the TaNiSiC alloys was 12.4±0.4 GPa (for Ta52Ni28Si8C12). The 
hardness of the as-deposited films along the Ta/Ni gradient for the 
TaNiSiC alloys increased from 8.9±0.4 GPa to 12.4±0.4 GPa with 
increased Ta content from 28 to 52 at.%. Increasing the C content 
from 10 to 18 at.% (i.e. decreasing the Si content from 13 to 7 
at.%) in the TaNiSiC film shows that the hardness increased from 
9.6±0.3 GPa to 10.9±0.5 GPa. 

The hardnesses of the TaNiC film were found to be unchanged 
for C contents between 14 and 24 at.% with a value of 10.1 GPa. 
A maximum hardness of 12.9 GPa was found for the Ta-rich side 
of the film. However, for the TaNiSiC films with 7 at.% of Si, 
the hardness was found to increase by 2 GPa. It was thus con-
cluded that Si influenced the solid solution behavior of Ta, Ni and 
C, perhaps by decreasing the free volume [115, 116]. Si (117 pm) 
has an atomic radius between Ni (127 pm) and C (77 pm), poten-
tially allowing a denser packing in the film, and thus increasing the 
hardness and modulus of the TaNiSiC alloys compared to TaNiC 
alloys. However, only small amounts of Si increased the hardness, 
with Si contents above 7 at.% leading to a decrease in hardness in 
the TaNiSiC films from 10.6 GPa to 9.6 GPa. 

In addition to optimizing the composition, further increases in 
hardness by up to 3.9 GPa were also obtained as a consequence of 
annealing at 700 °C. All the TaNiSiC films saw increases in hard-
ness along the Si/C gradient close to 36% after annealing, irrespec-
tive of the Si/C ratio. Consistent shifts in the position of the halo 
(the maximum of the amorphous ’peak’ in the diffraction patterns) 
towards higher angles were observed in all the films (see Figure 17) 
after annealing indicating a decrease in average atomic distances, 
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and thus a decrease in free volume. The Ni-rich side of the film saw 
the largest shifts in halo position, as seen by the steeper gradient 
of the line shown on the far right of Figure 17a. This corresponded 
to the largest increases in hardness on the Ni-rich side, as seen in 
Figure 16, which also saw bigger increases in hardness than the 
Ta-rich side. This indicates that during annealing the Ni atoms 
were more likely to diffuse than the Ta atoms, perhaps on account 
of their smaller radii. While the biggest increases in hardnesses 
were on the Ni- and Si-rich side of the TaNiSiC film, the hardest 
films had a composition of Ta38Ni38Si7C18 film with a hardness of 
14.8 GPa, as seen in Figure 16. 

The increases in hardness after annealing was again attributed 
to decreases in free volume [117], as the average atomic distance was 
observed to decrease in diffraction measurements. The higher tem-
perature probably increased the thermal energy of the atoms, al-
lowing them overcome the activation barrier to diffuse into slightly 
more energetically favourable locations within the film. 

3.2.5 The TaNiSiC films had higher thermal stability than 
TaNiC and TaNiSi films at 700 °C 

The TaNiSiC films were annealed at 400, 500, 600 and finally 
700°C for 1 hour at each temperature under high vacuum. The 
TaNiSiC films remained amorphous even after annealing to 700°C 
while some of the TaNiC references were observed to crystallise at 
the same temperature. A ternary Ta43Ni43Si14 film from a previous 
study [118] was reported to crystallize around 700°C. The TaNiC 
system was observed to have a higher thermal stability compared 
to the TaNiSi alloys [118], with fewer incidences of crystallisation 
at higher temperatures. This is because the higher melting point of 
carbon, which is nearly twice that of Si, correlates to higher cohe-
sive energies in the material, therefore hindering atomic rearrange-
ment [119]. The increase in thermal stability of the TaNiSiC films 
over the TaNiC reference and previously studied TaNiSi films [118] 
was conjectured to have arisen from the lower free volumes in the 
TaNiSiC system compared to either the TaNiC or TaNiSi systems. 
This may be because the differing radii of all the elements produce 
a denser packing within the matrix, again hindering atomic rear-
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rangement and preventing phase separation. This may indicate 
that the addition of both Si and C was necessary for enhancing the 
thermal stability, rather than the addition of either Si or C alone. 

Figure 10: Schematic image showing of the elemental gradients of the 
as-deposited TaNiSiC films. The highest concentration of each element 
is shown by their respective label (Ta: blue, Ni: red, C: green Si: yellow) 
and the highest and lowest quantity is indicated by the scaled legends. 
The distance between two measurement point was 15 mm. 
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Figure 11: TEM images showing morphology of Ta39Ni39Si9C13, STEM 
image and SAED of the entire film cross-section (a and b). The images 
show the features observed in the film cross-section (c) and top-view (d), 
and the EDX maps of the cross-section (e) and top-view (f). 

Figure 12: Theta-2theta diffraction patterns of the as-deposited and an-
nealed TaNiSiC films. 
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Figure 13: Potentiodynamic polarisation curves of TaNiSiC films (a) with 
different Ta contents (b) of a Ta38Ni38Si9C13 film on Day 1 and 2 in 10 
mM sodium borate from −0.7 to 1.5 V vs. Ag/AgCl (3 M NaCl) at a 
scan rate of 1 mV/s. The films were immersed in the electrolyte overnight 
and the polarizations were repeated every 24 hours. 

