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A B S T R A C T   

The high-temperature hot corrosion (HTHC) behavior of Ti1-xAlxN-coated c-263 alloy was studied with- and 
without a Na2SO4/MgSO4 salt mixture at 850 ◦C in a SOx-rich atmosphere. In absence of the salt deposit, both, 
the bare c-263 alloy and cathodic arc evaporated Ti1-xAlxN specimens follow a quasi-cubic corrosion rate. 
However, when exposed to salt under identical conditions, the rates increase significantly, featuring a com-
pounded parabolic-linear rate law for the c-263 alloy, and a parabolic-like rate behavior for Ti1-xAlxN-coated 
specimens. The rate-determining step of the HTHC mechanism was attributed to a nitride-to-oxide trans-
formation, followed by a sequential fluxing of the formed oxides.   

1. Introduction 

In an attempt to improve the efficiency and robustness of gas tur-
bines, engineers are constantly developing new strategies to increase the 
in-service jet temperature [1,2]. For these purposes, high-temperature 
nickel-based superalloys have become an indispensable choice in gas 
turbine construction, due to their excellent mechanical properties at 
high temperatures [3–6]. Unfortunately, many of these 
high-temperature alloys are prone to accelerated salt-induced corrosion 
called hot corrosion (HC) [7–12]. Within a temperature range of 
650–950 ◦C, formations of salt deposits elicit accelerated corrosion, 
which ultimately leads to a premature failure of high-cost components, 
such as transition lines of the combustion chamber, as well as blades and 
vanes of the high- and low-pressure turbine. It is for such applications 
that protective physical vapor deposited (PVD) coatings provide an 
attractive solution for extending the lifetime of highly stressed turbine 
elements. Many coating systems have demonstrated beneficial corrosion 
resistance in high temperature environments, such as MCrAlY [13–15], 
metallic gradient coatings [16], ceramic coatings [17–24], and enamel 
[25,26], but remain far from being optimal. 

With a focus on industrially established Ni- and Co-based superalloys 
that readily find application in high-temperature settings, the objective 

of this study is to investigate the hot corrosion behavior of a Nimonic c- 
263 alloy at 850 ◦C and to improve its corrosion behavior through the 
application of protective cathodic arc evaporated [cae] Ti1-xAlxN coat-
ings. Furthermore, we aim to deepen the fundamental understanding of 
the respective HC rates and mechanisms. 

Throughout the following sections, the authors would like to provide 
a condensed background around hot corrosion, high-temperature hot 
corrosion (HTHC), and the underlying chemical reaction mechanisms 
that are relevant to this study. 

1.1. Hot corrosion 

When sulfur from the kerosene (<0.3 m.%) is combusted, it oxidizes 
entirely and forms a mixture of SO2 and SO3 (SOx), as shown by Eqs. 1–2 
[27]. 

S+O2→SO2 (1)  

SO2 +1/2O2 +
(M)

catalyst
↔ SO3 (2) 

When operating in marine environments, salt-rich aerosols can enter 
the turbine sections through the air intake (e.g., Na+, K+, Mg2+, Ca2+), 
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where they react with the SOx-rich exhaust gases and form high-melting 
sulfate salt deposits (Eqs. 3–4) [28,29]. 

2NaCl+ S+ 2O2→Na2SO4 +Cl2 Tm = 884 ◦C (3)  

MgCl2 + S+2O2→MgSO4 +Cl2 Tm = 1124 ◦C (4) 

Hot corrosion is further subdivided into one of two corrosion 
mechanism, depending on the physical aggregate of the salt deposit,: 
High-temperature hot corrosion (HTHC, Type 1), where the salt deposit 
exits in a molten state, or low-temperature hot corrosion (LTHC, Type 
2), where the deposit adheres as a solid. 

This significantly complicates the study of hot corrosion phenomena 
in industrial settings, as both temperature and mole fractions of multi- 
component salt deposits substantially influence the predominant 
corrosion mechanism. For instance, while Na2SO4- and MgSO4 deposits 
have melting points of 884 ◦C and 1124 ◦C, respectively, their binary 
system features a eutectic temperature of merely 665 ◦C [29]. Thus, 
components that operate at 850 ◦C and are exposed to either Na2SO4 or 
MgSO4 individually would likely experience a LTHC attack, while sur-
faces exposed to the eutectic mixture of Na2SO4/MgSO4 experience 
HTHC. In order to set the stage for investigating HTHC phenomena, 
strict measures were set throughout this study to ensure the proper 
corrosion environment. That is, isothermal annealing experiments were 
conducted at 850 ◦C in an SOx-rich atmosphere with an 80 mol% 
Na2SO4/MgSO4 salt mixture (Tm=~800 ◦C) to ensure the liquefaction of 
the salt deposit. 

1.2. High-temperature hot corrosion 

HTHC of metals and alloys may involve various degenerative pro-
cesses: A sulfidation-oxidation mechanism [7,30–33] acidic or basic 
dissolution of the protective oxide scale (fluxing) [33–37] or a syner-
gistic co-dissolution mechanism, referred to as synergistic fluxing. 
Whether or not conditions for sulfidation or fluxing are met depends on 
a material’s chemical makeup, temperature profile, chemical composi-
tion of the atmosphere, and, as a result, on the melt basicity of the salt 
deposit. 

In many instances, sulfur behaves much more aggressively than ox-
ygen. Many metals such as iron (Fe), Nickel (Ni), Cobalt (Co), and 
Chromium (Cr) react readily with sulfur, achieving reaction rates that 
are several magnitudes higher compared to oxygen under the same 
conditions [35]. Reasons for the higher reaction rates for metal-sulfides 
include: (i) metal-sulfide formations that are accompanied by larger 
concentrations of lattice defects than their related metal-oxide variants. 
Consequently, diffusion rates in sulfides are significantly higher, 
allowing further sulfidation and oxygidation to ensue; (ii) many 
metal-sulfides feature low melting points. This is especially true for 
alloying elements used in Ni-based superalloys, such as Co and Fe, 
whose sulfides (Ni3S2, Co4S3, and FeS) have melting temperatures of 635 
◦C, 880 ◦C and 985 ◦C, respectively. Ni-sulfides also tend to form 
low-melting eutectics, which can further lower the liquidus line of the 
salt-deposit. Lastly, (iii) metal-sulfides exhibit much greater dissociation 
pressures than their metal-oxide counterparts. As a result, high sulfur 
partial pressures develop at the scale-metal interface, leading to accel-
erated intergranular corrosion [38]. 

