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Abstract

Atomic Layer Deposition (ALD) of Al,Os/TiO2 nanolaminate was applied to
improve the sealing properties of CrN coating deposited with Physical VVapor
Deposition (PVD) on high speed steel (HSS). The corrosion protection properties were
explored with Linear Sweep Voltammetry and visual estimation. Nearly two orders of

magnitude decrease in corrosion current density was obtained by applying plasma pre-



treatment prior to ALD coating. Sealing of CrN pinholes was shown with Focused lon
Beam/Scanning Electron Microscope technique. The effect of the ALD deposition
parameters to adhesion of the ALD coatings was investigated with Rockwell indentation
and microscope analysis. Thickness and refractive index of the ALD coatings were
measured with ellipsometry, and density and roughness of the ALD coatings were
investigated with X-Ray Reflectivity measurements. Neutral Salt Spray testing was used
to investigate the corrosion resistance of PVD/ALD nanolaminates on HSS dental

curettes.

1. Introduction

Steel components and tools face high requirements for both wear and corrosion
resistance in many applications. Choosing a harder base steel material can increase the
lifetime under heavy load [1-3], but these steel materials are often prone to corrosion or
other environmental effects. Physical Vapor Deposition (PVD) coatings are one of the
most widely established methods to improve the corrosion protection of steels. For
example, CrN-based coatings are used in various applications requiring both corrosion
protection and good mechanical properties [4-6]. In aggressive environments, the
corrosion protection of CrN coating is generally insufficient as these coatings typically
incorporate a large amount of pinholes and defects through which steel material is
attacked by corrosion [7-9]. At these defect sites, the smaller area of the less noble steel
substrate can lead to extremely high current densities, causing heavy localized corrosion
[10].

Recent investigations have focused on applying Atomic Layer Deposition (ALD) to
form a protective multilayer complex on steel [11-21]. ALD enables unique thickness

control down to molecular level by self-saturating surface reactions of separated,



gaseous source material pulses [22]. This allows conformal and uniform large-area
deposition even on 3D morphologies with high aspect ratio structures [23]. Perhaps
most promising results with ALD in corrosion protection have been obtained by using
them to fill pinholes in PVD coatings [11,12].

While Al,Ozis most well-known ALD coating that has been shown possess superior
sealing properties [18,20], high dissolution rates (7 nm h™* in 0.2 M NaCl) on steel
substrate have been reported to limit its use in corrosion protection [24]. ALD
nanolaminate films consisting of consecutive thin film layers of two or more binary
compounds have been reported to allow combination of the enhanced performance of
barrier properties of Al,O3z with chemical stability from TiOz or Ta.Os layers [14,15].

For improved corrosion protection, good adhesion and reduced porosity of the
coating, the use of plasma treatments prior to ALD has been reported effective [16]. The
benefit of cleaning steel surfaces of contamination with plasma prior to thin film coating
was established decades ago [25,26]. In addition, the use of plasma pre-treatment prior
ALD deposition has been reported to allow formation of uniform oxide layer, improving
growth behavior of Al.Oz ALD [16,27].

From application point of view, using two different deposition processes with
separate equipment imposes a need for very high added value in order to be
commercially viable. Considering the economic factors and the major advantage of
conformal deposition on 3D morphologies, perhaps most promising future application
are medical and dental instruments. In this study we investigate high speed steel (HSS)
that has been previously shown superior in orthogonal cutting by dental curettes, when
compared to the traditional material choice of martensitic stainless steel [1]. This
superior performance allows for increased lifetime and reduced need for re-sharpening.

However, as dental curettes are sterilized by autoclaving daily after use, they also



require excellent corrosion resistance. Multilayer CrN/ALD nanolaminate coatings offer
potential for corrosion protection of these high-value instruments.

This study focused on investigating the effect of different ALD deposition
parameters to improving the corrosion protection of CrN coatings on steel, using Linear
Sweep Voltammetry (LSV) measurements and visual estimation. Optical microscope
imaging was used to estimate the amount of pinholes on CrN coating before and after
the PVD deposition. Energy Dispersive Spectroscopy (EDS), ellipsometry and X-Ray
Reflectivity (XRR) measurements were used to investigate the properties of the ALD
nanolaminate. In addition, Rockwell indentation was adapted to investigate the adhesion
of the ALD coatings on the CrN coating. Focused lon Beam/Scanning Electron
Microscope (FIB/SEM) technique was used to visually investigate the CrN pinholes.
Neutral Salt Spray (NSS) testing was employed to investigate the corrosion resistance of

multilayer CrN/ALD nanolaminates on steel curettes.