Figure 14: Potentiodynamic polarisation curves of TaNiSiC films with 
different Si contents on Day 1 and 2 in 10 mM sodium borate from −0.7 
to 1.5 V vs. Ag/AgCl (3 M NaCl) at a scan rate of 1 mV/s. The films 
were immersed in the electrolyte overnight and the polarizations were 
repeated every 24 hours. 
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Figure 15: Optical images of different TaNiSic and TaNiC films captured 
before and after 50 hours immersion and three polarisations in sodium 
borate. 

Figure 16: The hardness and composition as a function of position along 
the Ta/Ni (a) and Si/C (b) gradients of the TaNiSiC alloys. The colored 
lines represent show the composition of each element on the left y-axis, 
and the hardness on the right y-axis of as-deposited (circles) and annealed 
(triangles) and standard deviation (error bars) of the TaNiSiC alloys. 
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Figure 17: The position of the diffraction halos in XRD measurements 
plotted along the Ta/Ni (a) and Si/C (b) gradients. Each trend line 
represents one composition indicating the change of the halo position 
after each annealing cycle. 
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3.3 AlCrNbYZrN alloys 

The studies on the AlCrNbYZrN alloys involved investigations of 
the effect of nitrogen content (Paper 3) and deposition conditions 
(Paper 4) on the corrosion resistance, as well as the composition 
of the passive layer of the films and the region directly beneath 
(Paper 5). The composition of the studied films in Papers 3 and 5 
is presented in Table 3. 

Table 3: Bulk composition (determined by a combination of XPS and 
ToF-ERDA, see details in [85]) and phase content (determined by XRD) 
of AlCrNbYZrN films in at.%, adapted from Paper 3 [85] 

Al Cr Nb Y Zr N O phase composition 

9 22 35 8 21 0 5 intermetallic phases 

. 8 
7 

22 
19 

29 
25 

7 
7 

18 
18 

13 
23 

3 
1 

nanocomposite mixture* 
nanocomposite mixture* 

5 13 22 7 16 37 0 nanocomposite mixture* 
5 12 18 3 13 49 0 Nitride (NaCl-type) 

*The term nanocomposite mixture indicates that the diffraction 
patterns for these films showed a mixture of weak peaks and 

broad features, see Paper 3. This indicated the presence of several 
intermetallic phases whose identification was challenging due to 
the number of elements. The peaks matched a cubic structure 

with a fcc lattice. 

3.3.1 Nitrogen affected the corrosion resistances of the 
films by altering the microstructure and porosity 
of the films 

The nanocomposite multicomponent AlCrNbYZrN films with mul-
tiple phases and uniformly dense microstructure had much higher 
corrosion resistances than the single phase AlCrNbYZrN film with 
porous microstructure. The compositions are shown in Table 3. 
SEM images of the cross-sections of the AlCrNbYZrN films, pre-
sented in Figure 18, show how the morphology changes with vari-
ation in N content. 

The surface roughnesses and top surface morphologies captured 
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Figure 18: SEM cross sections of all as-deposited AlCrNbYZrN films with 
different N contents 

by atomic force microscopy are shown in Figure 19. The AFM 
measurements show that the surface roughness varies between 0.2 
and 2 nm, with the 23 at.% N film being the smoothest. 

The AlCrNbYZr film with 0 at.% N had a loosely packed and 
porous microstructure. An increase of 13 at.% N gave a more 
densely packed film. Even denser films, and hence the films with 
the best corrosion resistances, were those with N contents between 
23 and 37 at.% N. The film with 49 at.% N was underdense, with 
gaps between the columns along the film cross-section. The differ-
ences in corrosion performance did not appear to specifically cor-
relate with the nitrogen contents or the formation of nitrides, but 
rather the microstructures of the films produced from the differing 
nitrogen contents. The amount of nitrogen did not matter so long 
as the film was dense, able to form an impervious passive layer, 
and able to prevent the electrolyte from permeating the surface. 
XRD measurements showed that the films up to 37 at.% N were 
nanocomposite films containing a mixture of intermetallic phases 
and a cubic phase with an fcc structure. Increasing the N content 
to 49 at.% gave a film with NaCl-type structure and it was the 
only crystalline film studied. 

Potentiodynamic polarisations of the AlCrNbYZrN films in 1.0 
M HCl showed decreasing corrosion current densities, increasing 
corrosion potentials, and lower passive current densities i.e. in-
creasing corrosion resistances for the films with up to 37 at.% N. 
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Figure 19: Surface morphology and roughness of all AlCrNbYZrN films 
with compositions from Table 3 before corrosion. The average surface 
roughness of the films lies between 0.2 and 2 nm. The scan area was 500 
nm2 and the scan rate was 1 Hz. 
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The metallic film could not be tested as it dissolved on immediate 
contact with the electrolyte. The 13 at.% N film had the highest 
current densities of all the nitrogen containing films throughout the 
potential range, perhaps due to its higher porosity in comparison to 
the other nitrogen containing films, which increased its electroac-
tive area. The passive region was ∼ 0.6 V in length with currents 
on the order of 10-3 A/cm2. Films with N contents between 23 and 
37 at.% N had longer passive regions spanning between 0.7−1.2 
V with lower current densities on the order of 10-5−10-4 A/cm2, 
indicating higher corrosion resistance. The 49 at.% N film showed 
steadily increasing current densities up to 10-2 A/cm2 at poten-
tials above Ecorr, indicating that the passive layer underwent more 
oxidation. This was due to its porosity, which gave a higher elec-
troactive area. 