Fluxing, on the other hand, describes the reaction between protective 
oxide scales and components of the salt deposit, by which the product 
barrier becomes non-protective and produces species that are soluble 
within the salt. When considering a melt of pure Na2SO4, it partially 
dissociates into its basic (Na2O) and acidic (SO3) components (Eq. 5). 
Depending on which species reacts with the protective oxide scale of a 
material, it is referred to as a basic or acidic fluxing mechanism. 

Na2SO4 ↔ Na2O+ SO3(diss.) (5)  

1.3. Salt-induced basic fluxing 

Basic fluxing predominates typically at higher temperatures (~900 
◦C), where the production of O2--ions through decomposition of the salt 
melt is sufficiently high, and the acidic component of the atmosphere (e. 
g., SO3) is negligible. Unlike acidic fluxing, basic fluxing is considered 
non-self-sustaining and ultimately depends on the amount of salt deposit 
available for the reactions. If, however, sufficient salt deposit is present, 
and therefore a sufficiently high reservoir of O2-, a long-term investi-
gation of such a basic fluxing mechanism is possible. In the event of basic 
dissolution of protective oxide scales, Na2O (O2-) in the liquid salt film 
reacts with the metal-oxide and forms soluble anionic species, leading to 
an accelerated deterioration of the scale. 

2. Experimental 

2.1. Coating depositions 

Single-crystalline Si stripes (100-oriented, 20x7x0.38 mm) and 
Nimonic c-263 (VDM-Metals, Germany, Table 1) served as substrate 
materials for all Ti1-xAlxN depositions. Whereas coated Si-substrates 
were solely utilized for coating-characterization purposes, such as 
analysis of the coating morphologies, coating thickness measurements, 
and crystal-phase determination by X-ray diffraction), the coated c-263 
alloys were exclusively used for hot corrosion experiments and post- 
corrosion analysis. 

Before deposition, the substrates underwent ultrasonic cleaning with 
acetone and ethanol before being mounted onto the carousel of the 
deposition chamber. At a base pressure of < 5.0− 3 Pa, the substrates 
underwent further cleaning for 25 min by means of a central-beam 
argon plasma etching procedure (Oerlikon Surface Solutions AG). 

All coatings were deposited using an industrial-scale cathodic arc 
evaporation system (Oerlikon Innova 1.0, Oerlikon Surface Solutions 
AG). The Ti1-xAlxN coatings were reactively grown on the top-face of the 
substrates in a pure N2 atmosphere at a total pressure of 3.2 Pa. With a 
DC bias of − 40 V and 480 ◦C substrate temperature, a total of six sources 
were operated with target current of 200 A. Equipped with either TiAl 
(50/50 at%) and TiAl(35/65 at%) targets (Plansee Composite Materials 
GmbH) two ~10 µm thick coating variants with varying Al contents 
(Ti0.52Al0.48N and Ti0.34Al0.66N, respectively) were deposited with a 
deposition rate of 9.8 nm⋅min− 1 per source. 

2.2. Hot corrosion experiments 

All hot corrosion experiments were conducted using an in-house 
built corrosion rig, comprised of a gas-mixing module (inlet), a quarz- 
tube (reaction chamber), a three-zone gradient furnace, and a gas- 
treatment system (outlet). A detailed description and illustration of 
the HC-testing rig can be found in [40]. 

For each corrosion experiment, two sets of sample arrangements 
were evaluated: (i) a control configuration, where no salt was intro-
duced onto the sample surfaces, and (ii) an experimental arrangement, 
where samples were prepared with salt coupons to replicate hot corro-
sion conditions. 

A blend of anhydrous MgSO4 and Na2SO4 (Merck KGaA) in a molar 
ratio of 20:80, respectively, was selected for all experiments. The 
mixture was then dissolved in water to create a saturated solution. 
Subsequently small droplets were dispensed onto the sample surfaces 
using a pipette and left to dry under ambient conditions for several days, 
producing salt-deposits exhibiting an average mass of 142±27 mg 
covering an area of aproximately 0.6 cm2. By reference to the calculated 
binary-phase diagram from Yazhenskikh et al., an approximate solidus 
temperature of 725 ◦C and a liquidus temperature of around 810 ◦C were 
projected for the fabricated salt coupons. These estimations were sub-
sequently validated through a sequence of annealing experiments [29]. 

Once the quartz tube was loaded with both the control arrangement 
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and the salt-loaded samples, the chamber was sealed and purged for 
10 min with Ar. Subsequently, the furnace was switched on while Ar 
purging continued. 45 min were the allocated to reaching the desired 
temperature of 850 ◦C at a ramp-rate of 20 ◦C/min, followed by an 
additional 15 minutes to ensure uniform temperature distribution 
within the quartz tube. Upon completion of the heat-up sequence, a SO2- 
rich atmosphere (p[Ar]= 8.47×10− 1 atm, p[O2]= 1.5×10− 1 atm and 
p[SO2]=2.8×10− 3 atm) was introduced, marking the onset (t0 h) of the 
corrosion experiment. Once the desired duration of the experiment had 
elapsed (e.g., t=1, 5, 15, and 30 h), the furnace was switched off, and the 
chamber was purged anew with Ar until the temperature within the 
quartz tube dropped below 200 ◦C, marking the end of the corrosion 
experiment. 

2.3. Analytical methods 

For characterizing the as-deosited morphology of the coatings, as 
well as coaing thickness, and quality of substrate-coating interfaces, a 
Zeiss Sigma 500 VP high-resolution field emission gun scanning electron 
microscope (FEGSEM) was employed. Equiped with an EDAX Octane 
elect system, energy dispersive X-ray spectroscopy (EDX) was utilized 
for quantative elemental investigations. To increase accuracy of the 
measurments, the EDX system was calibrated with coating standards 
and cross-referenced using Elastic Recoil Detection Analysis (ERDA). 

For crystallographic analysis, Bragg-Brentano X-ray diffraction 
(BBHD) was utilized by means of a PANalytical XPert Pro MPD system 
equipped with a Cu-Kα radiation source (wave length λ =1.54 Å). 

For post-corrosion investigations, top-view images were captured 
using a digital light microscope. Sample surfaces were the carefully 
rinsed with distilled water to rid them from any residual salt-deposits (if 
needed) and subsequently prepared for BBHD XRD analysis. Thereafter, 
the samples were embedded in a conductive polymer matrix and their 
cross-sections ground, polished, and examined using a Zeiss Sigma 500 
VP high-resolution FEGSEM. EDX line-scans were conducted to compile 
diffusion profiles, and examine the corrosion and scaling behavior of the 
coatings. 