2. Experimental details

The main substrates used in this study were steel disks with a radius and thickness of
1.0 cm. The chemical composition of the HSS is shown in Table 1. The steel disks were
hardened and tempered at 1150 °C, resulting in hardness 65 HRC. The surface of the
steel disks was turned and polished by an industrial process. This polishing process left
a small, 0.25 mm radius pit at the middle of the disk. The surface roughness of the disks
was measured by DekTak profilometer. In addition, (100) silicon dies were employed as
thickness and density reference samples. Furthermore, dental curette instrument blades
were used to visually estimate the conformal deposition of ALD-films to complex 3D-

shapes and estimate the corrosion performance of 3D samples in NSS tests.



Table 1: Chemical composition (weight percentages) of high speed steel used.

Fe C Cr Mo Vv W Co

68.10 1.60 4.80 200 5.00 10.50 8.00

The CrN coatings used were commercially available BALINIT CNI coatings
deposited by sputtering, purchased from Oerlikon Balzers. Prior to the coating, the steel
disks were cleaned by an industrial cleaning procedure. The thickness of the coating
was approximately 3 um. After the PVD coating, the steel disks were protected with oil
for shipment and storage. The oil was removed prior to taking the samples to cleanroom
for ALD by a five minute ultrasonication first in acetone and then in ethanol, followed
by wipe-cleaning with 50% solution of isopropanol and DI-water, and finally dried with
pressurized nitrogen gas. Just prior to the ALD, the steel samples were cleaned first by
10 minutes in acetone and then in isopropanol solutions in an ultrasonic cleaner.
Immediately after cleaning, the samples were transferred into the ALD load lock. The
load lock was turbo pumped for 10 minutes to reduce the amount of gaseous impurities.

ALD nanolaminates were deposited with a Picosun R-200 operated on remote
inductively coupled plasma (ICP) configuration with a base pressure of 2 mbar. All the
depositions were done at 150 °C. Table 2 presents the different ALD runs with varied
parameters under study. The default pre-treatment for the sample sets was 10 minutes of
continuous O2 plasma, with 2500 W RF-power, and 100 sccm carrier N2 flow. For
NHplasma sample set, No/H> plasma with 50/50 sccm source gas flows was used
instead. During the ALD operation the carrier nitrogen flows into the reactor was 40
sccm from the passive precursor lines (6) and 100 sccm from the plasma line. The ALD
nanolaminate master cycle included first, 45 deposition cycles (~5 nm) of

trimetylaluminum (TMA, >98% purity) and H2O; and second, 90 cycles (~5 nm) of



TiCls (>98% purity) and H20. The Al>O3 was done by TMA/N2/H2O/N. sequence of
0.2s/5s/0.2s/10s and the TiO2 by TiCls/N2/H20/N2 sequence of 0.2s/5s/0.2s/10s. The
flows for both metal precursor lines were set to 150 sccm and the H2O flows were 200
sccm during their pulses. The TMA and TiCls source bottles were kept at a constant
temperature of 23 °C.

Table 2: ALD nanolaminate coatings deposited on CrN coated high speed steel on

different deposition runs. Individual laminate thickness was kept constant at 5 nm.

Code Plasma pre-treatment Thickness (hm)
Default 02 50

Noplasma None 50

NHplasma N2/H> 50

t20nm 02 20

t100nm 02 100

The thickness and refractive indices of the ALD thin films were measured with
Plasmos SD 2300 ellipsometer from silicon wafer dies. The ellipsometer applied 632.8
nm He-Ne laser as a light source and with 70° angle of incidence. The desired
parameters were automatically calculated using single layer mode with effective
refractive index value of 2 as an initial value for the iterative data fitting. X-ray
reflectivity (XRR) measurements with Phillips X Pert Pro (Cu-Ka wavelength) were
performed to analyze the thickness, density and roughness of the deposited thin films
(default) from silicon die. The XRR measured data was fitted with in-house developed
fitting software based on Parrat’s formalism. [28] Raman spectroscopy was used to
evaluate the crystallinity of the nanolaminates, using a Labram HR (Horiba Jobin-Yvon)

system. Argon laser (wavelength = 514nm, power = 10mW) with a BX41 (Olympus)



microscope and 50X objective with spot size less than 1 um were used. Surface
morphologies of the steel disks and CrN coatings were evaluated with scanning electron
microscopy (FEGSEM, Tescan Mira3), and energy dispersive spectrometry (EDS) was
applied to investigate the CrN and ALD coatings.