The 13 at.% N film was observed to dissolve at 0.3 V vs. 
Ag/AgCl (3 M KCl). The 23 at.% N film dissolved at 0.6 V, the 
30 at.% N at 0.88 V and the 37 at.% N film at around 1.0 V (all 
values vs. Ag/AgCl (3 M KCl)). This dissolution was observable 
by eye for the 13 at.% N film, and confirmed by SEM for all the 
others, and can also be seen in the polarisation data in Figure 20, 
as all films approach the same value of current (that of the sapphire 
substrate) at the end potential of 1.4 V vs. Ag/AgCl (3 M KCl). 
The 49 at.% N film did not completely dissolve like the other N-
containing films, which was unexpected. All the respective metal 
nitrides except Nb were expected to undergo oxidation and subse-
quent dissolution at potentials of 1.4 V vs. Ag/AgCl (3 M KCl), 
due to the loss Cr2O3, leading to a loss of any exposed Cr, Al, and 
Y. 

The different onset potentials for the films being lost, corre-
sponding to losses in Cr oxides, depended on the porosity of the 
films. A scan rate of 1 mV/s was used, and the different potentials 
at which the films were lost correspond to different times, as the 
potential axis is also a time axis due to the use of a linear scan rate. 
The more porous films were lost more quickly, at a lower potential, 
as corrosion proceeded rapidly for the more porous films. 

Impedance measurements of the AlCrNbYZrN films over 72 
hours in 1.0 M HCl show that the 13 and 49 at.% N films had the 
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lowest impedances both at 0 and 72 hours. The 23 at.% film had 
the highest impedance after 72 hours, followed by the 37 and 30 
at.%. A longer or shorter time domain would change these results, 
but the differences in impedance after 72 hours appear to also be 
dependent on the porosities of the different films with the denser 
films having higher impedances after 72 hours. 

Figure 20: Potentiodynamic polarization curves recorded at a scan rate 
of 1 mV/s in 1.0 M HCl for AlCrNbYZrN films containing 13 to 49 at.% 
N from −0.7 to 1.4 V vs. Ag/AgCl (3 M KCl). The calculated jcorr and 
Ecorr values from Tafel fits are shown in the bottom right hand corner. 

In conclusion, the formation of either loosely packed AlCrNbYZrN 
films with low N contents (13 at.% N) or underdense AlCrNbYZrN 
films with high contents (49 at.% N) and columnar porosity were 
seen to contribute to poor corrosion resistance. The polarisation 
and impedance data showed conclusively that the most densely 
packed films with intermediate N contents had the best corrosion 
resistance in 1.0 M HCl due to their ability to form an impervious 
passive layer and prevent the ingress of the acid to the underlying 
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Figure 21: Impedance measurements of all AlCrNbYZrN films with dif-
ferent N contents after 30 minutes and 72 hours in 1.0 M HCl. The 
frequency range was 100 000 - 0.1 Hz and the perturbation was 10 mV. 

substrate. 

3.3.2 Films with N contents below 37 at.% underwent 
pitting corrosion while the film with 49 at.% N un-
derwent a more homogeneous etching 

After immersion in 1.0 M HCl for 72 hours, the 49 at.% N film did 
not show any visual evidence of pitting, whereas all the other films 
with lower N contents had various sizes of pits decreasing in size 
with increasing N content, as seen in Figures 22 and 23. This may 
have occurred because the films with lower N contents were able to 
form a continuous passive layer on the outermost surface while the 
film with 49 at.% N formed its oxide along the pores, leading to its 
more homogeneous corrosion. The porosity of the 49 at.% N film 
gave rise to too many entry points to render any pitting visible. 
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Figure 22: SEM images of the 37 at.% N AlCrNbYZrN film after immer-
sion in 1.0 M HCl for 72 hours. 

Figure 23: SEM images of the 49 at.% N AlCrNbYZrN film after immer-
sion in 1.0 M HCl for 72 hours. 

3.3.3 The least corrosion resistant element was Al 

Table 4 shows that Al accounted for more than 90% of the species 
in solution. Pourbaix diagrams for Al show that it is not stable in 
environments with a pH below 4.5 [35]. Over time, a passive layer 
rich in the other metals would potentially be formed, possibly min-
imising the loss of underlying Al, but higher corrosion resistances 
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Table 4: Concentrations in ppb of the elements found in the electrolyte 
after two hours of immersion in 1.0 M HCl under OCP conditions. The 
numbers within the brackets denote the random concentration errors. 
The * indicates that the concentration was below the limit of quantifica-
tion. 

At.% N Al Cr Nb Y Zr OCP 
13 1689 (35) 15 (2) 9 (2) 47 (2) 284 (14) -0.197 
23 1875(35) 8(2) 2*(2) 19(2) 364(15) -0.189 
30 1426 (35) 8 (2) 2* (2) 9 (2) 255 (14) 0.056 
37 1919 (35) 8 (2) 1* (2) 7 (2) 362 (15) 0.228 
49 1379 (34) 11 (2) 5 (2) 14 (2) 252 (14) 0.299 

in 1.0 M HCl may be obtained by excluding Al in favour of a more 
passive metal. The concentrations of Y were found to be very low, 
especially considering that the amounts of Al and Y were very sim-
ilar in all the pristine films. Pourbaix diagrams indicate that Y3+ 

should be detected at these potentials [35]. A plausible reason for 
the low corrosion of Y could be that the surface oxides of Cr and 
Nb prevented the loss of the underlying metals. However, consid-
ering that both Al and Y are highly soluble in 1.0 M HCl, it was 
still not fully understood why more Al was lost to the solution. Al, 
Zr and Y were all expected to be oxidised to soluble species at the 
employed conditions of pH and potential [35]. However, as the dis-
solved species consisted primarily of Al (90%), then Zr (7%), and 
negligible contents of Y, Cr and Nb, this indicates that Al formed 
the most stable soluble complexes with the chloride ions. 