Lastly, transmission electron microscopy (TEM) was performed using 
a FEI TECNAI F20 equipped with a field emission and an accelerating 
voltage of 200 kV. Bright-field (BF) imaging, as well as selected area 
electron diffraction (SAED) were consulted to gain detailed insights into 
the microstructure, diffusion processes, and corrosion mechanism. To 
prepare the TEM lamella, a standardized focused-ion beam (FIB) lift-out 
technique was employed using a Scios 2 DualBeam system from Ther-
moFisher Scientific. 

3. Results 

3.1. Structure and morphology 

Fracture cross-sections of the as-deposited low Al-content 
Ti0.52Al0.48N and high Al-content Ti0.34Al0.66N coatings are shown in  
Fig. 1a and b, respectively. Both coating variants exhibit a uniform and 
dense columnar microstructure with thicknesses of 9.8 µm 
(Ti0.52Al0.48N) and 10.1 µm (Ti0.34Al0.66N). The EDX analysis revealed 
that the chemical compositions of the Ti0.52Al0.48N and Ti0.34Al0.66N 
coatings, adjusted to the metallic sublattice, show only minor deviations 
from their intended compositions (50/50 and 35/65 at%, respectively). 
XRD structural analysis indicates a prevailing c-Ti(Al)N crystal structure 
(B1, NaCl-prototype) for both coatings, with only faint indications of the 
thermodynamically favored h-Al(Ti)N phase (B4, wurzite-prototype) 

observed for the Ti0.34Al0.66N coating with higher Al content (Fig. 1c). 
Fig. 2 displays top-view images of all samples subjected to hot 

corrosion experiments. All samples underwent exposure to an identical 
corrosive atmosphere and were annealed at 850 ◦C with a partial pres-
sure of p[SO2]= 2.8×10− 3 atm (2800 ppm by volume). Presented Fig. 2a 
is the control group (salt-free samples), consisting of the uncoated c-263 
alloy, Ti0.52Al0.48N, and Ti0.34Al0.66N coated samples, listed from top to 
bottom. A progressive alteration in interference colors is noticeable, 
corresponding to the development of oxide scales. 

In Fig. 2b, the surfaces of the salt-loaded samples are shown in their 
as-deposited state (0 h) and after corrosion times of 1, 5, 15, and 30 h. 
The molten salt deposit prerequisite is clearly met and provides the 
foundation for high-temperature hot corrosion (HTHC). Significant up-
take (consumption) of the salt deposit can be seen for the uncoated 
NiCrCo alloy, which is indicative of significant corrosion. During the 
first hour, the salt deposit melts and adheres to the alloy surface. A 
brown oxide scale develops at the bare alloy surface, identified as a 
mixed NiO-Cr2O3 oxide scale. As the corrosion experiment progresses, a 
gradual depletion of the salt deposit is observed (5–15 h). After 30 h, the 
entire salt deposited has been consumed by the alloy, which is now 
covered with a porous corrosion scale. 

In constrast, the corrosion progression and depletion of the salt de-
posit for the Ti1-xAlxN coated specimens occur much slower. First, clear 
indications of salt uptake can be seen after 15 h for the Ti0.52Al0.48N 
coated samples. Significant scaling and spalling of the surface oxides can 

Table 1 
Nominal chemical composition (wt%) of the Nimonic c-263 superalloy.   

Ni Co Cr Mo Ti Al Fe Si 

Nimonic c-263 [39] 47–54 19–21 19–21 5.6–6.1 1.9–2.4 0.3–0.6 0–0.7 0–0.4  

Fig. 1. As-deposited characterization of cae-Ti1-xAlxN: (a-b) show fracture 
cross-sections of the Ti0.52Al0.48N and Ti0.34Al0.66N deposited on Si, respec-
tively, whereas (c) exhibits XRD diffractograms of their crystal structure. 
Reprinted under the CC-BY license from Elsevier (Fig. 1 from O. E. Hudak et. 
al., Ref. [40]). 
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be seen after a corrosion duration of 30 h. Especially, the Ti0.34Al0.66N 
coated samples feature minor salt uptake throughout 30 h of the 
corrosion experiments. It could be argued that the notable depletion of 
the deposit seen in the Ti0.52Al0.48N sample is indicative for a breach in 
the coating structure, allowing the salt to penetrate the protective layer 
and react with the c-263 substrate below. 

3.2. Structural evolution of annealed Ti1-xAlxN in SOx-enriched 
atmosphere 

To gain insights into the formation of corrosion products throughout 
the HTHC experiments, structural analysis by XRD was conducted.  
Fig. 3a presents the structural evolution of the salt-free Ti0.52Al0.48N and 
Ti0.34Al0.66N coatings annealed at 850 ◦C in a 2800 ppm SOx-rich at-
mosphere. In contrast, Fig. 3b features the structural evolution for the 
salt-loaded samples, annealed under identical atmospheric conditions. 
For reference purposes, the diffractograms of the as-deposited coating 
states are included. 

Starting with the salt-free Ti0.52Al0.48N coating, immediate onset of 
fast-growing tetragonal-TiO2 anatase and rutile oxides is observed after 
1 h exposure time, which is accompanied by a phase transition from the 
c-Ti(Al)N to the thermodynamically favored h-Al(Ti)N (Fig. 3a). Also 
apparent is the development of an Al-O-phase, which will crystalize into 
r-Al2O3 as the annealing duration is prolonged. More distinct reflexes 
are measured between 1 h and 30 h, suggesting further development of 
each aforementioned oxide. Notably, the contribution of rutile-TiO2 and 
r-Al2O3 phases seem to gain dominance throughout the oxide scale, 
indicated by the relative intensities and the receding anatase-TiO2. 
Similar to the salt-free Ti0.52Al0.48N, the higher Al-content salt-free 
Ti0.34Al0.66N instantaneously forms a mixed-oxide scale within 1 h at 
850 ◦C, evident from the rutile-TiO2, anatase-TiO2 and r-Al2O3 diffrac-
tion peaks. 