Electrochemical properties of coated steel disks were evaluated with polarization
measurements using LSV. The measurements were conducted using ACM-Instruments
Autotafel potentiostat. A traditional three-electrode setup was utilized with a martensitic
stainless steel sheet as the counter electrode (CE), a standard calomel electrode (SCE) as
the reference electrode, and the investigated sample as a work electrode (WE). The
corrosion potentials were reported with respect to reference electrode. The electrolyte
solution was 0.2 M NaCl (Emsure analytical reagent) with pH of 5.2 at room
temperature. The measurement range was -1.5 to 0.0 V with a scan rate of 50 mV/min.
Exposure area of steel disks was limited to 1.0 cm? with Viton O-rings. The steel disks
were in contact with salt solution for a total time of 48 hours. During this time, potential
sweeps were conducted on three different times, after 1, 24 and 48 hours in the
electrolyte. After the 48 h time in salt solution and three potential sweeps, all the
samples were visually evaluated for corrosion effects. The corrosion potentials and
corrosion current densities were determined by Tafel analysis from polarization curves
as described in [29].

In addition to the multilayer-coated steel disks, the corrosion measurements were
conducted on steel disks without any coating, steel disks with only CrN coating, and
glass rod coated with CrN only. The CrN coated glass rod was used to measure the
corrosion current density of the CrN coating itself. To evaluate the performance of the
coated HSS and compare it to corrosion resistant high-chromium martensitic stainless

steel used in dental curettes [1], a reference set of this martensitic stainless steel was



also investigated. The area of the stainless steel disks and glass rod coated with CrN
differed from that of other samples, which was taken into account at the calculation of
the corrosion current densities. All tests were repeated three times, except those for
glass rod.

The effect of surface irregularities — in the form of the pit at the middle of the disk —
to corrosion protection was also evaluated. This was conducted by covering middle pit
by lacquer (Duran Schott, Germany). Two sample types were selected for this test: one
with CrN coating only and one with multilayer CrN/ALD nanolaminate (default). The
results of these measurements were compared to non-lacquered ones.

The porosity of the CrN coating was estimated by two methods: optical microscopy
area analysis done similarly as presented by Cunha et al. [30], and calculation by
corrosion current densities as originally presented by Tato et al. [31] and adapted by
Hérkonen et al. [21]. In optical microscopy analysis, 50x magnification was used to
image the sample surface. The analysis was done for samples with only CrN coating
and samples with CrN/ALD nanolaminate (t100nm). Dark spots were observed on the
surface of the coating — the area fraction of these dark areas was calculated from the
optical microscope images using ImageJ image processing software from a total of 15
images, and standard deviation from different images was used as an error value. These
values were then compared to those obtained by calculation by corrosion current

densities [31], as given by:

p= (M) x 100% Y

lsubstrate

where i.,4teq 1S the corrosion current density of coated steel substrate, ic,pstrate 1S

the corrosion current density of non-coated steel substrate, and i;oq¢ing IS the corrosion



current density of the coating itself. For a passive coating, icoqting << Lsubstrate, aNd
Lcoating CaN be omitted from the equation [31].

The progression of corrosion and the ALD coating performance to seal pinholes was
further evaluated by preparing cross-sectional samples with a dual beam system (FEI
Helios NanoLab 600 FIB). One sample with the default ALD deposition parameters was
chosen for confirmation of pinhole coverage. Two additional samples were chosen for
evaluation of corrosion progression: one with a 100 nm ALD nanolaminate and one
without. lon-induced secondary electron channeling contrast was exploited when
distinguishing between the steel substrate, CrN coating, possible corrosion products,
and the ALD thin film [32].

In addition to the tests with steel disks, corrosion resistance was evaluated with
Neutral Salt Spray (NSS) testing for dental curettes. This testing was conducted
according to EN ISO 9227 procedure, except NaCl concentration was reduced to one
fifth (10 g/l = 1 g/l) and samples were removed from the chamber, rinsed with deionized
water and photographed at regular intervals. Three dental curettes were used in this test:
one uncoated, one coated with CrN and one coated with CrN/ALD nanolaminate
(default).

Rockwell indentation was used to measure hardness of uncoated steel discs.
Rockwell indentation was also utilized to evaluate CrN coating adhesion of coated steel
discs according to VDI 3198 [33] and to visually evaluate the adhesion of ALD coatings
by optical microscopy. For the steel disks with the ALD nanolaminates, the indentation
was done to disk area at the edge, not exposed to the electrolyte solution. In cases where
the inspection indicated that the ALD thin film was completely removed from the
vicinity of indentation, EDS analysis was also employed to confirm whether the ALD

nanolaminate was completely removed.



