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Pitting corrosion of sputtered and arc evaportaed fcc-AlCrN coated low-alloy steel substrates was studied in a 0.1
M NacCl solution, using a three-electrode-cell. Depending on the deposition technique, several diffusion mech-
anisms were identified by high-resolution techniques (i.e. APT, TOF-SIMS). For arc evaporated AICrN, inco-
herently embedded macro-particles provided the majority of fast-track diffusion pathways and pit-initiation sites,
while their pristine coating matrix proved protective against chloride inward diffusion. Contrarily, the more
coarse-grained sputtered AICrN morphology with a highly orientated crystal growth featured diffusion paths

along column boundaries, where chloride permeated the coating structure and initiated pit formations at the

coating-substrate interface.

1. Introduction

Corrosion processes epitomize the chemical interaction between a
material and its surrounding, which ultimately leads to an altered or
even degradative state of the material itself. Particularly saline envi-
ronments represent a technological frontier, where machining elements
suffer accelerated breakdown through a localized corrosion mechanism
called — pitting. Being a highly insidious and self-sustaining process,
pitting corrosion consistently shortens the lifespan of operating ele-
ments [1-3]. Therefore, the pitting behavior is an essential variable that,
if properly understood, may drastically extend the longevity of material
components.

The ingenuity of next-generation physical vapor deposited (PVD)
coatings has given rise to a wide range of material concepts and has
become a profitable method amongst high-tech industries. Particularly
for technological avenues where there is no practicable low-priced bulk
material at disposal, coatings provide a lucrative solution for protecting
highly stressed machining components. For this reason, more and more
industries resort to the application of protective coatings through means
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of sputtering and arc evaporation, rather than investing in the devel-
opment of high-end bulk materials. However, with current state-of-the-
art corrosion resistant coatings being far from optimized, it is of great
interest to further investigate the fundamental mechanisms and under-
lying driving forces that dominate the degradative process.

Several corrosion mechanisms exist through which a coating can lose
its protective quality: (i) local de-passivation by film-breakdown [4-6];
(ii) local delamination of the coating, caused by inward diffusion of
corrosive media followed by the formation of corrosion products at the
coating-substrate interface [7]; (iii) direct bypass of corrosive media at
pin-holes [8,9]; and (iv) anodic dissolution of embedded metal based
macroparticles [9-12], where the latter particularly pertains to cathodic
arc evaporated (cae) thin films.

It is no secret that the production of metallic-macroparticles (drop-
lets) during PVD processes poses a significant drawback in light of the
coating’s corrosion resistance [13]. Voids and rugged grain boundaries
that surround such droplets, allow for fast-tracked diffusion of corrosive
media to the substrate-coating interface. Furthermore, weakly bonded
macroparticles may become dislodged from the coating matrix and
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produce pin-holes that may function as initiation sites for localized
corrosion.

For instance, Abusuilik and Inoue [10] have identified surface
droplets and inclusions as particularly susceptible to corrosive attack,
and illustrated how intermediate surface treatments can improve the
corrosion resistance of arc evaporated CrN coating-substrate systems.
Furthermore, Cedeno-Vente et al. [12] highlighted the relationship be-
tween macroparticle-size, deposition conditions, and corrosion behavior
in aqueous NaCl-rich media for arc evaporated CrN coatings. However,
not only arc-coatings with their evenly distributed droplets are vulner-
able to corrosion, but also sputtered coatings have their weak spots. A
study from Panjan et al. [9] on sputtered TiAIN hard coatings also
identifies growth defects and pin-holes as significant contributors for
pit-formations. Also combinations of arc evaporated and sputtered
coating systems have been investigated, such as the CrN/NbN multilayer
system by Wang et al. [11], with similar conclusions, namely, that
macroparticles and growth defects stand at the center of the pitting
mechanisms.

Despite these findings, transition metal nitrides (TMN) remain a
versatile representative in the realm of protective coatings, convincing
with good thermal stability, outstanding hardness, as well as noticeable
oxidation and corrosion resistance [14-17].

