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Abstract: Substrate bias voltage is one of the most inflaérdeposition parameter for
physical vapour deposition processes as it carcttireontrol the adatom mobility during
coating growth. It influences the hardness, rougbres well as the microstructure of the
coatings. Thus, bias voltage could also affect dedect formation during the coating
deposition. High Power Impulse Magnetron SputtefidPIMS) has been proven useful in
producing void free and arc droplet free denseirgst However, such coatings can still
suffer from some defects associated with extermatofs (independent of deposition
technique), such as substrate irregularities arel ftakes coming from the chamber
components. In order to study the effects of biatage (U}) on the defect formation during
HIPIMS process, four sets of CrN/NbN coatings weeposited at [J=- 40V, - 65V, - 100

V and - 150 V. Microscopic studies revealed thathwthe increase in bias voltage the
coatings morphology was altered and the percenthgrurface area covered by optically
visible defects was increased from 3.13 % to 4.30 P& defects on the coatings deposited at
Up =- 100 V and - 150 V led to preferential corr@sattack resulting in a sharp increase in
corrosion current density during Potentiodynamiclapsation experiments. Room
temperature pin-on-disc tribological tests exhibitiae influence of defects on the wear

behaviour; however, the coefficient of friction (Malues were mainly influenced by the



nature of the oxides formed during the tests. @gatnicrostructure and bilayer thickness,
along with the coating defects determined the ocefft of wear (Kc) values. This study
revealed that the coating deposited at=J 65 V had the highest wear resistance (Kc 8 2.6

x 10" m®N*m™) and the lowest friction (1 = 0.48).



1. Introduction

In recent years, the attention towards CrN/NbN Haykr coatings produced by physical
vapour deposition (PVD) igrowing rapidly due to their advanced barrier prtips against
corrosion and wear [1-6]. Moreover, use of the hdigh Power Impulse Magnetron
Sputtering (HIPIMS) deposition technique to depdSiN/NbN coatings is found to be
beneficial in improving those properties [7—-9]. Téaréhancement in the coating properties can
be attributed to superior microstructure due to hingh ion to neutral ratio and the low
average power during the HIPIMS process [10-12¢ fFhjectories of ions can be controlled
by applying external electric and magnetic field$us, using HIPIMS technique it is
possible to produce homogeneous coatings, evenooiplex-shaped substrates [13,14].
However, higher ion content also has a disadvanfélge back attraction of the positively
charged metal ions to the target reduces the deposate during the HIPIMS process.
Combining HIPIMS with the Unbalanced Magnetron $grinng (UBM) process can

eradicate this problem and improve the deposita f15].

Previous research showed that the coatings prodogddIPIMS technique are free from
droplet related defects when operated under céyedalected parameters, such as the right
frequency, pulse width and arc suppression set{®gs2,15]. However, HIPIMS deposited
coatings can still suffer from surface imperfectiphe. coating defects which are associated
with external factors, such as substrate pits dmed flakes generated from the chamber
components [9,164nd are independent of deposition technique. Urdileedroplets, these
defects grow along with the coatings [9]. It is wWkhown that the coating growth is
influenced by the deposition parameters such assikm time, substrate temperature and
chamber pressure [9,14,16-19]. Thus, the defeattbrgets influenced by these parameters
indirectly [9,16]. The substrate bias voltage isother important deposition parameter

because it controls the adatom mobility during icgagrowth [20-26]. Therefore, the study



of the influence of bias voltage on the formatidmwrphological defects is the particular

research interest.

Coating defects are undesirable because they degnadccoating properties [1,6,9,16,27-30].
For example, metallic droplets can augment weaadiing as protruding asperities when
intact with the coating or they can initiate thrbedy abrasion if loose [31]. Coating
imperfections like pores, holes and voids eithegspnt inherently or generated by the
removal of droplet and nodular defects, can expbsesubstrate to the corrosive media and
accelerate the corrosion process [1,6]. As theimpahdustries are continually growing and
developing, there is a demand for improved and Itegfing coatings for advanced
applications such as coating on biomedical deviddserefore, it is much needed to
understand the formation of coating defects and ihfuence on coating performance in

order to improve coating properties ahdability.