3. Results and discussion
3.1. Morphology and composition

The CrN coated steel disks had a root-mean-square roughness of 85 nm, averaged
from three line scans of two samples. The ALD runs provided good overall uniformity
and conformality. The thickness non-uniformity of the ALD nanolaminates were less
than 5 % on the six inch wafer area. On the steel disks and instrument blades, the ALD
coatings appeared uniform and of similar thickness to that of silicon wafers. Uniformity
estimation visually is reasonably accurate to known color changes of TiO2 by changes
in thickness.

The ALD produced repeatable thin film quality with an average effective growth-
per-cycle of 0.072 nm/cycle from 8 performed ALD deposition runs, having a standard
deviation of 0.003 nm/cycle. The effective refractive indices of the nanolaminates were
measured and averaged to be 2.07 + 0.04, which coincides with the average of TiO2 and
Al>O3 refractive indices as expected [34]. The ellipsometer measured thickness values
were also confirmed reliable by comparing those to XRR analyzed thickness values
from the same default ALD parameter sample. The XRR analysis yielded total thickness
of 44.8 nm, while the ellipsometer produced 46.6 nm. XRR analysis also revealed the
average thickness of a single layer of Al203 and TiO2 to be 4 nm and 4.9 nm,
respectively. The minor offset between the nominal 50 nm and real thickness can be
credited to too low cycle number of the TMA/H2O processes.

The densities for the default samples were analyzed to be 3.79 g/cm?® and 2.90 g/cm?®
from averaged TiO. and Al>Oz layers, respectively. Both material layers were
consistently dense along the whole structure within the typical XRR experimental
accuracy of + 0.05 - 0.1 g/cm? [35]. The XRR extracted nanoscale RMS roughness

values were on average 0.4 nm for both of the ALD materials. The roughness and



density values showed good nanolaminate structural quality with clear, consistent
layers, and smooth interfaces. [35]

The TiO> layers are expected to be fully amorphous and this has been confirmed with
ALD temperatures less than 210 °C together with single layer thicknesses less than 10
nm [35-37]. Aarik et al. reported that this is due to crystalline TiO, film growth starting
with formation of amorphous transition layer, and deposition temperature of 350 °C was
required to initiate anatase crystal structure formation for laminate thickness below 10
nm [36]. Moreover, Alasaarela et al. showed that with ALD Al>O3z intermediate layer,
the polycrystallinity related TiO2 roughness can be decreased even at 350 °C TiO>
deposition temperatures [38]. Indeed, no Raman peaks at 145 cm™ for anatase TiO2 [39]
were observed from any of the samples. Furthermore, the XRR measured level of
density and surface roughness both support the presence of amorphous form of TiO-
[40]. Al2O3 is known to be amorphous below deposition temperature of 600 °C [41].

Fig. 1 shows EDS spectrum for the multilayer CrN/ALD nanolaminate samples
(default) using 10.0 kV acceleration voltage. For samples without the ALD
nanolaminate on top of CrN, the spectrum is otherwise identical, but there are no Ti-

peaks.
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Fig. 1: EDS spectrum with 10.0 kV acceleration voltage for multilayer coating
consisting of CrN and nanolaminate ALD of TiO, and Al>O3 (default). Corresponding
spectrum with CrN coating only is otherwise identical, except the Ti-peaks are not

present.
3.2. Electrochemical properties
3.2.1. Polarization curves

Fig. 2 presents the results of the electrochemical measurements. All the polarization
curves shown are after 48 hours in the electrolyte and from the third potential sweep.
Fig 2a shows polarization curves for three types of HSS samples: without coating, with
the CrN coating and with a multilayer coating (default). In addition, polarization curves
for the reference set of martensitic stainless steel and for the CrN coating itself (on glass
substrate) are included in this Fig. 2. Passivation of the HSS — enabled by the high
amount of alloying of W, Cr and Mo [42] (see Table 1) — is observed between -800 mV
and -500 mV for non-coated samples. Passivation of the HSS is also observed for
coated samples, though at less negative potentials. This passivation is observed already
after 24 hours, but not with the first measurements after one hour. Passive film

breakdown, observed as increase in current density, starts at approximately -400 mV for



the non-coated sample, and at about -200 mV for coated samples. With HSS/CrN/ALD
nanolaminate samples, the corrosion current density starts to approach that of HSS/CrN
after -200 mV. After -150 mV, the current density exceeds that of glass/CrN, showing
there is at least some dissolution of the HSS. After -100 mV, the polarization curves of
HSS/CrN and HSS/CrN/ALD nanolaminate are practically identical. It should be noted
that this kind of increase in current density for HSS/CrN/ALD nanolaminate was
already observed after 24 hours, but the protection by multilayer coating is still effective
after 48 hours. This indicates that with sufficient overpotential there is some dissolution
of steel through ALD coating at the bottom of pinholes, possibly through ALD coating
defects, but the coating still mostly remains.