This paper aims to expose possible diffusion pathways of chloride-
rich media in both, arc evaporated- and sputtered AICrN coatings
beyond the already known diffusion routes along defect-sites and
embedded macroparticles. We intend to first verify the aforementioned
fast-track diffusion routes, upon which the focus will be extended to
diffusion pathways through pristine, unimpaired coating sites that in
theory should provide the best corrosion protection possible.

2. Experimental methods
2.1. Deposition parameters

All coatings were deposited in an industrial scale deposition system
(INNOVA, Oerlikon Surface Solutions AG, Balzers). AlCr (70/30 at. %)
targets were powder-metallurgically manufactured by Plansee Com-
posite Materials GmbH and used for all, arc evaporated- and sputtered-
coating variants. Single-crystalline Si-stripes (100-oriented, 20x7x 0.38
mm3), 0.05 mm thick steel-foil, and low-alloy steel rounds (90MnCrV8)
were utilized as substrates. Whereas coated Si-strips and steel-foil were
solely used for as-deposited characterizations (e.g. analysis of the coat-
ings morphology via fracture cross-section, coating thickness measure-
ments and crystal-phase investigations by X-ray diffraction (XRD)), the
coated low-alloy steel rounds were exclusively used for electrochemical-
corrosion experiments and post-corrosion analysis. All substrates were
ultrasonically cleaned with acetone and ethanol before mounting them
into the deposition chamber. With a base pressure of at least 5107 Pa,
the substrates were further cleaned for 25 min by a central-beam etching
procedure (Oerlikon Surface Solutions AG).

All sputtered coatings were deposited at 500 °C, at a deposition
pressure of 1.3 Pa, with a DC-bias voltage of —160 V and an Ar/Nj; ratio
of 70/30, respectively. The arc evaporated coatings were grown at
slightly lower temperature (480 °C), in a pure Ny atmosphere at 3.2 Pa
and a bias voltage of up to —100 V.

2.2. Structural and morphological characterization

For studying the morphology of the coatings, such as thickness,
surface texture, and the integrity of the substrate-coating interfaces, a
Zeiss Sigma 500 VP high-resolution field emission gun scanning electron
microscope (FEGSEM) was used. With an acceleration voltage, ranging
between 3 kV and 7 kV, characterization of coating thickness and
coating morphology were performed on fracture cross sections of coated
steel-foil substrates. Equipped with an EDAX Octane elect system, en-
ergy dispersive spectroscopy (EDS) was utilized for quantitative
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elemental investigations. Moreover, transmission electron back scat-
tered diffraction (t-EBSD) was done to obtain an averaged evaluation of
the as-deposited grain-size distribution of both, sputtered and arc
evaportaed samples, as well as to gain knowledge about possible tex-
turisation and preferred growth orientations (Velocity Super, EDAX).

For a more detailed investigation of the coating morphologies,
transition electron microscopy (TEM, FEI TECNAI F20) was conducted.
Bright field (BF) imaging was utilized to learn more about the micro-
structure, crystallinity and texture. For the preparation of the TEM
lamella, a standard lift-out procedure during focused-ion beam (FIB)
milling was utilized (Scios 2 DualBeam system, ThermoFisher
Scientific).

For crystallographic investigations, Bragg-Brentano X-ray diffraction
was utilized, using a PANalytical XPert Pro MPD system equipped with a
Cu-Ka radiation source (wavelength A = 1.54 10\).

2.3. Electrochemical corrosion experiments

Linear potentiodynamic polarization experiments were performed
using a three-electrode set-up. With a saturated Ag/AgCl reference
electrode (SSC), a Pt-counter electrode (CE) and the coated-steel sample
as working electrode (WE), the pitting-corrosion resistance was
measured in a 0.1 M NaCl solution. Each sample was mounted into a
press-fit corrosion cell, accomodating a sample contact area of 1.58 cm?
All samples were left to equilibrate for 20 min, after which the open
circuit potential (OCP) was measured over an additional duration of 5
min. Linear sweep voltammetry (LSV) measurements were started
cathodically at OCP- 300 mV and swept into the anodic region with a
sweep-rate of 1 mV/s up to + 1.2 Vggc. With a current-density cut-off
value set to 1 mA/cm?, the electrochemical tests were controlled and
monitored by a potentiostat (Autolab PGSTAT302N, Metrohm).