3.3.4 Soluble Cr(VI) species were produced at above 1.0 
V vs. Ag/AgCl (3 M KCl) leading to the disinte-
gration of the films 

Polarisation curves of all the AlCrNbYZrN films in 1.0 M HCl 
showed increased dissolution, reflected through higher current den-
sities after 1.0 V vs. Ag/AgCl due to the dissolution of Cr, which 
caused the films to visibly disintegrate for all except the 49 at.% N 
film. The 49 at.% N film appeared mostly intact when inspected by 
SEM, indicating any etching was of a more homogeneous nature, 
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visually resulting in a less dramatic loss. 

3.3.5 Denser films, and hence improved corrosion resis-
tance in 1.0 M HCl, were obtained by increasing 
the temperature and substrate bias during the de-
position of the films 

In the studies conducted in Paper 4, the compositions of the AlCrNbYZrN 
films were kept constant, and the deposition temperature (20 to 700 
°C) or substrate bias (0 to -150 V) was changed. The concentra-
tion of the elements for all the films was 7—8 at.% Al, 13—15 
at.% Cr, 3 at.% Y, 23—24 at.% Nb, 5—6 at.% Zr and 46–48 
at.% N for all coatings. Higher deposition temperatures and higher 
biases were seen to give denser films, all of which were crystalline 
with a NaCl-type structure. Potentiodynamic polarisations in 1.0 
M HCl presented in Figure 24 showed that the AlCrNbYZrN film 
deposited at a temperature of 700 °C and a bias of −150 V had 
the lowest corrosion current densities, highest corrosion potential, 
and lowest passive currents compared to AlCrNbYZrN films de-
posited at 700°C with no bias, or at room temperature with a bias 
of −100 V. The AlCrNbYZrN film with denser microstructure was 
in fact seen to have lower current densities than an NbZrN refer-
ence due to its porosity. All the studies showed that AlCrNbYZrN 
films with the highest corrosion resistance could be obtained if the 
density of the films was closely controlled by using high deposition 
temperatures and biases and maintaining a high N content. 

3.3.6 Nitrogen bonded with the metals in a preferential 
order 

Core level spectra for each of the elements collected at ∼ 2, 4 and 6 
keV showed that bonding between nitrogen and each of the metals 
in the AlCrNbYZrN films was selective for N contents below 49 
at.% N. The analysis was done for every element, as can be seen in 
Paper 5, but only the plots of Cr and Y have been shown in Figures 
25 and 26, which had unique trends. The formation of a nitride 
only occurred at the highest nitrogen content of ∼50 at.% for Cr, as 
shown in Figure 25. Nb and Al started to form small quantities of 
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Figure 24: Potentiodynamic polarisation curves of AlCrNbYZrN films 
with the same compositions deposited at different conditions of bias and 
temperature in 1.0 M HCl. A reference hyper duplex stainless steel and 
an NbZrN film have also been included. 
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metal nitride at N concentrations of 37 at.% and above. Zr formed 
nitrides from 23 at.% N and above. Y appeared to bond with 
nitrogen at all N concentrations, forming nitrides or oxynitrides 
at all N concentrations, but was also found in a metallic state, as 
shown in Figure 26. These differences indicated that the bonding 
of nitrogen to each metal during the reactive sputtering process 
was strongly preferential and was not a random occurrence based 
on simplistic collision probabilities during film growth. Literature 
data of the Gibbs free energies of formation indicated that the 
formation of chromium nitride was the least negative of all the 
elements (though data for YN could not be found) at the deposition 
temperature of 500 °C, which correlates well with the HAXPES 
results. However, the differing trends with respect to the bonding 
with nitrogen showed that nitrogen preferentially diffused towards 
Y, Zr and Nb at lower N concentrations and only formed a nitride 
with Al and Cr at N concentrations of 37 at.% and above. 

3.3.7 The surface of the AlCrNbYZrN films contained 
multiple oxides of all the component metals 

All the AlCrNbYZrN samples, with compositions shown in Table 
3 showed a high degree of oxidation at the surface, as can be seen 
from Figure 27. Al and Y formed only one oxide each as seen by 
yellow components in the bar charts, with chemical environments 
similar to Al2O3 and Y2O3 as suggested by Pourbaix diagrams. 
Cr, Nb and Zr each form two oxides as seen by the yellow and 
red components, and are suggested to have chemical environments 
similar to CrO, Cr2O3, Nb2O3, Nb2O5, ZrO and ZrO2. In cases 
where the nitrogen content was below 49 at.%, indications of an 
oxynitride were seen. The 23 at.% was observed to show the largest 
increases in oxide thickness after corrosion when compared to that 
of the 37 and 49 at.% N films. 