For both compositions, further annealing at 850 ◦C leads to thermally 
induced spinodal decomposition of the c-Ti1-xAlxN solid solution, which 
is accompanied by the precipitation of coherent AlN particles. By 
reference to the preferential [200]-reflex at 43.27◦, an unmixing of the 
c-TiAlN solid solution into Ti-rich c-Ti(Al)N and metastable Al-rich c-Al 
(Ti)N domains occurs, which we interpret according to the peak- 
broadening of the initial (as-deposited) c-Ti(Al)N [200]-reflex. As the 
Ti0.34Al0.66N chemistry falls closer to the solubility limit of c-Ti(Al)N, 
more pronounced w-AlN formation is prevalent throughout the 
annealing experiments. Despite literature reporting significantly higher 
temperatures (>1000 ◦C) as a precondition for w-AlN nucleation, the 
[100]-reflex positioned at 33.18◦ in Fig. 3a provides a significant 
argument that nucleation and growth of w-AlN in supersaturated c-Ti 
(Al)N coatings may already form at much lower temperatures (850 ◦C). 
This, in fact, has also been observed by Rogström et al. in a series of in- 
situ high-energy X-ray diffraction (XRD) experiments while studying 
microstructure and the strain evolution during decomposition [41]. This 
discrepancy may be due to the significantly longer annealing time. 

The structural evolution of the Ti0.52Al0.48N and Ti0.34Al0.66N coat-
ings after 30 h of annealing at 850 ◦C in an SO2-enriched atmosphere 
without salt deposits can be summarized as follows: Both coatings 
develop a fast-growing mixed TiO2/Al2O3 oxide scale, where the TiO2 
phases consist of both, rutile and anatase. Judging from the relative peak 
intensities, the scale formation for the lower Al-containing Ti0.52Al0.48N 
coating seems to be TiO2 dominated, whereas a more balanced contri-
bution between TiO2 and Al2O3 exists for the higher Al-containing 
Ti0.34Al0.66N coating. Lastly, significant nucleation and growth of w-Al 
(Ti)N and spinodal decomposition of the c-Ti(Al)N solid solution are 
observed throughout the annealing experiments for the high Al-content 
Ti0.34Al0.66N coating. 

On the other hand, the structural evolution for salt-loaded Ti1-xAlxN 
coatings is much more dynamic (see Fig. 3b). After 1 h, a significantly 
pronounced scale formation can be seen. Distinct diffraction intensities 
of the r-TiO2 and a-TiO2 structure, as well as an onset of the r-Al2O3 
structure, are featured by both coating variants. Again, the Al2O3 
contribution is more dominant for the higher Al-containing Ti0.34Al0.66N 
coating. Moreover, the thermally unstable tialite structure (o-TiAl2O5) 
develops throughout the first 5 h of the salt-loaded experiments as one of 
the dominant structural constituents of the developing oxide scale. As 
the annealing duration is prolonged, the initially fast-growing tialite 
phase decompose into its parent oxides, alumina and rutile. 
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Fig. 2. Top-view images depict samples annealed at 850 ◦C in a SOx-rich at-
mosphere: (a) without salt deposits for 0, 1, 5, 15, and 30 h, as well as (b) with 
salt deposits under identical conditions. Pertaining to both (a) and (b), the first 
row features uncoated Nimonic c-263 substrates, while the second and third 
rows show Ti0.52Al0.48N and Ti0.34Al0.66N coated c-263 substrates, respectively. 
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3.3. Oxidation and corrosion kinetics in SO2-rich atmosphere 

Since HTHC most often occurs in the presence of a SOx-enriched 
atmosphere, all annealing and corrosion experiments were performed at 
a partial pressure of p[SO2]= 2.8×10− 3 atm (2800 ppm by volume). In 
order to describe the oxidation behavior for such an environment, 
annealing experiments were first conducted without any salt deposits to 
determine the oxygen diffusion kinetics experimentally. Over periods of 
1, 5, 15, and 30 h, Ti1-xAlxN coated, as well as uncoated NiCoCr samples 
were annealed at temperatures of 700, 775, and 850 ◦C– temperatures, 
where HTHC begins to play a factor. Depth profiles for the oxygen in-
ward diffusion were obtained by conducting EDX line scans along the 
cross-section of each annealed sample and are shown in Fig. 4(a-i). 

Material-specific diffusion rate laws were determined by plotting the 
diffusion depth over time. A quasi-cubic rate function (n=~3) was found 
to best fit the oxygen inward diffusion for the NiCrCo c-263 alloy, the 
Ti0.52Al0.48N and Ti0.34Al0.66N coated samples at each annealing tem-
perature (Figs. 4j, 4k and 4 l, respectively). In Eq. 8, the generic rate law 
is described, where x refers to the distance, dox to the rate constant, t 
corresponds to the time, and n is a constant. 

xn
ox = dox • t (8) 

The rate law allows for determining temperature-dependent rate 
constants (dox), which can be plotted in an Arrhenius plot (Eq. 9) to 
further describe the oxygen diffusion kinetics. By plotting the ln function 
of the Arrhenius plot, the pre-exponential factors (d0 ox) could be 
determined from the intersection of the linear fit with the ordinate, and 
the activation energies (qox) were derived from the slope. 

dox = d0ox • e
qox
RT (9)  

ln(dox) = −
qox

R
•

1
T
+ ln(d0ox) (10)  

where dox denotes the mean diffusion rate, d0 ox the pre-exponential 
factor, qox the activation energy, R the gas constant, and T the 
temperature. 

The derived activation energies for oxygen follow the order of Q(c- 

263) < Q(Ti0.36Al0.66 N) < Q(Ti0.52Al0.48 N) (Table 2) and fall significantly 
lower to literature values that have been calculated from annealing 
experiments conducted in air. Particularly, the uncoated c-263 alloy 
shows a drastic reduction in the Qa-value when SO2 is present in the 
atmosphere (Qa=51 kJ/mol) compared to pure air exposure (~110 kJ/ 
mol) [54]. This may be due to two key reasons: (i) a not sufficiently 
evolved native oxide scale prior to the annealing experiments, where the 
alloy was in a polished state. Higher diffusion rates are thus observed 
during the first hour of the annealing experiments, where a passive scale 
is still developing. (ii) SO2 acts as a reducing agent. It is well understood 
that SO2 may further oxidize to SO3 in an oxidizing atmosphere such as 
air (homogeneous conversion), which is thermodynamically favored at 
lower temperatures [55,56]. Moreover, fly ash or metal oxide surfaces 
on turbine components can lead to catalytic effects that accelerate the 
conversion of SO2 to SO3 (heterogeneous conversion) [56–58]. We 
associate this latter case with the drop in activation energies derived 
throughout the annealing experiments of this study. Thus, elevated SO2 
concentrations can considerably restrict the ability to thermally grow a 

Fig. 3. Crystal structure analysis of Ti0.52Al0.48N and Ti0.34Al0.66N coatings annealed in an SOx-rich atmosphere at 850 ◦C (a) without salt deposits and (b) with salt 
deposits [41–53]. 
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passive oxide scale to function as an oxygen diffusion barrier, whether 
this entails the formation of a Cr2O3/NiO dominated scale (c-263 alloy) 
or a mixed TiO2/Al2O3 scale (Ti1-xAlxN coatings). 