Additional cyclic potentiodynamic polarization experiments were
carried out using the same three-electrode and potentiostat set-up. In an
identical manner, the samples were left to equilibrate for 20 minina 0.1
M NaCl solution and the OCP was measured over the course of an
additional 5 min. With a sweep-rate of 20 mV/min, the measurements
were started at OCP, swept to an upper vertex potential of + 1.2 Vggc,
and stopped at a potential of —0.8 Vggc (see Fig. 1). If, however, an
anodic current limit of 1 mA/cm? was reached, the scan direction was
reversed instantaneously at the corresponding potential E., < +1.2
Vssc.

By conducting Tafel-extrapolations and evaluating the cyclic
potentiodynamic polarization curves, electrochemical parameters such
as the breakdown voltage (Ep,), the passive current density (i), as well as
the protection or re-passivation potential (Epor) were determined, see
Fig. 1.

2.4. Characterization of electrochemically tested surfaces

Corroded samples were embedded in a conductive polymer-matrix,
their cross-sections ground and polished, and analyzed via SEM and
EDX. Accordingly, pit-formations, coating-substrate adherence, and fast-
track diffusion routes of the electrolyte were examined.

High-resolution analytical techniques such as Time-of-Flight Sec-
ondary Ion-Mass-Spectroscopy (TOF-SIMS) and Atom Probe Tomogra-
phy (APT) were consulted for tracing chloride species across pristine
coating sites (no macroparticles, pin-holes, voids, etc.). For the TOF-
SIMS measurements a TOF-SIMS 5 instrument (IONTOF GmbH,
Miinster, Germany) was used. Depth profiles were acquired in a high
vacuum (~4'107 Pa) using a 25 keV Bi* primary ion beam. A high
current bunched mode (HCBU) was used for depth profile measure-
ments, which require a high mass resolution and low limit of detection.
[18-21] As non-metal elements were the focus of the research, a 2 keV
Cesium gun was used as the sputter source with the polarity set to
negative and a cycle time of 60 us. Low energy electron flooding of 21 V
was used to reduce surface charging. In HCBU, the analysis area was set
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Fig. 1. Schematic of (a) Tafel-Plot and (b) course of a cyclic potentiodynamic polarization measurement. The scan starts with (1) the open circuit potential (OCP),
sweeps at 20 mV/min to (2) the reverse potential (Ere,) + 1.2 Vssc (or any lower potential if a current density value larger than 1 mA/cm? was reached). From Ee,
the scan returns through (3) the re-passivation/protection potential (Epro) and (4) stops at —0.8 Vsgc.

to 100 x 100 um? with 1 shot/pixel, whereas the sputter crater was set
to 300 x 300 ym? to ensure homogeneous material removal at the
measurement site. The measurements were stopped after around 8000s

Lastly, APT was chosen as a quantitative method for measuring the
diffused Cl-content within surface-near coating regions. At pristine
coating sites of electrochemically stressed samples, tip lift-outs of 2 pm
length were prepared by a focused ion beam (Scios 2 DualBeam system,
ThermoFisher Scientific). Prior to the milling process, a thin protective
tungsten layer was deposited in order to preserve the surface vicinity of
the coating. The final sharpening of the tips was performed with 30 kV
acceleration voltage and 50 pA, after which a clean-up sequence ensued
with 5kV and 28 pA for generating a Ga damage-free tip. The APT
analysis was carried out on a Cameca LEAP 4000X HR in pulsed laser
mode, equipped with a 355 nm UV laser and a reflection lens. The ex-
periments were done with a laser pulse energy of 50-90 pJ with a pulse
rate of 200 kHz at a target evaporation rate of 1 %, whose mass-spectra
were then analyzed using a MATLAB tool-box for quantifying the
diffused Cl-contents. [22].