Tafel analysis shows that the corrosion current density is reduced by less than an
order of magnitude with CrN coating, while multilayer coating results in almost two
orders of magnitude decrease. From the corrosion potentials it can be observed that the
ALD coating and the stainless steel are the noblest materials, while the HSS is the most
active. The corrosion potential of HSS with a multilayer coating (default) is about the
same as with the high-chromium martensitic stainless steel. For CrN coated steel disk,
the corrosion potential has moved almost to that of the HSS (-920 mV), indicating the
corrosion protection of CrN coating is almost completely lost. The corrosion potential
of the multilayer coated steel disk is still noticeably higher than that of CrN coating on
glass (-590 mV vs. -750 mV), showing that ALD coating is still intact and protecting at
the top of CrN coating.

Fig. 2b shows the effect of plasma pre-treatment. Without plasma pre-treatment, the
corrosion potential of the multilayer coated disk is close to that of CrN on glass (-720
mV vs -750 mV), indicating that ALD layer on CrN surface has no longer large

coverage and CrN determines the corrosion potential. The improved corrosion



protection with plasma pre-treatment is probably due to cleaning of surface of
impurities [25, 26], and possibly formation of thin, uniform oxide layer improving
growth behavior [27]. Even without plasma pre-treatment, the corrosion current density
is still noticeably lower than with only CrN coating (Fig. 2a), indicating that the ALD
layer fills pinholes of the CrN layer. With plasma pre-treatment, the corrosion current
density is still lower, though the difference is comparatively small. Identical results
were obtained with the two different plasma pre-treatments.

Fig. 2c shows the effect of ALD layer thickness. With layer thickness of only 20 nm,
the corrosion potential is lower — about the same as with CrN on glass. Although this
difference is smaller than the standard deviation, increased exposed area without
protection by ALD is confirmed by visual analysis after the LSV-measurements
(chapter 3.2.2). The corrosion potentials of samples with 50 nm and 100 nm thick ALD
nanolaminate are quite similar, indicating similar protection on CrN surface, but the
current density with 100 nm thick ALD layer is less than half of that with 50 nm ALD
nanolaminate — a much larger difference than obtained with the use of plasma pre-
treatment. This indicates that while corrosion protection at CrN surface is about the
same, the filling of CrN pinholes is drastically improved by this increase in ALD
thickness. Improved corrosion protection by increased ALD layer thickness coincides

with previous investigations [19,20].
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Fig. 2: Polarization results after 48 hours and three polarization sweeps a) Three

types of HSS samples: without coating, with CrN coating and with multilayer coating.
Polarization curves for reference martensitic stainless steel and for CrN coating itself

(glass substrate) are also included b) multilayer coatings with different plasma pre-

treatments ¢) multilayer coatings with different ALD-layer thicknesses.

For all the multilayer coated samples protective film breakdown — observed on the
anodic side as increasing voltage after a flat area on the curve — occurs for all the
multilayer samples at potential between -300 mV and -250 mV. This indicates that the
overpotential is high enough to cause steel dissolution through the pinholes of the
coating. This current increase was not seen on CrN on glass or stainless steel indicating
that the effect is indeed the dissolution of the HSS substrate. This kind of breakdown

was already observed for the second potential sweeps after 24 hours, but not with the

first one.

Only results from last of the total three LSV measurements done for each sample

type were presented in Fig. 2. Fig. 3, Fig. 4 and Fig. 5 show the results from all the
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measurements for corrosion potential and corrosion current density by time. Each data
point is averaged from three different LSV-measurements. Error bars are given as half
of the difference between maximum and minimum values for corrosion potential, and as
standard errors for corrosion current densities.

Fig. 3 compares the corrosion potential and corrosion current density increase by
time with non-coated, CrN coated and CrN/ALD nanolaminate coated samples. With
CrN coating only, the increase in corrosion potential is very minor between 24 and 48
hours, and the corrosion potential is close to that of non-coated steel. This indicates that
the steel disks with only CrN coating are already mostly corroded after 24 hours.