Lastly, the oxidation rate law constants (n) were determined for the 
salt-loaded HTHC sample group at 850 ◦C. Unlike the derivations of the 
activation energies calculated across a temperature range (700–850 ◦C), 
the oxygen rate constants for the salt-loaded corrosion experiments were 
solely conducted at 850 ◦C. The reason for this is the prerequisite for a 
molten salt film, which would not be met at lower temperatures. Pre-
sented in Fig. 5 are the diffusion depth-time plots for the salt-loaded and 
salt-free samples that were annealed at 850 ◦C. While the samples 
without salt deposit exhibit fairly similar oxidation kinetics– as previ-
ously described by their activation energies and quasi-cubic diffusion 
rate laws– the oxidation rates drastically change when salt is introduced. 

Firstly, the oxidation rate law of the c-263 alloy changes from a 
quasi-cubic rate law (n=2.7) when exposed to a SOx-rich atmosphere 
towards a compounded parabolic-linear rate law (n=1.5) when salt 

deposits are added. For the latter case, a parabolic oxidation behavior 
governs the first few hours of the corrosion experiments (0–15 h), after 
which a linear oxidation rate takes over. Such linear rates are charac-
teristic of HTHC of high-temperature alloys and essentially motivate the 
application of protective coatings [59–61]. 

In contrast to the uncoated c-263 alloy, the oxidation rate laws for 
both, Ti0.52Al0.48N and Ti0.34Al0.66N coated samples change from a 
cubic-diffusion rate (n= 3.0 and 3.1, respectively) to a near-parabolic 
rate behavior with n=2.3 and n= 2.2, respectively (see Fig. 5). 

3.4. HTHC mechanism for Ti1-xAlxN coatings 

Over the last few decades, a general understanding has evolved 
around the behavior and stability of various metals and their oxides 
when exposed to sulfate salts at high temperatures. Particularly, Na2SO4 
has stood at the forefront of many hot corrosion studies, due to its 
relatively high thermal stability, ability to form low melting mixtures 

Fig. 4. (a-i) show oxygen diffusion profiles of bare c-263 alloy, Ti0.52Al0.48N and Ti0.36Al0.66N coated samples that have been annealed at 700, 775, and 850 ◦C in a 
SOx-rich atmosphere for 1, 5, 15 and 30 h without salt deposits. (j-k) feature graphical representations of the oxygen diffusion profiles, manifesting the diffusion rate 
laws and related rate constants (dox), which best pertain to each sample. 

Table 2 
Shows the logarithmic rate constants (dox) for the oxygen inward diffusion of Ti0.52Al0.48N, Ti0.34Al0.66N and the parabolic-like rate constants (dox,n=2.38) for the 
uncoated c263 at 700, 775, and 850◦C. Moreover, pre-exponential factors (d0 ox) and activation energies (Qox) are provided, which have been derived with respect to 
the diffusion coefficients.  

T 
(◦C) 

Ti0.52Al0.48N Ti0.34Al0.66N c-263 alloy  

dox 

cmn/h 
d0 ox 

cmn/h 
Qox 

kJ/mol 
dox 

cmn/h 
d0 ox 

cmn/h 
Qox 

J/mol 
dox 

cmn/h 
d0 ox 

cmn/h 
Qox 

(kJ/mol) 

700 1.89⋅10− 5 ±

3.90⋅10− 7 
4.32⋅10− 2 62.3 2.25⋅10− 5 ±

1.57⋅10− 6 
2.97⋅10− 2 57.9 2.57⋅10− 5 ±

2.07⋅10− 6 
1.41⋅10− 2 51.1 

775 3.56⋅10− 5 ±

1.98⋅10− 7 
4.00⋅10− 5 ±

1.17⋅10− 6 
4.21⋅10− 5 ±

2.04⋅10− 6 

850 5.27⋅10− 5 ±

4.98⋅10− 7 
5.84⋅10− 5 ±

3.68⋅10− 7 
5.94⋅10− 5 ±

5.25⋅10− 6  
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with other salts, and its presence and relevance in many high- 
temperature applications. However, little knowledge exists about the 
stability and behavior of metal nitrides in conjunction with Na2SO4 
deposits at high temperatures. For this reason, this section intends to 
provide a time-resolved description of the stability of cae-Ti1-xAlxN 
coatings when brought in contact with a Na2SO4-based salt mixture 
(80 mol% Na2SO4-MgSO4) at 850 ◦C. 

In general, the high-temperature hot corrosion mechanism can be 
subdevided into four key stages, which delineate the chronological 
sequence in which alloys and coatings will degrade over time [62]:  

I. Incubation: In absence of a salt deposit, the incubation stage 
comprises the formation of a stable passive oxide scale, which 
ptrotects the alloy or coating from further oxidation.  

II. Initiation: Next, the initiation stage encompsases a series of 
changes in the material’s environment, which facilitate aggres-
sive conditions where further oxidation and/or degradation of 
the oxide scale occurs. This includes the deposition of a salt de-
posit, its melting (transition from solid deposit to liquid film), 
fluctuations in the melt-basicity, and depassivation of the pro-
tective scale. 

III. Propagation: Describes an accelerated depassivation of the pro-
tective metal oxide scale followed by an accelerated attack of the 
underlying resitdual coating or alloy and precipitation of a 
porous oxide scale.  

IV. Failure: The corrosive media has oxidized the entire protective 
coating and has gained access to the alloy underneath, leading to 
a spallation of the coating. 

In relation to these well-known sequences, the HTHC behavior of the 
ceramic Ti1-xAlxN coatings is discussed as follows. 