3. Results and discussion
3.1. Microstructure and compositional analysis

The as-deposited SEM cross-sections, as well as respective top-view
micrographs are illustrated in Fig. 2 and highlight the intrinsic differ-
ences in coating microstructure and texture. Coating thicknesses of 2.5,
5.1, and 7.5 ym were obtained for the arc evaporated depositions,
compared to 2.8, 4.9 and 7.1 pm for the sputtered variants (see Fig. 2a-f,
respectively). While all coatings feature a typical columnar structure,
the sputtered coatings produced a more pronounced and textured
morphology. This is related to the inherently lower energetics and ion-
flux, as well as lower ion-mobility of arriving species present during
sputtering (decreased self-surface diffusion and densification of the
coating morphology) [23]. Top-view SEM-micrographs (Fig. 2a*-f*),
further highlight the differences in the coating morphology and
surface-texturing between arc evaporated and sputtered coatings.
Whereas no surface texturing is visible for any of the arc evaporated
samples, distinct pyramidal features dominate the surface of the sput-
tered coatings, particularly with increasing coating thickness (see
Fig. 2f*).

Fig. 3 presents the diffractograms and peak-patterns for all as-
deposited coatings. All coatings feature a face-centered-cubic (fcc)
crystal-structure with mixed [111]/[200] growth orientations. Here as

well, the texture of the sputtered coatings stands out, as the diffracto-
grams clearly display a shift from a highly [200] orientated crystal
structure (see Fig. 3d) to a preferred [111] crystal orientation (see
Fig. 3f), with increasing coating thickness.

All in all, the as-deposited states can be summarized as follows: The
arc evaporated coatings share a columnar and dense morphology with a
fce-crystal structure composed of mixed [111] and [200] crystal orien-
tations. Similarly, all sputtered coatings feature a fcc-crystal structure
with a pronounced columnar morphology. However, with higher
coating thicknesses, the crystal growth orientation changes from a
mixed [111]/[200] to a preferred [111] orientation, which results in the
formation of a highly faceted surface. Lastly, by utilizing EDX analysis,
the metal content ratios for the sputtered- and arc evaporated coatings
were determined to be Al ¢7Crp 33N and Alg ¢gCrg 32N, respectively.

3.2. Electrochemical corrosion properties

The Tafel-plots of the bare 90MnCrV8 alloy and the AICrN coated
samples are shown in Fig. 4a. The corrosion current (icorr) and open
circuit potential (Eocp) were determined from the intersection of the
extrapolated anodic and cathodic Tafel-branches (Fig. 1a) [27]. All ex-
trapolations were performed manually with no additional software
package for data analysis. The corrosion potential of the uncoated steel
substrate leveled at about —569 mVy., whereas the open circuit po-
tentials of the AICrN coated samples all settled within the range of
—378 mVge to —326 mVgse (OCP(mean)= —352 mVyg), regardless of the
deposition route used. The positive shift from —569 mVg, to
—352 mVyg, indicates reduced anodic activity of the AICrN-coated
samples over the bare alloy. Minimal improvement in icoy was
measured for all AICrN coated samples over the bare substrate, again
with similar values across all coating variants (see Table 1).

Fig. 4b and c illustrate the cyclic potentiodynamic polarization
curves of all arc evaporated coatings and sputtered coatings, respec-
tively. Starting from the corrosion potential (Eocp) and sweeping into
the anodic region, all samples show a similar corrosion behavior. From
about +100 mVg,. upwards, the AICrN-coated samples enter their pas-
sive region, where the current densities (ipass) of the sputtered coatings
measure slightly lower than those of the arc evaporated variants. Also
within each coating group (sputtered and arc evaporated), the obtained
passive current values decrease with increasing coating thickness (see
Table 1). Despite being rather small reductions in the measured currents,
it may be suggestive of a sealing-effect of initial defect sites and open
porosities. In other words, initial fast-track diffusion routes may be



O.E. Hudak et al.