The influence of HIPIMS on coating microstructunedamechanical properties has been
studied recently [7-15,32,33]. Literature lists weew studies which describe defect
generation in coating deposited by HIPIMS. Previsuslies by the authors reported the
effect of deposition time and the total chambesguee on the external factors which lead to
the generation of defects [9,16]. This study furtileestigates the effect of bias voltage on

these influences in detail.



2. Experimental details
2.1. Coating deposition

Nanostructured CrN/NbN multilayer coatings were aigfed in an industrial sized (1°m
Hauzer 1000 four cathode PVD machine which waditaigd with HIPIMS power supplies
(Huttinger Elektronik Sp. z o0.0., Warsaw, Poland)l an advanced bias power supply with
active arc suppression units. 304 stainless stagbans, M2 high speed steel coupons and
(100) Silicon wafer were used as substrates. Al dhbstrates were mounted on a rotating
substrate holder, located at the centre of the siepo chamber with a three-fold rotational
motion of the substrate holder. Prior to coatingadgtion, the sample surfaces were pre-
treated by HIPIMS plasma discharge enriched withd@s to increase the adhesion of the
coating with the substrate [34]. Then the coatingse deposited for 120 min using
combined HIPIMS and UBM techniques [15] at a terapge of 200 °C. Four sets of
coatings were produced by varying the bias voltagejely - 40 V, - 65V, - 100 V and - 150
V. During the deposition processes, one Cr and Mbearget were operated in HIPIMS
mode and the other two targets (1 Cr and 1 Nb) weerated in UBM mode. The applied
power on an individual cathode was maintained la08rrespective of the technology (UBM
or HIPIMS). Rectangular pulses of 200 us at a feegy of 100 Hz, with a duty cycle of 1 %
were employed to generate the HIPIMS plasma fotimgaleposition. Ar and N(1:1) were

used as the process gas and the chamber pressuneaivdained at 0.35 Pa.
Note that the coating produced af+J- 65 V was used in our earlier reports alsogp,1
2.2. Coating characterisation

In order to investigate the effect of bias voltage defect generation, Scanning Electron

Microscopy (FEI NOVA-NANOSEM 200) was employed de tprimary characterization



technique in this study. Using ETD (Everhart-Thegntletector) and TLD (Through the Lens
Detector), the SEM images of planar and fracturass-sectional view of the coatings were
captured at low and high magnifications respecfiv€he surface area of the coating covered
by the defects was determined from optical micrpgcamages (captured by Huvitz 3D

Metallurgical Microscope). Then the relative areevared by defects (in percentage) was
analysed from binary pictures using ImageJ softyj@yeSurface roughness of the coatings
was measured by a DEKTAK 150 stylus profilometasr Bach scan, the probe travelled a
length of 1000 m and the surface roughness of the scanned pmwéite calculated by the

associated software.

Corrosion behaviour of the CrN/NbN coatings wasnexed using a Gill AC Potentiostat.
Coated 304 stainless steel samples were polanized 1000 to +1000 mV at a scan rate of
0.5 mVsed in a 3.5 % NaCl solution. The samples were masisiag bee’s wax to expose

only an area of 1 cfrto the solution.

A CSM room temperature pin-on-disc tribometer ig sliding conditions was used to study
the friction behaviour of the coatings depositedvagying the bias voltage. CrN/NbN coated
M2 high speed steel samples were used for theserimgnts. Each test was run for 20000
cycles. In order to measure friction rates, a 5S5tdic load was applied on the counterpart
(Al0O3 ball of 6 mm diameter). A Horiba-Jobin-Yvon LabRa#iR800 integrated Raman
spectrometer fitted with a green laser (waveleng82 nm) was used to study the chemistry
of the tribolayer formed at the tribological corttadn addition, X-ray Diffraction technique
in high angle (2, 20° - 100°) and low-angle (22° - 10°) geometry (LAXRD) was used to
evaluate the crystallographic structure and theaybil thickness of these coatings
respectively. The coating hardness was determimeth fthe loading-unloading curves
obtained from a CSM nanoindentation tester. Mortilde about coating deposition and

characterisation techniques can be found elsewWBet8].