3.4.1. Incubation stage 
The mechanism starts with the incubation stage, which generally 

comprises the formation of a passive oxide scale. Particularly for a 
nitride-based coating, such as Ti1-xAlxN, the growth of a passivating 

oxide scale is crucial for ensuring their longevity in high-temperature 
environments. This entails a nitride-to-oxide transformation, which, as 
discussed in Section 3.2, produces a mixed Al2O3/TiO2 scale under at-
mospheric conditions (salt-free). Fig. 6a and b show the diffusion pro-
files of Ti, Al, and O in Ti0.52Al0.48N and Ti0.34Al0.66N coatings after 
isothermal annealing in an SO2-rich atmosphere at 850 ◦C for a duration 
of 1, 5, 15, and 30 h. While after 1 h, a mixed oxide appears to develop at 
the coating surface, a gradual separation of Al and Ti is exhibited for 
longer annealing times. After 30 h, both Ti1-xAlxN scales follow a layered 
arrangement, generating an Al-rich layer near the surface and a Ti-rich 
layer below. This scaling behavior stands in good agreement with works 
from Panjan et al. [63] and Greczynski et al. [64], who have reported 
similar results throughout various annealing experiments conducted in 
air (no additional SO2). 

However, when investigating the HTHC behavior of Ti1-xAlxN coat-
ings while exposed to a salt deposit, the incubation stage (nitride-to- 
oxide transformation) occurs simultaneously with the subsequent initi-
ation stage. 

3.4.2. Initiation stage 
The initiation stage entails a series of changes in the material’s 

environment, which facilitate conditions where further oxidation and/ 
or degradation of the oxide scale occurs. This marks the most crucial step 
in the HTHC mechanism, as it determines the longevity of the protective 
coating. For HTHC, such changes include the administration of a salt- 
deposit, its subsequent solid-to-liquid transformation, the equilibration 
of the salt-basicity according to the existing temperature and present 
atmospheric partial pressures, and finally, the formation of a protective 
oxide by the afore mentioned nitride-to-oxide transformation. 

As the salt deposit liquefies, its composition and its character is 
described by the oxygen partial pressure and the activity of Na2O 
(αNa2O), or the partial pressure of ρSO3 as it is directly associated with 
Na2O by the equilibrium constant in Eq. 11. 

Na2SO4 = pSO3 + aNa2O (11) 

As the thermodynamic equilibrium between SO2 and SO3 shifts to-
wards SO2 with increasing temperature, the equilibrium between Na2O 
and SO3 shifts towards Na2O, increasing the Na2O activity and providing 
a more basic character to the salt deposit. Together with a low ρSO2 and 
high ρO2 in the atmosphere, it is safe to say that the Ti0.52Al0.48N-coated 
samples are exposed to a Na2SO4 deposit with a highly basic character. 

Regarding the formation of the protective top-oxide, a similar scaling 
behavior is observed as for salt-free samples, featuring an Al-rich top 
layer and a Ti-rich sublayer (Figs. 6c and 6d). By revisiting the sequence 
of the corrosion experiments presented in the experimental section, it 
was stated that O2 and SO2 were added to the atmosphere after the 
desired temperature of 850 ◦C and liquefaction of the salt deposit was 
achieved. Since the solubility of molecular O2 and SO2 exhibit poor 
solubility and slow transport in Na2SO4 slags, the observed oxidation of 
the coating must originate from an ionic O2- transport of the salt-deposit 
rather than from dissociation and absorption processes out of the gas- 
phase. This also explains why the oxidation rates (inward diffusion 
depth) for the salt-loaded samples are much faster (deeper) than for the 
atmospheric annealing experiments. Conducted under identical thermal 
and atmospheric conditions, the salt-induced oxidation of the Ti1-xAlxN 
coatings solely relies on the ionic diffusion of O2- species from the salt- 
coating interface (high aNa2O in basic melts) into the coating and does 
not rely on the kinetics of oxygen-adsorption, -dissociation and 
–absorption. 

3.4.3. Propagation stage 
Now that a top oxide has been established, the HTHC mechanisms 

transitions into its propagation stage. At this point, an oxygen gradient is 
established across the liquid film, as the coating has already consumed 
O2- ions from the salt film, while molecular oxygen from the atmosphere 
slowly dissolves according to Eq. 12 and diffuses into the melt [36]. 

Fig. 5. Oxidation kinetics of uncoated c-263 alloy and Ti1-xAlxN coated sam-
ples, featuring the diffusion depth-time plot used for determining the corrosion 
rates of salt-loaded and salt-free samples at 850 ◦C in an SOx-rich atmosphere. 
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O2 +2O2− = 2O2−
2 (dissolution of oxygen in melt)                          (12) 

Therefore, a lower oxygen activity develops at the oxide-melt 
interface and increases towards the salt-gas interface. For very thin 
salt films, which can only accommodate a limited amount of O2- as the 
fluxing mechanisms progress, the activity of sulphur begins to rise at 
regions of low O2- concentrations, resulting in the sulfidation of un-
protected material. In the case of the Ni-based superalloys and other 
high-temperature alloys with high contents of Cr and Ni, a common 
feature of HTHC is a precursive sulfide band, which forms at the 
corrosion front. Kinetically favored in their evolution, non-protective 
Cr- and Ni-sulfides develop first, after which a corrosive medium can 
penetrate the porous corrosion scale. Once the O2- activity recovers, the 
sulfides are oxidized to a porous oxide scale, after which the sulfur ac-
tivity rises again and reacts with the new unprotected metal below. 

This typical progression, however, was not observed throughout this 
study. As the coating’s metal constituents (Ti and Al) are covalently 
bound to nitrogen, the formation of a metal sulfide band is impeded. 
Therefore, the propagation stage follows a strict basic fluxing mecha-
nism of repetitive oxidation of the c-Ti(Al)N matrix, followed by the 
dissolution of its developing oxides. The result is a porous, layered 
corrosion scale consisting of individual Al-rich and Ti-rich bands. Unlike 
the dual scale structure obtained when the Ti1-xAlxN coatings were 
annealed without a salt deposit, a multitude of porous alternating Ti-rich 

and Al-rich bands develop. This is clearly illustrated in Figs. 6c and 6d, 
where EDX depth profiles of the corroded Ti0.52Al0.48N and Ti0.34Al0.66N 
coatings, respectively, highlight the elemental distribution of Ti, Al, and 
O after 1, 5, 15 and 30 h. Moreover, a gradual switching of the topmost 
layer is observed for both coatings. While both coating variants begin to 
oxidize by developing an Al-rich top-oxide with a Ti-rich oxide layer 
below, the contribution of the Al-rich layer successively diminishes, and 
a Ti-rich oxide begins to occupy the topmost layer. This can be attributed 
to the fact that Al2O3 is a highly acidic oxide (Al2O3 is more stable under 
acidic conditions), which is thus more prone to basic fluxing than the 
more basic TiO2 oxide (TiO2 is more stable under basic conditions). 