Fig. 2. As-deposited SEM cross-sections of arc evaporated coatings (a-c) with
thicknesses of 2.5, 5.1, and 7.5 pm, and sputtered coatings (d-f) with thick-
nesses of 2.8, 4.9 and 7.1 um, respectively. Related top-view morphologies are
shown in (a*-f*).

overgrown by longer deposition times and result in an improved passive
behavior of the coating. When increasing the applied potential further,
all measurements indicate a drop in the current density values at
~300 mVg, followed by a spike in the measured current shortly after,
which we interpreted as the breakdown potential (Ep) for each coating.
This is indicative for the equilibria reaction Fe?t4+20H — Fe(OH),,
prematurely passivating the pit-mouth openings. Subsequent internal
acidification then leads to a rapid elevation in the alloy dissolution and
drastically increases the corrosion current values. Interestingly, despite
the coating thickness within the arc evaporated and sputtered groups, all
arc evaporated AICrN samples reach the current cut-off value (1 mA/
em?) at similar potentials (Ejey= ~360 mVgs), whereas E., for all
sputtered variants is found more anodic (E;ey= ~420-450 mVg). A
summary of the electrochemical properties is presented in Table 1.
Together with the results from the Tafel-plots, these findings further
strengthen the argument, that coating thickness plays a subordinate role
in the corrosion mechanism of AICrN-coated low alloy steel samples. For
this reason, from here onwards, further investigations will focus solely
on the ~5 pm thick arc evaporated- and sputtered coatings.
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Fig. 3. XRD spectra of the as-deposited arc evaporated fcc-AlCrN coatings (a-c)
with thicknesses of 2.5, 5.1 and 7.5 pm, respectively, as well as sputtered fcc-
AICrN coatings (d-f) with thicknesses of 2.8, 4.9, and 7.1 um, respectively.
Reference patterns were taken from Ref. [24-26].

3.3. Morphological investigations of preferential pitting sites

SEM cross-sections of the electrochemically stressed AICrN samples
are shown in Figs. 5-7, highlighting the preferred diffusion pathways
and pit-initiation sites for both, arc evaporated and sputtered coating
variants. Cross-sections of the arc evaporated AICrN samples (see Figs. 5
and 6) evidently single out intrinsically deposited macroparticles as the
dominating weak-spot for pit-formations. Fig. 5a shows the polished
cross-section of an as deposited arc evaporated AICrN coating. Visible
through the mass-contrast is the bright chrome-rich inner core of the
droplet, which has been verified by EDX analysis. Also highlighted are
porous domains below the core that have evolved through shadowing
effects throughout the growth of the macroparticle. While exposed to
NaCl-rich aqueous media during electrochemical testing, these metallic
cores are prone to accelerated oxidation. Whereas some droplets only
suffer premature oxidation (Fig. 5b), others oxidize much more severely,
depending on how coherently the droplets sit within the coating matrix.
Fig. 5¢ and the respective EDX line-scan illustrate such a matured state.
Specifically, the EDX line-scan emphasizes the oxygen enriched
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Fig. 4. Electrochemical measurements in 0.1 M NaCl solution: (a) Tafel-Plots of
cae-AlCrN coatings (solid red lines), sputtered-AlCrN coatings (dashed blue
lines), and uncoated low alloy steel substrate (dotted grey line), (b-c) cyclic
potentiodynamic polarization curves of cae-AlCrN coatings and sputtered-
AICrN coatings, respectively.

chromium core, as well as surrounding areas, where the corrosive media
has permeated the droplet-coating boundaries.

Particularly, droplets located near the coating-substrate interface
and permeate the entire coating structure (see Fig. 6a-c), offer fast-track
diffusion routes along the particle-coating interface. Once a pit has
initiated (Fig. 6b), the exchange of both, corrosion product out of the pit,
as well as transport of the aqueous media into the pit, occurs simulta-
neously along these pathways. In Fig. 6d and the respective EDX maps

Table 1
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this ion-exchange is further exemplified. While the pristine coating
matrix remains chemically and structurally unchanged (alloy and
metallic droplets are the only chemically active species) an accelerated
metal dissolution of the substrate is observed (pit growth).