3. Results and discussion

3.1.Coating morphology and microstructure

Fig. 1 (a-h) shows the planar and cross-sectiodll $nages of the coatings, which were
used to study the coating morphology and microsirec

The coating deposited at - 40 V substrate biasbéeli a columnar structure with rounded
columnar tops (Fig. 1a,b). With an increase of bi@tage from - 40 V to - 65 V, coalescence
of adatoms increased leading to an increase intgariscolumnar grains (Fig. 1c); however,
retaining the columnar morphology (Fig. 1d) ashia tase of lower bias voltage. As the bias
voltage was further increased to - 100 V, colungrains appeared widened (Fig. 1e) due to
the high adatom mobility leading to grain coarsgnifig. 1f shows the cross-sectional view
of this coating (Y = - 100 V) which clearly exhibits the influence inEreasing bias voltage
on microstructure densification. The column microsture in the case of the coating
deposited at )= - 150 V was even harder to resolve giving anresapion of a bulk material
(Fig. 1g,h). The changes in the coating microstmecand surface morphology with the bias
voltage can be attributed to the increased sumiagkility of adatoms on the growing film

[20—26].

Table 1 shows the thickness of the coating meaduoed the cross-sectional SEM images.
As expected, deposition rate increased when bikagewas increased from - 40 V to - 65
V. However, further increase in the bias voltagd te re-sputtering of the depositing
materials thereby resulting into a slight decreiaséhe coating thickness. For the coating
deposited at = - 150 V, strong re-sputtering process resultethe lowest thickness of
1.80 um even though all other deposition parametere kept constant. Fig. 1g shows this
re-sputtering effect observed for - 150 V coatihge dome shaped feature usually observed

for sputtered coating is completely absent hertherathe coatings surface exhibits dents



resulted from the sputtering of materials from tbating surface. Moreover, densification of
microstructure could also lead to a slight decre@aslke coating thickness. As observed in the
Fig. 1g,h this coating became densified due toitlteease of adatom mobility with the

increase of negative substrate bias voltage.

3.2. Growth defects

The SEM study on coating morphology and microstngct exhibited a number of
morphological defects of various shapes and sR2epending on their origins, these defects
were categorised into two groups; flakes relatddale and defects associated with substrate
pits (hamely, pinhole defects). The types of defédentified in HIPIMS/UBM coatings were
very similar in nature to those reported earlier # conventional magnetron sputtering

process [27].

Flakes related defects are found in most coatirgggsited in a vacuum chamber. These
flakes can be generated due to the thermal anctstal stresses on the chamber components
(shields, heaters) during coating deposition [2The bombardment of the chamber
components by highly ionised flux and the rotatioh the substrates holders during
deposition can also produce some seed particléswvitie chamber[9]. Due to the deposition
of coating materials on the flakes attached tosthtestrate, nodular shaped defects (Fig. 2a,b)

are formed.

During or after the deposition, thermal or mechahgtresses can deform and delaminate
these defects from the coating and create voides&tvoids are called open void defects
(Fig. 2¢). Fig. 2d shows a pinhole defect in thaticgy which is associated with the substrate
surface imperfections, such as small craters, gtits Deposition of coating materials can
cover most of the surface imperfections. Howeagdr cavities may not be closed fully and

remain as pinholes within the coatings.



In detail observation of the SEM images of a nodskeaped defect on HIPIMS/UBM coating
(Fig. 2a,b) reveal that the columnar morphologthese defects and the surrounding coatings
is similar; except for the interruption in the dowity caused by the contamination at the
surface before/during deposition. This indicatest tthe growth mechanisms for the
surrounding coatings and these defects are simnildrthey grow over the course of time just
like the coating. Moreover, EDX analysis confirm&ig( 3a,b) that the elemental
compositions of the nodular defect are also samepasng. Atomic percentages of Cr, Nb
and N were found to be 39 %, 14 % and 47 % respdgtior both the coating and the
nodular defect. This emphasises that defects iHNHBRUBM coatings are generated due to

the deposition of coating materials on flakes aoiddue to arcs.