Fig. 4 shows the effect of plasma pre-treatment. On the first measurement after one
hour, the corrosion potential is the same with or without plasma pre-treatment. After 24
and 48 hours, the corrosion potential without plasma pre-treatment is noticeably more
negative, very close to that of with only CrN coating (see Fig. 3a). The corrosion current
density is slightly larger without plasma pre-treatment. With the two different plasma
pre-treatments, no differences can be distinguished.

Fig. 5 shows the effect of ALD layer thickness. The corrosion current density is
inversely correlated to ALD layer thickness at all the measurement times. Corrosion
potentials are identical within measurement variation for all the ALD layer thicknesses.

All the multilayer samples have between one and two orders of magnitude decrease
in corrosion current densities compared to those with only CrN coating. The effect of
increasing the ALD layer thickness resulting in reduced corrosion current density is
most probably due to improved CrN pinhole filling. Corrosion potential becomes more

negative and corrosion current density is increased by time for all the samples.
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Fig. 4: a) Corrosion potential and b) corrosion current density by time for steel disks
without plasma pre-treatment, with oxygen plasma pre-treatment and with
nitrogen/hydrogen plasma pre-treatment. Each data point is averaged from three

separate LSV-measurement.
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Fig.5: a) Corrosion potential and b) corrosion current density by time for CrN/ALD
nanolaminate coated steel disks with different total ALD layer thicknesses. Each data

point is averaged from three separate LSV-measurement.

Previous investigations have presented the polarization curves and decreases in
current densities after only a short stabilization time and only with one potential sweep
[11-17]. This corresponds to our measured values for the first potential sweep after one
hour. In the first measurement, two order of magnitude decrease in current densities,
compared to CrN coated samples, is obtained with plasma pre-treatment and 100 nm
thick ALD layer, as seen from Fig. 5. In previous PVD/ALD on steel investigations,
decreases by one order of magnitude with single ALD layer have been reported [15,17].
Harkonen et al. reported over two orders of magnitude decrease in corrosion current
density with Al>O3/Ta,0s nanolaminate coatings on PVVD CrN coatings [12].
Comparing the current investigations to those presented by other authors, it should be
noted that conducting multiple LSV-sweeps increases the corrosion current densities

and amount of rust in sample surfaces.



3.2.2. Corrosion resistance

Fig. 6 shows the results for visual estimation of different samples after 48 hours in
electrolyte and three potential sweeps. Samples without any coating or only CrN coating
are corroded on the whole contact area to the electrolyte. Of the different multilayer
samples, those without plasma pre-treatment and those with only 20 nm thick ALD
layer also have a large amount of corrosion. The best protection is obtained by using
plasma pre-treatment and 100 nm ALD coating: in this case corrosion is only

observable at the middle pit of the disk.

The ALD coatings did not change color after 48 in salt solution. This shows there is
no significant dissolution of the coating at the top of the CrN surface, as the reduced
thickness would show as a change in color. Diaz et al. reported very high 7 nm/ h
dissolution rate for of Al.Ozon steel and proposed that this was due cathodic reduction
of dissolved oxygen at steel interface in ALD defects, greatly increasing pH, and thus
causing heavy Al,Os dissolution [24]. Considering the case of Al2O3/TiO2 nanolaminate
at bottom of high aspect ratio pinholes, dissolution products could be expected to result
in drastic increases in local pH. Though basic conditions could cause high dissolution
rates for Al>Os, the TiO> layer on top is expected to remain unaffected even in very

basic environments [43].



Fig. 6: Photographs of samples after 48 hours in electrolyte and three potential

sweeps for a) non-coated b) CrN coated c¢) default d) Noplasma e) NHplasma f) t20nm
g) t100nm samples.

Fig. 7 shows middle of the pit before corrosion procedure — a noticeably large
amount of cracks is observed in the CrN coating. These cracks lead into more
aggressive corrosion at the pit: Panjan et al. have previously reported that surface
irregularities can lead into increased defect density for PVD coatings [44]. We observed
that the rust originating from the pit was generally into direction of gravity in the
electrochemical cell setup. This effect can be explained by higher density of the
concentrated metal-containing solution inside the pit [45]. The effect was most clearly

observed with 20 nm ALD coating thickness (Fig. 6f).



Fig. 7: SEM image of the middle pit of CrN coated steel disk: large amount of cracks

in CrN coating cause the pit to be prone to corrosion.