Fig. 7, on the other hand, illustrates the most abundantly observed
pit-initiation route for the sputtered AICrN coating. Owed to the inher-
ently fewer number of defect-sites, other diffusion routes must be pre-
sent. The cross-sections in Fig. 7a-c reveal vertical channels that form
throughout the corrosion experiments. Analogous to the diffusion paths
along macroparticle boundaries in arc evaporated coatings, these
channels allow for inward and outward diffusion of corrosion products
and chloride/hydroxide-ions. The formation of channels can be related
to the more pronounced columnar morphology of the sputtered coat-
ings, as well as the intrinsically lower packing/density of the overall
microstructure. Similar to the arc evaporated sample, Fig. 7d and the
respective EDX maps suggest that the surrounding sputtered AICrN
coating matrix is chemically stable. Homogeneous distribution of
aluminum and chromium, with no indication of coating deterioration
through oxidation confirms this impression. Furthermore, the EDX maps
highlight the exchange of iron and oxygen between the pit and surface
by channels that trend along the column boundaries.

3.4. Surface near examination of chloride inward diffusion by APT

In order to reveal more about the actual passivity of the intact
coating morphology to chloride species (no fast-track diffusion path-
ways, e.g. droplets, macroparticles and/or underdense columnar
morphology), APT lift-outs were taken from pristine coating sites of
cyclic potentiodynamic polarized samples (see Fig. 4). Fig. 8a shows the
positions chosen for the lift outs, whereas Fig. 8b-c illustrate two of the
tip preparation steps (milling and sharpening, respectively). The mass
spectra of the corroded arc evaporated coatings (see Fig. 8d) and sput-
tered coating (see Fig. 8e) originate from the surface near regions of the
electrochemically stressed coatings. These spectra quantitatively high-
light the amount of diffused chloride for the duration of the corrosion
experiment. Labeled are the individual chlorine-containing fragments
that substantiate the presence of diffused chloride species through the
pristine coating morphologies. The interpretation and quantification of
the dataset (chlorine containing signals) render a chloride concentration
of 600 ppm for the arc evaporated coating, whereas a 28 times higher
chloride concentration of 16,800 ppm was determined for the sputtered
AICrN film (comparing the same volume). This clearly demonstrates that
pristine coating morphologies, particularly the topmost regions, are
indeed permeable to chloride. As expected, a significantly lower chlo-
ride concentration was measured for the arc evaporated coating, sug-
gesting that the arc evaporated coating has a more coherent and
compact coating morphology than its sputtered equivalent. This also
emphasizes the dominant role of embedded macroparticles in the pitting
initiation mechanism of arc evaporated coatings. In contrast,

Electrochemical properties from the cyclic potentiodynamic polarization experiments in 0.1 M NaCl solution. Egcp, corrosion potential; Epror, protection potential; Ey,

breakdown potential; i,, passive current density; i, corrosion current density.
> 1ps s lcorrs

Coating Thickness (um) Eocp (mVss) Eprot (MViee) E}, (mVsc) i, (A/cm?®) icorr (A/cm?)
bare alloy - -569 616 - - 2.65 x 10
cae-AlCrN 2.5 -381 -567 324 7.52 x 10 + 9.76 x 107
1.10 x 107
5.1 -374 -576 318 513 x 10* + 8.87 x 107
5.28 x 10
7.5 -392 -580 334 4,01 x 10 + 9.11 x 107
1.13 x 107
sputt.-AICTN 2.8 -406 -567 329 5.56 x 10* + 1.09 x 10
4.92 x 10®
4.9 -398 -539 357 4.36 x 10 + 1.54 x 10
3.91 x 10
7.1 -405 -562 371 1.92 x 10 + 1.51 x 10
5.47 x 10
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Fig. 5. SEM cross-section images of (a) as deposited arc evaporated- AICrN coating, (b) prematurely corroded droplet within the arc evaporated AICrN coating
matrix, and (c) matured corrosion of the metallic droplet core with the respective EDX analysis as indicated by the arrow.
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Fig. 6. SEM investigations of preferred diffusion routes in cae-AlCrN coatings: (a) as-deposited droplet routed within the coating matrix; (b-c) pit initiation and
propagation stages; (d) fully developed pit cavern with respective EDX color maps that highlight diffusion exchange pathways between cavity and coating surface.

significantly higher chloride concentrations were measured for the
sputtered AlCrN coating. With its more directional columnar growth and
inferior packing density, the sputtered coating matrix proves extremely
pervious to chloride and provides no adequate diffusion barrier. In order
to extend the scope from coating surface near regions towards the
coating-substrate interface, it was of great interest to examine the
chloride diffusion across the overall coating thickness.