For comparison, SEM image of a droplet on commbycevailable arc-PVD CrN/NbN
coating has been included. Significant differenioesorphologies and sizes between the arc
droplet and the nodular defect can be seen frorkithe2a and 3a,c. The arc droplet is bigger
in size and has a continuous solid structure wiseire@omparison the grain boundaries and
columnar coating growth on a nodular defect ind¢ase of HIPIMS/UBM coating could be

clearly observed from the higher magnification imag the nodular defect (Fig. 2a).

Moreover, Fig. 3c also exhibits the morphologicdfetlences between the arc deposited
coating surface and arc droplet which suggeststhegrowth steps of the coating and the
droplet are different. Most likely, an instant sification of cluster of materials ejected from
the target leads to droplet formation in arc-PVIDXEanalysis (Fig. 3d) shows that the
droplet is mostly made of Cr indicating that thisplet is generated due to the expulsion of

molten Cr from Cr target at the cathode spot.



3.3. Surface defect density calculation

SEM images revealed that all the coatings had aintijpe of defects on them, but the
number of defects increased with the increase af hioltage. To quantify the defect
population, statistical measurement of number deas were carried out using optical
microscopy and Image J software [9]. In this stullg, percentage of surface area covered by
optically visible defects was termed as surfacededensity (4). Fig. 4a shows an image of
the coating surface captured by an optical micneea@nd Fig. 4b represents the variation of
surface defect density as a function of substree Wwoltage (& converted binary images of
the coatings in the insets).

The calculated defect densitiesgAf the coatings deposited at bias voltages & V4and -

65 V were similar (3.13 % and 3.18 % respectivelyhereas, a sudden increase invalue
(4.14 %) was observed when a higher bias voltage<U 100 V) was applied to the
substrate.

The increase of the surface area coved by opticafliple defects with the increase in
substrate bias is believed to be associated withfastors. At higher bias voltages, the high-
energy flux bombardments on chamber componentincagase the flakes generation. These
flakes can produce more defects in the coating.eNbeless, re-sputtering phenomena can
also be responsible for raising the surface defensity. At high negative bias voltages, the
high-energy bombardment on the growing coatings egmose the already formed defects
and hence increase the area under the defects. sdste loosely bound nodular defects can
be expelled from the coatings leaving more visiuls.

In the optical images, the surface imperfectiors, both the protrusions and pits are seen as
dark features. Therefore, it was not possible tantjty the number of flakes related defects
and the number of pinhole defects. However, extenSEM studies of substrate and coating

defects indicated that all the dark features olexkon the substrate were substrate pits (Fig.



4c) whereas along with some pinhole defects/vdidg)er number of nodular shaped defects
were observed on the surface of the coatings. €hectidensity calculation also revealed that
Ag4 value of the substrate was only 0.39 + 0.04 ww@s purely due to the presence of
substrate pits. Thus, it could be concluded thagtrobthe defects observed on the surface of
the coatings were originated due to the deposdfaroating materials on the flakes.
Apparently, in this study the HIPIMS/UBM coatingtivinighest number of defects had lesser
defects as compared to that of commercially avialaboc-PVD CrN/NbN coating. Fig. 4d
shows the surface of this arc-PVD CrN/NbN coatifige analytical calculation releveled that

11 £ 0.48 % of its surface is covered by the defaubst of which are the droplet defects.

3.4. Roughness

The roughness values of the coatings are summainsédble 2. As seen from the table,
roughness values of the coatings deposited atvbiteges of - 40 V and - 65 V were similar.
When the bias voltage increased from - 65 V to © 1Q the roughness of the coating
increased abruptly reaching the highest value @08). Further increase in bias voltage to -
150 V, decreased the roughness to 0.073 pm.

This result shows consistency with the surface defiensity values of the coatings. The
increase in surface defect density with the inaeak bias voltage resulted in rougher
surfaces. Thus, the roughness value suddenly s@telaom 0.039 to 0.83 um when the bias
voltage was raised from - 65 V to - 100 V. Howetbere was a slight decrease in roughness
value from 0.083 to 0.073 um when bias voltage waeased from - 100 V to - 150 V. This
could be attributed to the densification of thetocwg as the dome shaped columnar tops
disappeared (Fig. 1g). Thus, it can be concluded the roughness of the coating was

associated to the surface defect density as wdl e features of the coating morphology.