3.3.8 There is a region underneath the surface oxide con-
sisting of metals in various intermediate states 

Figure 27 shows the results obtained from metal core level spectra, 
taken before and after exposure to 1.0 M HCl at ∼ 2 keV. The  
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Figure 25: Cr 2p spectra collected using photon energies of 2, 4 and 6 
keV. The left hand side shows the overlaid spectra for all AlCrNbYZrN 
samples with different N contents at all energies. The centre panel shows 
the curve fits of the 0, 37 and 49 at.% N samples measured with a photon 
energy of 6 keV. The shaded areas from the curve fits have been used to 
create the bar charts on the right where the metal peak is in grey, the 
metal nitride is in blue and the metal oxides are in yellow and red. 
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Figure 26: Y 3d spectra collected using photon energies of 2, 4 and 6 
keV. The left hand side shows the overlaid spectra for all AlCrNbYZrN 
samples with different N contents at all energies. The centre panel shows 
the curve fits of the 0, 37 and 49 at.% N samples measured with a photon 
energy of 6 keV. The shaded areas from the curve fits have been used to 
create the bar charts on the right where the metal peak is in grey, the 
metal nitride is in blue and the metal oxide is in yellow. 
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Figure 27: Contributions of each component (metal, metal nitride, metal 
oxide) acquired from XPS curve fits of core level spectra of the different 
elements measured at a photon energy of 2 keV before and after all the 
samples underwent 2 hours of immersion and polarisation in 1.0 M HCl 
till 0.6 V vs. Ag/AgCl vs. NaCl. The [C] indicates that the sample was 
corroded. 
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films had been immersed in 1.0 M HCl for two hours, followed by 
polarisation from −0.7 to +0.6 V vs Ag/AgCl (3 M KCl). The 
full procedure can be found in Paper 5. At a photon energy of 2 
keV, which is the most surface sensitive of the three energies used, 
changes after corrosion can be seen in the outermost surface oxide, 
as well as the region directly beneath it. It can be seen that the rel-
ative quantities of the different oxides change after corrosion. Most 
notably, the oxides of Cr, Nb, and Zr with higher binding energies 
(the red component d) appear to increase in relative proportion to 
the other components. This indicates that the metal oxide of the 
highest binding energy is thus formed in stages through conversion 
from the oxide with lower binding energy, oxynitride or the metal. 

Al and Y only appear to have one oxide before and after corro-
sion in 1.0 M HCl. The amount of oxidised Al appears to remain 
similar before and after corrosion for the 23, 37 and 49 at.%N films, 
but as the ICP-MS results showed amounts of Al in excess of 1000 
ppb (see Table 4), it indicates that dissolution and thus the oxida-
tion of Al was a faster process than for the other metals. 

The changes in oxidised Y before and after corrosion in 1.0 
M HCl were modest for the 23 and 49 at.% N, but much more 
significant for the 37 at.% N film. The reasons behind the trends 
relating to Y remain unclear. 

All the core level spectra also show that the changes in the 
relative proportions of the different components were largest for 
the 23 at.% N film, but more modest for the 37 and 49 at.% N 
films, except with a deviation relating to Y. 
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4 Conclusions and future work 

This doctoral dissertation explored the factors determining the cor-
rosion resistances of magnetron sputtered CrNbTaTiWC, TaNiSiC 
and AlCrNbYZrN alloys in chloride containing and sodium borate 
environments. Magnetron sputtering techniques were used to de-
posit and study a wide range of corrosion resistant multicomponent 
materials with very different compositions and structures. The ex-
tensive experiments in Paper 1 and 3 on the CrNbTiTaW and 
AlCrNbYZrN alloys showed how changing different test parame-
ters (i.e. longer vs. shorter duration, accelerated polarisations 
vs. impedance measurements at open circuit, different concentra-
tions and types of electrolytes, the presence of the native oxide 
vs. its partial removal) affected the results and evaluation, and 
how the use of an eclectic variety of test methods can provide a 
more nuanced understanding of corrosion resistance. The corro-
sion resistances of the studied materials were seen to rely on some 
common factors, which when properly understood, led to effective 
corrosion control. The significance of passivity of the metal oxides 
was highlighted in Paper 1, which underscored the importance of 
choosing the right elements. The benefit of using a passivating 
p-element (silicon) was shown in Paper 2, with adjustments in p-
element concentrations being more effective at increasing the corro-
sion resistance than any changes in metal content. The importance 
of the denseness of the coatings and their effect on the corrosion re-
sistance was highlighted in Papers 3 and 4, which were determined 
by p-element content as well as the deposition conditions. Paper 5 
illustrated that the near surface regions of a compositionally com-
plex material consisted of metals with different oxidation states, 
whose concentrations and chemical environments were affected by 
the amount of nitrogen. Developing the most corrosion resistant 
sputtered multicomponent coatings thus depends on the ability to 
control of all these different factors that were discussed in Papers 
1 to 5.  

For the AlCrNbYZrN coatings, highly dense, non-porous coat-
ings had higher corrosion resistances in 1.0 M HCl than coatings 
which were porous and loosely adhered at the base, irrespective of 
their crystallinity. The formation of a single-phase nanocrystalline 
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nitride film, as seen for the AlCrNbYZrN film with 49 at.%N, did 
not give rise to an increased corrosion resistance, as was expected 
from thermodynamic considerations, nor did a film with N contents 
below 13 at.% N, as these films were porous. The densely packed 
nanocomposite AlCrNbYZrN films with intermediate N contents 
between 23 and 37 at.% N outperformed the 49 at.% N single-
phase alloy with porous structure. These results thus strongly sug-
gest that the multicomponent alloy design strategy should not be 
limited to exclusively forming a single-phase material as it is clear 
that even if a material has multiple phases, it is the successful for-
mation of an impervious and passive surface oxide formed on top 
of a microstructurally dense film which dominates the corrosion 
resistance. 