3.5. Depth profiling of chloride diffusion by TOF-SIMS

In order to investigate the chloride diffusion qualitatively
throughout the entire span of the pristine coating matrix, TEM analysis,
as well as TOF-SIMS depth-profile measurements were carried out for
both, arc evaporated (Fig. 9a-e) and sputtered coatings (Fig. 9f-j).
Selected area electron diffractograms (SAED) and TEM bright field im-
ages of the measured coatings provide localized information about the
coating’s crystallinity and help to interpret the obtained TOF-SIMS data.
The collected depth-profiles of the anionic Cl and Al species are pre-
sented in Fig. 9e and j, respectively. Based on this analysis, the

progression of chloride (diffusion front) was assessed. While the dotted
lines represent the measurements of the as-deposited samples (consid-
ering a native Cl-contamination), the solid profiles represent the mea-
surements of the electrochemically stressed samples. The shaded regions
enclosed by both, solid and dotted lines, highlight the loading behavior
and diffusion front in both, cae and sputtered samples.

By looking at the depth-profiles of the arc evaporated AICrN coat-
ings, a more or less typical diffusion curve is observed (Fig. 9e). With a
chloride-enriched surface region, reaching about 500 nm into the
coating, a gradual decline in chloride concentration follows for about
3 um, after which the concentration gradient bleeds out at the coating
substrate interface. When examining the respective bright-field TEM
image in Fig. 9d, a homogeneous morphology with discontinuous col-
umn boundaries is featured. SAEDs of the surface near (Fig. 9a),
centered (Fig. 9b) and interface near regions (Fig. 9¢) exhibit random
crystal orientations of the coating matrix with defined diffraction dots.

On the other hand, Fig. 9j shows the chloride diffusion behavior of
the electrochemically stressed sputtered AICrN coating, featuring a
uniform chloride loading profile. Only towards the coating-substrate
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Fig. 8. Illustration of (a) the APT tip-site selection (b) lift-out operation and (c) sharpening sequence of a stressed arc evaporated AlCrN coating. (d) Features the APT
mass-spectra of the arc evaporated and (e) of the sputtered coatings. Two cut-outs (12-20 Da & 30-45 Da) highlight the chloride-containing fragments, as labeled,

whose integration was used to quantify the respective Cl-contents.

interface, a decrease in the chloride concentration occurs. Evident from
the TEM bright-field images and SAED patterns, the difference in the
diffusion profile must be, at least partially, due to the variation in the
microstructure. Whereas the SAEDs that were collected near the surface
and center of the coating show diffraction patterns with distinct
diffraction dots, the SAED from near the coating-substrate interface
features smeared dots, indicative of a more nanocrystalline micro-
structure. It may be this property that translates to an improved diffu-
sion barrier, and is responsible for the prevention of pitting at the
coating-substrate interface. This may also explain why the corrosion
behavior did not improve with increasing coating thickness.

Overall, it can be asserted that the arc evaporated AICrN morphology
exhibits a relatively uniform grain size distribution throughout the
entire coating thickness, providing a sufficient diffusion barrier for the

duration of the corrosion experiments (diffusion front ~3.2 um into the
sample). Moreover, the sputtered microstructure features an increasing
grain and column size distribution from the interface to the surface near
regions that allow for accelerated chloride loading throughout most of
the coating thickness until the nanocrystalline morphology at the
interface is reached (diffusion front ~4.8 um into the sample).