This development of a TiO2-dominated top-oxide after longer dura-
tions of salt exposure (>15 h) is further substantiated by TEM analysis 
presented in Figs. 7–8. For both Ti1-xAlxN variants, a highly porous 
corrosion scale is featured, consisting of five structurally distinct zones 
that have been highlighted accordingly (zone 1–5) within the STEM 
cross sections of the Ti0.52Al0.48N (Fig. 7a) and Ti0.34Al0.66N (Fig. 8a) 
samples. For both coating variants, zone 1 features large grains that have 
formed at the scale-melt interface and are visible throughout the bright- 
field images (Fig. 7b-c and Fig. 8b-c). Indexing of the spot patterns that 
were obtained from the SAED position (b1) render a tetragonal TiO2-r-
utile crystal structure (P42/mnm, space group 136), which is consistent 
for both Ti0.52Al0.48N and Ti0.34Al0.66N top-oxides, as shown in Fig. 7b1* 
and Fig. 8b1*, respectively. 

Positioned directly beneath zone 1 are zones 2–3, which are 

Fig. 6. EDX diffusion profiles highlighting the oxide scale development of salt-free annealed Ti0.52Al0.48N (ai-iv) and Ti0.34Al0.66N coatings (bi-iv), as well as salt- 
loaded Ti0.52Al0.48N (ci-iv) and Ti0.34Al0.66N (di-iv) over the course of 30 h. 

O.E. Hudak et al.                                                                                                                                                                                                                               



Corrosion Science 236 (2024) 112248

9

characterized by a more refined and marmorated morphology, indica-
tive of a multi-phased crystal structure. Varriations in the granularity of 
these zones are attributed to the inherently different grain sizes making 
up both coatings’ initial morphologies. That is, an increased granularity 
of the corrosion scale is produced by the more coarse-grained 
Ti0.52Al0.48N morphology, while a decreased granularity is obtained 
due to the more fine-grained Ti0.34Al0.66N structure. By collecting SEADs 

from zones 2 and 3, intensity profiles were generated by integrating the 
diffraction intensities and plotting them over the reciprocal of the 
lattice-spacing. Matching the peak positions to known lattice-spacings of 
common oxide phases allowed for a more precise description of the 
corrosion scale and enabled a better understanding of the oxidation 
behavior of Ti1-xAlxN coatings under HTHC conditions. 

Fig. 7b2** and 8b2** show the intensity plots that pertain to zone 2 

Fig. 7. +TEM investigation featuring progressed hot corrosion of salt-loaded Ti0.52Al0.48N after 15 h at 850 ◦C. (a) Features a STEM cross-section of the entire 
Ti0.52Al0.48N coating structure, while (b) shows its TEM bright-field image. Also highlighted in (b) are the locations of five SAEDs (b1-b5), which were taken in order 
to obtain spacial information of formed oxide phases. Their respective diffractograms are shown seperatelty in (b1*-b5*), while their intensity integration, using 
CrystBox [65,66], are exhibited in (b2**-b5**). Lastly, (c) shows a close-up bright-field image of the rutile top-oxide scale, which has been indexed as a spot-pattern. 

Fig. 8. TEM investigation featuring progressed hot corrosion of salt-loaded Ti0.34Al0.66N after 15 h at 850 ◦C. (a) Features a STEM cross-section of the entire 
Ti0.34Al0.66N coating structure, while (b) shows its TEM bright-field image. Also highlighted in (b) are the locations of five SAEDs (b1-b5), which were taken in order 
to obtain spacial information of formed oxide phases. Their respective diffractograms are shown seperatelty in (b1*-b5*), while their intensity integration, using 
CrystBox [65,66], are exhibited in (b2**-b5**). Lastly, (c) shows a close-up bright-field image of the rutile top-oxide scale, which has been indexed as a spot-pattern. 
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of the Ti0.52Al0.48N and Ti0.34Al0.66N, respectively. For both Ti1-xAlxN 
variants, zone 2 represents a purely oxidized region, where α-Al2O3 and 
β-Al2O3 predominantly crystalize, while only minor diffraction in-
tensities relate to Ti-baring oxide phases, such as TiO2 (rutile & anatase). 
The lack of Ti species within zone 2 (Ti-depletion layer) can be attrib-
uted to an overall outward-directed Ti-diffusion gradient, which pro-
duces and stabilizes the outermost TiO2-rutile top-oxide scale in zone 1. 
Moreover, significant differences exist between the diffraction patterns 
within zone 2 obtained from Ti0.52Al0.48N and Ti0.34Al0.66N. Probably 
the most striking difference is the more prominent diffraction contri-
bution by β-Al2O3 domains within the high Al-containing Ti0.34Al0.66N 
coating over its lower Al-containing Ti0.52Al0.48N variant. Being a 
metastable structure that forms in the presence of sodium aluminate 
(NaAl11O17), the higher Al-content on the metal sublattice within the 
Ti0.34Al0.66N coating structure seems to benefit the stabilization of the 
β-Al2O3 phase. 

Located below zone 2 is zone 3, which has been labeled ‘mixed- 
oxide’. As the name suggests, this zone is characterized by an even 
distribution of oxide phases, composed of rutile-TiO2, anatase-TiO2, 
α-Al2O3, β-Al2O3, and also o-TiAl2O5. It is also the only zone, where the 
thermally unstable but fast-growing tialite structure (o-TiAl2O5) de-
velops before it will decompose again into its parent oxides, alumina and 
rutile. Moreover, zone 3 also exhibits subtle indications of remnant c-Ti 
(Al)N crystals that have remained unoxidized throughout the corrosion 
process. This emphasizes that the observed corrosion and scaling 
behavior is not an entirely homogeneous process, but may vary slightly 
from position to position. 