The electrochemical measurements and XPS studies conducted 
after exposure to 1.0 M HCl indicated that the passivation of the 
films was due to the formation of an oxide layer rich in Nb and 
Cr. At potentials above 1.0 V, the films were lost as a result of 
the formation of soluble Cr(VI) species. As Al was found to be 
the most active element, accounting for more that 90% of the ions 
in solution, as shown by ICP-MS studies, the corrosion resistance 
of the films would be significantly improved by replacing Al with 
a more passive element. In another study, the microstructure of 
the AlCrNbYZrN films with 46-48 at.% N was was further den-
sified by changes in bias and temperature during deposition. As 
the bias or temperature was increased, the films became denser, 
smoother and more finely-grained. Potentiodynamic polarisation 
in 1.0 M HCl showed that the films deposited at the highest tem-
perature of 700°C and bias of −150 V had the highest corrosion 
resistance. The bonding between nitrogen and each of the metals 
in the AlCrNbYZrN films was observed to follow a preferential or-
der with Cr forming a nitride only when the N content approached 
50 at.% N. Y appeared to be in a partially metallic and partially 
nitride environment at all concentrations of N. All the HAXPES 
results showed that the nitrogen atoms preferentially diffused to-
wards Y, Nb and Zr. All the elements formed oxides on the surface, 
with Cr, Nb and Zr forming more than one oxide, contributing to 
the relatively high corrosion resistance, as long as the film was 
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dense. Indications of an oxynitride layer preceding the outermost 
oxide were detected indicating that the elements formed interme-
diate oxynitride compounds before further oxidation to the oxide. 

For the CrNbTiTaWC alloys, it was the presence of well-passivating 
metallic elements which ultimately led to their high corrosion resis-
tances in 0.01 M HCl + 0.1 M NaCl and 1.0 M HCl. The addition 
of 8 at.% C to the alloys affected the morphology and rate of sur-
face repassivation, but it did not cause major changes in the corro-
sion resistances of the alloys once a mature passive layer had been 
formed. Extensive polarisation tests, impedance spectra, ICP-MS 
and XPS measurements conducted after exposure to 0.01 M HCl 
+ 0.1 M NaCl conclusively showed that the nearequimolar, TaW 
and Nb alloys all had nearly equal corrosion resistances due to the 
formation of passive layers with similar electrochemical stabilities 
consisting of Cr, Nb, Ta and W. ICP–MS measurements of the 
electrolyte (0.01 M HCl + 0.1 M NaCl) after 1 hour of immersion 
showed similarly low amounts of dissolved Ti and Cr (< 160 ppb) 
from all the films (nearequimolar, TaW and Nb), showing that the 
passivated alloys under open circuit conditions underwent a fixed 
loss of Ti and Cr in spite of the differences in Ti and Cr composi-
tions, which were 5-17 fold. ICP-MS readings of W and Nb were 
always below 20 ppb and Ta could not be detected for the neare-
quimolar, TaW and Nb alloys. This indicated that the corrosion 
resistances depended on the low solubility of the oxides of Cr, Ta 
and W, which hindered losses in Ti and Cr. 

XPS studies comparing the nearequimolar alloys with and with-
out carbon (with their native oxide) showed surfaces abundances 
enriched in Ta and Nb after corrosion. The NE(C) film also showed 
a higher surface abundance of Cr than the NE film both before 
and after corrosion in 0.01 M HCl + 0.1 M NaCl. The corroded 
TaW- and Nb-rich alloys showed less dramatic changes in the sur-
face abundances, but these were nonetheless representative of their 
individual compositions. W was observed to aggregate in higher 
quantities below the passive layer rather than the outermost surface 
perhaps due to its relatively slow oxidation in comparison to Cr, 
Nb and Ta. In the pristine films the surface abundance of W was 
about one-third that of the bulk for the nearequimolar alloys with 
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their native oxide layers. After corrosion, the amount of surface 
W increased to about half that of the bulk of the nearequimolar 
alloys with their native oxides. SEM images, however, showed that 
all the films had high corrosion resistances in 1.0 M HCl, with no 
evidence of pits. 

The presence of Cr, Ta, and Nb in the nearequimolar alloy 
was highly beneficial to the corrosion resistance when compared 
to a hyper duplex stainless steel, even at potentials where soluble 
Cr(VI) species are released. The corrosion rate of the NE alloys 
was several orders of magnitude lower than the steel even though 
both had similar Cr contents. This was due to the lower solubility 
of Nb and Ta oxides in the NE alloys, which prevented the loss of 
embedded Cr, highlighting the benefits of multicomponent alloying. 

TaNiSiC films with Si contents above 12 at.% and C contents 
below 10 at.% had the highest corrosion resistances in 10 mM 
sodium borate. Optical microscopy showed that an increase in the 
Si content from 7 to 13 at.% and decrease of C content from 18 to 
10 at.% significantly reduced the etching of the TaNiSiC films and 
was found to be more effective than increasing the Ta content from 
38 at.% to 52 at.%. The high corrosion resistance of the TaNiSiC 
films was was attributed to the formation of stable and insoluble 
silicon and tantalum oxides. An increase in oxidation current by 
0.5 to 2 orders of magnitude was observed at potentials above 1.0 V 
vs. Ag/AgCl (3 M NaCl) for all the TaNiSiC films, which has been 
attributed to Ni oxidation. This proposed increase in Ni oxidation 
on the surface may explain the lower current densities recorded on 
Days 2 and 3 when the polarisation was repeated. TaNiSiC films 
with 52 at.% Ta contents had lower current densities above 1.0 V 
vs. Ag/AgCl (3 M NaCl) than the films with 28 at.% Ta, high-
lighting the higher stability of Ta oxides compared to the oxides of 
Ni. 

The ultimate finding relating to the relationship between com-
position and corrosion resistance of the studied multicomponent 
alloys was that the corrosion resistances were almost entirely dom-
inated by kinetic factors such as the instantaneous formation of 
surface oxides, the slow dissolution of the formed oxides, and the 
denseness of the coatings, which promoted the rapid formation of a 
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continuous passive layer of all the elements i.e. all these factors led 
to a slow rate of corrosion, which is what determines if a material 
is corrosion resistant. The link between thermodynamic consider-
ations, such as single phase formation and entropy considerations, 
and the corrosion resistance of the studied materials was tenuous 
at best, but may be applied to alloys where the microstructure and 
composition have already been well-understood. 