The results of the LSV-investigations with the middle pit covered by protective
lacquer are shown in Fig. 8. Here the averaged results of our main LSV measurements
(see Fig. 3) are compared to samples with the middle pit covered by lacquer. Without
lacquering, corrosion potential becomes more negative and corrosion current density
increases by time for all the samples during 48 h test period. With lacquering, both the
corrosion current density and corrosion potential remain approximately constant with
the lacquered CrN/ALD nanolaminate samples. The differences between lacquered and
non-lacquered multilayer samples are very small and the performance of non-lacquered
CrN/ALD nanolaminate is superior to lacquered CrN. Compared to multilayer samples,
the differences between lacquered and non-lacquered CrN coated samples are much

more significant. Without lacquering, the corrosion potential of CrN coated steel disks



is close to that of uncoated after 24 hours (-900 mV vs. -950 mV). With lacquering, the
corrosion potential has not stabilized after 48 hours, unlike in the case of without
lacquering. After the LSV-measurements, visual estimation also shows that the steel
disks surface is not completely rusted like in the case of without lacquering. We
conclude that the cracks at the CrN layer at middle pit significantly reduce the corrosion

protection of this PVD coating, but the bottom of these cracks is protected by the ALD
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Fig. 8: a) Corrosion potentials by time b) corrosion current densities by time for CrN
and CrN/ALD nanolaminate (default) coated steel disks with and without lacquering of
the middle pit.

Results for NSS tests after 48 hours for three different dental curettes are shown in
Fig. 9. The curettes without coating are completely rusted. For the coated curettes, some
rust spots are observed at the shank and a noticeably large amount of rust is observed at
the lateral surface of the cutting edge, denoted by arrow in the image. The larger amount
of rust is most probably due to higher surface roughness at the lateral surface. The
higher surface roughness has been shown to detrimentally affect both the protection of
PVD [10] and ALD [18] coatings. The amount of rust is larger on curettes with only
CrN coating, but the difference is much smaller than with the steel disks visually

evaluated after LSV-measurements (Fig. 6).



Fig. 9: HSS dental curettes after 48 hours in NSS testing: a) non-coated b) CrN
coated c¢) CrN/ALD nanolaminate (default). Arrow denotes lateral surface of the curette,

where the surface roughness of the tool is higher.

Several of the previous investigations on corrosion protection of steel by multilayer
or ALD coatings have not evaluated corrosion resistance after an extended period of
time, though Harkonen et al. [12] used ISO 9227 standard neutral salt spray (NSS) tests
for evaluation of corrosion durability of their CrN/ALD nanolaminate coatings. With
the harsher test conditions used (50 g/l compared to our 10 g/l), they observed their CrN
coated AISI 52100 steel heavily corroded already after two hours, while some of the
CrN/ALD nanolaminate samples remained corrosion free even after 168 hours. The
difference between CrN coating only and CrN/ALD nanolaminate was thus much more

drastic than in our investigations. It is difficult to directly compare these results to ours



due to differences in test conditions and samples — the effect of 3D-shape and surface
roughness require future investigations, as the research has thus far focused mostly on

planar substrates.
3.3. Sealing properties

The estimated porosities of the coatings are presented in Table 3. The current
densities are calculated using equation (1) and results from electrochemical
measurements (chapter 3.2.1), using corrosion current density values at the corrosion
potential after one hour. For multilayer CrN/ALD nanolaminates, the value for ic,qting
Is approximated to be zero. Using microscope analysis of the defect area and using the
current density calculation give greatly differing results. Considering the large deviation
in optical microscope analysis, we can only conclude that the area classified as defects
at sample surface is about 5 %, both with and without the ALD coating. This is similar
to that of reported previously for PVD CrN coating with this analysis method [30]. This
method evaluates the porosity only based on top view of the sample, and does not take
into account high localized corrosion of less noble substrate [10].

Using the current density calculation (equation 1) gives porosity of one order of
magnitude higher for the CrN coating. Values this high have been reported previously
for magnetron sputtered Ti coatings [31], TiN coating deposited by cathodic arc
evaporation (CAE) [46] and TaO coating deposited by filtered CAE [21]. For CAE-
deposited CrN coating, Creus et al. reported 9 % porosity [46]. Tato et al. suggest that
dissolution and undercutting at the bottom of the pores can lead into larger values by
this method [31]. Based on undercutting observed in FIB cross-sections of corroded
CrN coated steel disk (see Fig 10) this seems a very plausible explanation for the
extremely large value for the CrN coated samples in our tests. For multilayer PVD

coatings, values of 1 % or smaller have been reported [21,31,44], and porosities as low



as 0.04 % have been reported with PVVD nanolaminate/ALD nanolaminate coatings [21].
Our results show that increasing the thickness of the ALD coating reduces the porosity
of the CrN-coating, with porosities below 1% obtained with 100 nm thick ALD

nanolaminates.