Zone 4, labeled as ‘nitride-oxide-transition’, represents the zone 
closest to the corrosion front, and is characterized by both, significant 
diffraction intensities by oxide phases, such as TiO2 and Al2O3, but also 
considerable reflexes related to the c-Ti(Al)N crystal structure. It is here, 
where the deposited c-Ti(Al)N phase is broken down and oxidized to its 
respective TiO2 and Al2O3 constituents. Interestingly, this occurs 
without the seeding of w-AlN domains, nor with fast-growing o-TiAl2O5 
phases. Similar to zones 2–3, the higher Al-containing Ti0.34Al0.66N also 
produces the metastable β-Al2O3 in zone 4, which may explain its 
presence of in the earlier zones. 

Lastly, zone 5 represents the ‘pristine coating’ morphology and fea-
tures a state that has remained unimpaired by the corrosive medium. 
The peak positions from the integrated SAEDs of both coating variants, 
nicely match the lattice spacings of the c-TiAlN crystal structure and do 
not reveal any reflexes pertaining to any oxide phase. However, ther-
mally induced spinodal decomposition of the c-Ti1-xAlxN solid solution 
renders the precipitation of coherent AlN particles, which has also been 
observed during XRD analysis. Again, as the Ti0.34Al0.66N chemistry falls 
closer to the solubility limit of c-Ti(Al)N, more pronounced w-AlN 

formation is expressed throughout the annealing experiments. 

3.5. Time-resolved HTHC scale formation model for Ti1-xAlxN 

Finally, a condensed HTHC mechanism is proposed for cae-Ti1-xAlxN 
coatings, that has been derived from the previously discussed XRD, EDX, 
and TEM analyses. Fig. 9 displays several key steps that comprise the 
most important processes of the HTHC mechanism. At first, the coating 
is in its as-deposited c-Ti(Al)N state, while exposed to HTHC conditions 
(850 ◦C, SOx-rich atmosphere, and molten Na2SO4-MgSO4 salt-deposit), 
as shown in Fig. 9a. After a relatively short period (< 1 h), the devel-
opment of a layered oxide scale ensues (Fig. 9b). Its structure consists of 
an α-Al2O3 top-oxide and a subsequent TiO2-anatase and TiO2-rutile 
layer, followed by a TiAl2O5-tialite-rich mixed oxide layer. Located 
underneath the tialite-rich layer is the region where the initial nitride is 
oxidized (nitride-to-oxide transformation) followed by the chemically 
pristine, but structurally decomposed c-Ti(Al)N coating structure, which 
now exhibits a dual-phase composition of h-Al(Ti)N and c-Ti(Al)N. Due 
to the harsh conditions at the coating-salt interface, the growth of a 
dense and passivating oxide scale is disturbed, yielding a porous struc-
ture that allows for accelerated oxide inward diffusion and by extension 
higher oxidation rates. After longer corrosion times, the previously 
formed α-Al2O3 top-oxide is fluxed according to a basic-fluxing mecha-
nism at the oxide-salt interface (Fig. 9c). Its accelerated deterioration 
most likely occurs due to its inferior stability in neutral (and alkaline) 
salt-slags over the competitively growing TiO2-phases. Furthermore, a 
sequential layering of Al2O3-TiO2-rich domains develops. It is proposed 
that this lamellar scaling is promoted by the increased oxygen inward 
diffusion, the formation of the metastable tialite phase, and finally its 
subsequent decomposition into its parent oxides Al2O3 and TiO2. Lastly, 
after longer periods (> 15 h), a fully matured corrosion scale has 
developed (Fig. 9d). It now consists of a porous TiO2-rutile top-oxide 
(being more stable under neutral/alkaline sulfate-salt conditions), and 
is followed by a lamellar Al2O3-TiO2 oxide scale. At the corrosion front, a 
mixed-oxide substructure develops due to the nitride-to-oxide trans-
formation of the Ti1-xAlxN coating structure. Lastly, spinodal decom-
position of the metastable c-Ti1-xAlxN solid solution continues due to the 
thermal exposure during the corrosion experiments. 

4. Conclusion 

The present work discusses the HTHC behavior of Ti1-xAlxN coated c- 
263 alloy when exposed to a Na2SO4/MgSO4 salt mixture, while 
isothermally annealed at 850 ◦C in a SOX-rich atmosphere. 

A significant increase in the oxidation kinetics was observed for both, 
bare c-263 alloy and Ti1-xAlxN coated samples, when loaded with salt- 

Fig. 9. Proposal of a time-resolved model describing the corrosion scale development of TiAlN-coatings under HTHC conditions. The model features (a) the initial as- 
deposited c-Ti(Al)N coating with an adherent molten salt-droplet, (b) the nitride-to-oxide transformation resulting in a layered oxide-scale that consits of a Al2O3 top- 
oxide and a TiO2-rich and metastable TiAl2O5 sublayer, (c) the basic fluxing of the Al2O3 top-oxide and decomposition of the metastable TiAl2O5 into its parent oxides 
TiO2 and Al2O3, and (d) the matured corrosion product scale consisting of a rutile top-oxide, a lamellar TiO2-Al2O3 substructure, followed by a porous mixed 
oxide domain. 
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deposits during the annealing experiments. While a quasi-cubic rate law 
(n~3.0) best describes the oxidation resistance of the bare c-263 alloy 
and Ti1-xAlxN coated specimens in absence of a salt-deposit, exposing the 
speciments to salt accelerated the oxidation kinetics significantly, 
reaching a compounded parabolic-linear rate law (n=1.5) for the c-263 
alloy, and to a parabolic-like rate behavior for the Ti0.52Al0.48N and 
Ti0.34Al0.66N coated variants (n=2.3 and n=2.2, respectively). Accord-
ing to these findings, a substantially improved corrosion resistance was 
expressed by the cae-Ti1-xAlxN samples over the bare c-263 alloy, when 
salt deposits were introduced to the annealeing experiments in a SOx- 
rich atmosphere. 

The HTHC mechanism of the Ti1-xAlxN coatings exhibited a 
sequential fluxing of Al-rich and Ti-rich domains and found to be the 
dominating corrosion mechanism, resulting in the formation of a layered 
and porous corrosion scale. Due to the inherent basic-character of the 
salt-slag a porous rutile TiO2 scale predominantly develops at the scale- 
salt interface, followed by a voluminous Al-rich oxide band below. 
Depending on the available Al-reservoir of the Ti1-xAlxN, the more 
pronounced the Al-rich band becomes. 

Despite the positive results, showcasing a significant reduction in the 
corrosion kinetics of TiAlN coated samples over the bare c-263 alloy, the 
concept of providing HTHC protection through means of cathodic arc 
evaporation remains the subject of further research. 
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