Plenty of exciting work remains. The CrNbTiTaW coatings 
require longer term immersion tests to conclusively establish if 
the dissolution of the surface oxide of the nearequimolar alloy re-
mains similar to that of the TaW- and Nb-rich alloys. For the 
AlCrNbYZrN coatings, tribocorrosion studies are required to de-
termine their wear resistance in seawater environments. High tem-
perature corrosion studies need to be carried out on the TaNiSiC 
coatings to evaluate their stability in water cooled reactors. The 
very promising materials properties of these alloyed coatings could 
open up many possibilities for vastly improved performances of 
coatings used in heavy industry. The next phase should be focused 
on testing the corrosion resistances of these materials in industry-
specific environments. 
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5 Sammanfattning p̊a svenska 

Ytbeläggningar av legeringar som har hög korrosionsbeständighet, 
goda mekaniska egenskaper samt ar¨ termiskt stabila används för 
att utöka livslängden hos komponenter i krävande miljöer. Utveck-
lingen av dessa t̊aliga beläggningar för applikationer inom bland an-
nat marina och kärnkraftstillämpningar ar¨ mycket viktig, d̊a bris-
ter kan leda till l̊angvariga konsekvenser för mänsklig hälsa och 
produktivitet. De flesta legeringar best̊ar av en eller tv̊a huvud-
metaller, som i hög grad bestämmer materialets egenskaper. P̊a 
senare tid har en ny legeringsstrategi tagits fram, där man i stället 
kombinerar flera metaller i lika mängd. Detta kan leda till en 
utveckling av nya beläggningar som är ¨ aligare mot korrosionannu t̊  
¨ a marknaden idag. Eftersom alla metaller i enan de som finns p̊  
s̊adan multikomponentlegering finns i lika höga koncentrationer, 
är det en stor utmaning att kunna utskilja varje enskild metalls 
p̊averkan p̊a materialets förm̊aga att motst̊a korrosion. Denna 
avhandling undersöker korrosionsbeständigheten hos magnetron-
sputtrade ytbeläggningar av legeringarna CrNbTaTiWC, TaNiSiC 
och AlCrNbYZrN i miljöer inneh̊allandes klorid samt natriumbo-
rat. 

Alla ytbeläggningar framställdes med hjälp utav magnetron-
sputtring som ¨ aletablerad PVD-teknik (Physical Vapour De-ar en v¨ 
position) för att syntetisera föreningar inneh̊allande metaller och 
till exempel kväve eller kol. Detta åstadkoms med hjälp av den 
väldigt höga avkylningshastigheten när atomerna landar p̊a sub-
stratet, vilket f̊ar atomerna att förlora stora mängder energi vilket 
sänker deras diffusionshastighet. Denna effekt kan ge unika leg-
eringssammansättningar, som inte kan erh̊allas med traditionell 
gjutning, vilka till̊ater studier av de olika metallernas p̊averkan p̊a 
korrosionsegenskaperna. 

De kommersiella ytbeläggningar av metallnitrider som används 
i dagsläget best̊ar ofta av en eller tv̊a metaller kombinerat med 
kväve. Dessa beläggningar har ofta l̊ag korrosionshastighet och 
hög slitstyrka vilket gör att de kan användas under vatten. S̊adana 
egenskaper skulle en multikomponentnitrid potentiellt ocks̊a kunna 
ha. I denna avhandling studerades beläggningar med den kemiska 
sammansättningen AlCrNbYZrN f¨ ¨ al. Det visadeor dessa andam̊  
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sig att beläggningar som var mycket täta, hade bättre korrosions-
beständighet i 1,0 M HCl än de som var mer porösa och hade 
sämre vidhäftningsförm̊aga till substratet, oavsett kristalliniteten 
hos beläggningen. Bildningen av en enfasig nanokristallin nitrid-
beläggning, som observerades för ett kväveinneh̊all av 49 atompro-
cent, gav inte en förbättrad korrosionsbeständighet, trots att detta 
skulle kunna förväntas termodynamiskt. Detta gällde ¨ oraven f¨ 
beläggningar med kväveinneh̊all under 13 atomprocent, d̊a dessa 
visade sig vara porösa. De mer täta beläggningarna med kvävein-
neh̊all mellan 23 och 37 atomprocent presterade bättre an den mer¨ 
porösa varianten med 49 atomprocent kväve. Resultaten i denna 
avhandling pekar därför p̊a att designstrategin för multikompo-
nentbeläggningar inte borde begränsas till material som endast up-
pvisar en kristallin fas, d̊a det  ̈ar bildningen av det ogenomträngliga 
och passiva oxidlagret ovanp̊a själva beläggningen som bidrar mest 
till korrosionsbeständigheten. 