Table 3: Coating porosities estimated by two different methods: topview optical
microscope analysis and corrosion current density calculation.

Coating  Porosity (%) by optical microscope Porosity (%) by current density

CrN 48+20 57 +£19
t20nm 5.0+1.0
default(50 nm) 30x£13
t100nm 58+14 08+0

Fig. 10 shows a cross-sectional image taken from a pinhole. The carbides of the HSS
are quite easily observable. The CrN coating is present at the bottom of the pinhole,
though its thickness is only about 1 um. Fig. 11 shows a closer magnification of the
CrN/ALD nanolaminate stack at the bottom of the pinhole. PVD CrN coating has been
reported to grow in form of columns consisting of different grains, with voids or
amorphous areas between the columns [30]. A possible intercolumnar void is seen at the
bottom CrN layer in Fig. 11. This kind of open porosity can act as localized anode

where corrosion starts [10].
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Fig. 10: Cross-sectional image taken from CrN pinhole, from the multilayer

PVD/ALD nanolaminate sample (default).
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Fig. 11: Cross-sectional image taken from CrN pinhole, from the multilayer

PVD/ALD nanolaminate sample (default), with higher magnification.



FIB cross-sections were also made of two samples after 24 hours in the electrolyte
and two LSV-sweeps. Fig. 12 and Fig. 13 show top view (before taking cross-section)
and cross-sectional images for samples with only a CrN coating and with a CrN/ALD
nanolaminate (t100nm) coating, respectively. For the sample with only CrN coating, the
corrosion has progressed preferentially to one specific direction from the pinhole. Some
amount of corrosion is observed for the CrN/ALD nanolaminate below the coating, but
the pinhole itself appears sealed. The width of the pinhole is slightly more than double
of ALD-layer thickness (240 nm vs. 200 nm), and it is plausible that although the ALD
coating was not sufficiently thick to completely seal the pinhole, the corrosion products

have sealed the pinhole.
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Fig. 12: Micrographs of CrN coated steel disk after 24 hours in the electrolyte and
two potential sweeps a) top view of a pinhole before cross-sectioning b) cross-section of
the pinhole.
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Fig. 13: Micrographs of CrN/ALD nanolaminate (t100nm) coated steel disk after 24
hours in the electrolyte and two potential sweeps a) top view of a pinhole before cross-

sectioning b) cross-section of the pinhole.
3.4. Adhesion of CrN and ALD coatings

Adhesion of CrN coating was found to conform with adherence class HF1, with very
few or zero cracks near the indentation. The good adherence quality is as expected from
a commercial PVD coating.

Not using plasma pre-treatment results in poor adhesion of ALD-layers as seen in
Fig. 14a : the ALD-layer has been removed from the vicinity (~ 0.2 mm) of the
Rockwell indentation. In contrast, for all the samples with plasma pre-treatment, the
ALD-layer remains at the vicinity of the indentation, as shown in Fig. 14b. For samples
without plasma pre-treatment, there was no signal observed for titanium (see Fig. 1),
confirming that the ALD nanolaminate is removed from the vicinity of the indentation.
With plasma pre-treatment, the measured spectrum was the same at the vicinity of

indentation as it was at the rest of the disk area.



Fig. 14: Optical microscope image of Rockwell indents for evaluation of ALD

coating adhesion a) without plasma pre-treatment b) with plasma pre-treatment

(default). All the samples with plasma pre-treatment showed similar results.
4. Conclusions

Multilayer CrN/ALD nanolaminate coatings were applied to high speed steel for
improved corrosion protection. Pinholes in hard CrN coating on HSS were sealed with
ALD Al>03/TiO2 nanolaminate. This decreased corrosion current density by
approximately two orders of magnitude. Increasing the thickness of the ALD layer from
50 nm to 100 nm improved pinhole sealing and corrosion protection. Plasma pre-
treatment prior to ALD deposition was shown to improve corrosion protection and
especially adhesion of ALD layer. Conformal sealing by ALD layers at the bottom of
the pinholes was confirmed by FIB/SEM-technique. Use of multilayer coatings for
corrosion protection can allow harder base steel material be chosen for high-value
applications, where both excellent mechanical properties and corrosion resistance are

required.
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