3.6. Preferred growth orientations and coating texture

Lastly, it was of great interest to further substantiate the aforemen-
tioned differences in microstructure, especially grain orientation and
grain-size distribution. For this, we resorted to transmission electron
back-scatter diffraction and performed an averaged evaluation of the
grain-size distribution of the AICrN-coated samples. In this case, the goal
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identical assignment.

was to link the diffusion profiles obtained from the TOF-SIMS and APT
analysis, to the morphological characteristics observed during TEM.
Fig. 10 shows the TEM lamellas of the ~5 pm thick arc evaporated and
sputtered AICrN coatings (see Fig. 10a and d), the respective inverse
pole figure maps (Fig. 10b and e), as well as inverse pole figures (Fig. 10c
and f) calculated from the t-EBSD data. Correlating with the results from
the XRD analysis, the inverse pole figures reveal a highly orientated
{001} growth direction for the 5 ym sputtered coating, whereas a mostly
random growth orientation, with a weak preference in the {211} plane,
is featured by the arc evaporated coating variant. At this point, we would
like to point out that the difference in the color range interval used for
the arc evaporated sample (Fig. 10c) and sputtered-sample (Fig. 10f).
Whereas the {211} orientation of the arc evaporated morphology occurs
merely three times as often as for a random distribution of christallo-
graphic orientations, the {001} orientation in the sputtered matrix ap-
pears more than twenty times as often.

From the EBSD data, averaged grain sizes of 72 and 120 nm in
horizontal diameter were calculated for the as-deposited arc evaporated
and sputtered samples, respectively. These numbers, again substantiate
the notion that the highly orientated {001} morphology and the larger
grain sizes, in combination with the open column boundaries of the
sputtered sample, allow for unimpeded diffusion along its grain
boundaries. In this manner, fast bridging of the protective coating and
subsequent pit initiation at the coating-substrate interface is granted in a
similar way, as would be observed for arc evaporated coatings with their
droplet-streaked morphology.

4. Conclusion

With near to identical pitting behavior by electrochemical investi-
gation, in-depth analysis of AICrN thin films has yielded distinct diffu-
sion mechanisms that pertain exclusively to either arc evaporated or
sputtered AICrN coating morphologies.

For arc evaporated AICrN coatings, fast-tracked diffusion of the
electrolyte was exclusively observed along incoherently incorporated
macroparticles, resulting in rapid oxidation of the metallic cores and a
consequent dislodging from their surrounding coating structure. It has

been found that the formation of cavities functions as the most
frequently observed pit-initiation site. Delving deeper into other
possible diffusion routes, pristine coating sites (droplet free) were
investigated by APT and TOF-SIMS. Both analyses revealed surface near
inward diffusion of chloride (600 ppm Cl), however no chloride was
detected close to the coating-substrate interface. Featuring a depth
profile with a rapidly decreasing chloride concentration gradient, the
pristine coating morphology demonstrates excellent diffusion resistance
against chloride species. By consulting t-EBSD for a detailed under-
standing of the coating structure, we appoint the fine-grained
morphology (~70 nm) and randomly orientated growth orientation as
one of the decisive properties for improved diffusion resistance.

On the other hand, the most abundantly observed pit-initiation
mechanism for the sputtered AICrN samples resulted from diffusion
routes along open column domains. The partially coarse-grained
microstructure and unidirectional column growth facilitated fast-track
diffusion to the coating-substrate interface, allowing for an eased
breaching of the coating structure. APT and TOF-SIMS analysis of pris-
tine coating sites exhibited uniform chloride loading throughout most of
the sputtered morphology (16800 ppm Cl), which is 28 times higher
than for the arc evaporated coating. Unlike for the arc evaporated
coating, t-EBSD of the sputtered sample revealed a coarse-grained
morphology (~120 nm) with significant coating texturing in the
{100} direction. A sufficient diffusion barrier was only observed at the
coating-substrate interface, where a sufficiently fine-grained micro-
structure, as well as randomized growth orientations prevailed.

To perfectly protect the underlying alloy and to prevent pitting,
sufficient diffusion resistance to ClI" must be warranted by the AICrN
coating morphology. Despite being chemically inert to the oxidative
electrolyte, both, sputtered and arc evaporated coatings have shown
distinctly different diffusion routes, which allow for the initiation of pits
at the coating-substrate interface.
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