För legeringar med sammansättningen CrNbTiTaW, krävdes 
det att beläggningarna uppvisade hög beständighet mot korro-
sion för att dessa skulle kunna användas som h̊arda skyddande 
ytbeläggningar. Dessa material visade sig inneha en mycket god 
korrosionsbeständighet i 0,01 M HCl + 0,1 M NaCl och 1,0 M HCl, 
vilket förklarades av närvaron av grundämnen med god passiver-
ingsförm̊aga d̊a detta resulterar i en väldigt stabil ytoxid. Till-
satsen av 8 atomprocent kol till dessa legeringar p̊averkade materi-
alens morfologi och hastigheten för deras ̊aterpassivering, men inga 
större skillnader i korrosionsbeständigheten kunde konstateras när 
ett stabilt skyddande lager väl hade bildats. Omfattande korro-
sionsstudier visade att närekvimolära CrNbTiTaW, TaW-rika samt 
Nb-rika legeringar alla hade likvärdiga korrosionsbeständigheter 
till följd av bildningen av en väldigt stabil ytoxid. Svepelektron-
mikroskopi visade att ingen av dessa beläggningar uppvisade gropfrätning 
i 1,0 M HCl, även fast deras ytoxider delvis angripits. Korrosion-
shastigheten för multikomponentlegeringen CrNbTiTaW visade sig 
vara flera g̊anger lägre än för ett kommersiellt hyper-duplex rost-
fritt st̊al, trots att b̊ada legeringarna har likvärdiga halter av krom. 
Det senare visade sig bero p̊a den  högre korrosionsbeständigheten 
för de niob- och tantaloxider som fanns p̊a ytan av multikompo-
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nentbeläggningen d̊a dessa förhindrade förluster av krom. Detta 
visar tydligt p̊a fördelarna med denna nya legeringsstrategi. Omfat-
tande experiment p̊a legeringarna CrNbTiTaW och AlCrNbYZrN 
visade ¨ andning av olika testmetoder med vari-aven att en anv¨ 
erade parametrar kan ge en mer nyanserad bild av korrosions-
beständigheten för olika legeringar. 

Utvecklingen av TaNiSiC legeringar motiverades av behovet 
av täta och amorfa beläggningar för potentiell användning inom 
kärnkraftsindustrin, där korrosion i korngränserna i materialet ar¨ 
ett betydande problem för de nu använda legeringarna. TaNiSiC 
med ett kiselinneh̊all över 12 atomprocent samt kolinneh̊all un-
der 10 atomprocent hade högst korrosionsbeständighet i 10 mM  
natriumborat. Optisk mikroskopi visade att en ökning av kiselin-
neh̊allet fr̊an 7 till 13 atomprocent samt en minskning av kolin-
neh̊allet fr̊an 18 till 10 atomprocent drastiskt minskade etsningen 
av beläggningarna. Detta visade sig vara mer effektivt ¨ okaan att ¨ 
inneh̊allet av tantal fr̊an 38 till 52 atomprocent. Den höga kor-
rosionsbeständigheten hos dessa beläggningar tillskrevs bildningen 
av stabila kisel- och tantaloxider. 

När det gäller sambandet mellan den kemiska sammansättnin-
gen hos multikomponentlegeringar och deras korrosionsegenskaper 
¨ andigheten fr¨ ams av ar slutsatsen att korrosionsbest¨ amst best¨ 
möjligheten att bilda en heltäckande passiverande ytoxid med l̊ag 
löslighet. Detta bestämmer allts̊a ifall ett material ar¨ korrosions-
beständigt eller inte. Inverkan av termodynamiska effekter s̊asom 
bildandet av en eller flera kristallina faser och entropieffekter p̊a ko-
rrosionsbeständigheten hos dessa material var i bästa fall tveksam. 
Detta utesluter dock inte tillämpningar involverande legeringar där 
mikrostrukturen och sammansättningen redan är väl studerade. 
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¨[23] M. Gao, C. Carney, O. Doğan, P. Jablonksi, J. Hawk, and 
D. Alman, “Design of refractory high-entropy alloys,” JOM, 
vol. 67, no. 11, pp. 2653–2669, 2015. 
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S. Kärkkäinen, S. Rahkonen, M. Raunio, J. Itkonen, J.-P. 
Santanen, T. Tuovinen, and T. Sajavaara, “Potku – new 
analysis software for heavy ion elastic recoil detection anal-
ysis,” Nuclear Instruments and Methods in Physics Research 
Section B: Beam Interactions with Materials and Atoms, 
vol. 331, pp. 34–41, 2014. 

[90] R. Walter and M. B. Kannan, “Influence of surface roughness 
on the corrosion behaviour of magnesium alloy,” Materials 
Design, vol. 32, no. 4, pp. 2350–2354, 2011. 

[91] R. G. Kelly, J. R. Scully, D. Shoesmith, and R. G. Buchheit, 
Electrochemical techniques in corrosion science and engineer-
ing. CRC Press, 2002. 

[92] A. Gharaibeh, I. Felhősi, Z. Keresztes, G. Harsányi, B. Illés, 
and B. Medgyes, “Electrochemical corrosion of SAC alloys: 
a review,” Metals, vol. 10, no. 10, p. 1276, 2020. 

[93] J. Kujur and B. Bhattacharjee, “Potentiodynamic linear 
sweep test for evaluation of performance of steel,” Inter-
national Journal of Earth Sciences and Engineering, vol. 4, 
pp. 592–5, 2011. 

[94] A. Shahryari, W. Kamal, and S. Omanovic, “The effect of 
surface roughness on the efficiency of the cyclic potentio-
dynamic passivation (CPP) method in the improvement of 

87 



general and pitting corrosion resistance of 316LVM stainless 
steel,” Materials Letters, vol. 62, no. 23, pp. 3906–3909, 2008. 

[95] S. Moon and S. Pyun, “Faradaic reactions and their effects on 
dissolution of the natural oxide film on pure aluminum dur-
ing cathodic polarization in aqueous solutions,” Corrosion, 
vol. 54, no. 7, 1998. 

[96] A. Human, B. Roebuck, and H. Exner, “Electrochemical po-
larisation and corrosion behaviour of cobalt and Co(W,C) 
alloys in 1 N sulphuric acid,” Materials Science and Engi-
neering: A, vol. 241, no. 1, pp. 202–210, 1998. 
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