3.5. Potentiodynamic polarisation experiment

Fig. 5. shows the Potentiodynamic polarisation esrof the coatings deposited by varying
bias voltage. It was clear from the curves that itftiweased substrate bias improved the
corrosion resistance of the coatings. As observeah the SEM images (Fig. 1), increased
negative bias densified the coating. Thus, thedriglorrosion resistance of the coatings was

attributed to the densification of coatings witle thcrease of substrate bias voltage.

In the anodic potential ranging from - 250 mV tal#5 mV, the corrosion current density
was notably higher (one order of magnitude) forc¢bating deposited at - 40 V bias voltage
than the coatings deposited at higher bias voltég&60 V and - 150 V). Althoughkurface
defect density of this coating (& - 40 V) was the lowest (A= 3.13%), the under-dense
structure of the coating may deteriorate the casrosesistance. The coatings deposited at
higher substrate bias voltages { 65 V) exhibited similar corrosion current valuesthe
potential range of 0 mV to + 350 mV which suggestieat - 65 V can be used as the
optimum bias voltage to produce dense coatingsdoosion applications.

Apparently, the effect of the higher number of defeon coating corrosion performance was
also observed. The coating deposited at bias wlihg 100 V and - 150 V had higher defect
densities (4.14 % and 4.30 %) and the polarisatimves of both coatings evidenced the
formation of metastable pits which are believetheécassociated with the growth defects. The
gaps between loosely bound defects and the coatings solution-paths which initiate the
galvanic and crevice corrosion between the coatimd) the substrate [6,35]. The dissolution
of metals at the defect sites due to the galvaffiécts could lead to the removal of defects
and expose the fresh substrate surface to thesbegronedia. As a result, electrochemical
reaction kinetics was raised which was observethbysharp increase in current densities in
the anodic potential range, at around 300 mV anth¥0or the coatings deposited af b -

100 V and - 150 V respectively.



3.6 Tribological properties

A Room Temperature Pin-on-disc tribometer was ueestudy the friction behaviour of the
deposited coatings in dry sliding condition. Fig.sBows the dependence of friction
coefficient on number of revolutions (friction cgs) for the coatings deposited by varying
bias voltage.

The influence of surface defect density on coedfitiof friction, COF (u) values was not
apparent. The coating deposited at - 65 V hadawedt u value of 0.48. There was a sudden
drop in the value of p around a friction cycle @08. This test was conducted three times.
Each time, the coating exhibited similar behavidure surface defect density values of the
coatings deposited at - 40 V, - 100 V and - 150 &fendifferent, however, they all showed
similar friction behaviour and had similar p values

As suggested by the previous research [4,5,16]fritteon values can depend on the oxides
produced during the tribological tests. Thus, ttidsaunderstand the friction behaviour of the
coatings, Raman spectra from the wear tracks wktaired using a Raman spectrometer
(Fig. 7).

The Raman spectra from the wear tracks of the mgatileposited atdk= - 100 V, - 150 V
exhibited a pronounced peak at 790cwhich is a characteristic of CrNR(@5,36] and both
the coatings had similar friction values (U = 0.88d 0.68 respectively). The coatings
produced at Y= - 40 V and - 65 V showed similar types of Rans@ectra expect the
intensity of the peaks were higher, especiallypghek at around 835 ¢hwas much higher
for the coating deposited a8 - 40 V. This could be due to the production &G , nH,O
[5,36] which could also lead to an increase in lueaf the coating deposited af & - 40 V.
This study suggested that the friction values etéhcoatings were mainly controlled by the

produced oxides.



The difference in oxidation behaviour during thiedfogical tests could be associated with
their stoichiometry and/or crystallographic origida [37-40]. The change in the
stoichiometry due to the preferential re-sputteraigcoated flux at different bias voltages
caused the variation between the chromium nitritte ridobium nitride layers in the structure
[41]. As a result, the crystallographic orientatiointhe coatings was changed (Fig. 8). The
coating deposited at - 65 V, displayed a pronour(@¢dd) orientation of nitride phase and
this coating showed higher oxidation resistancendusliding (supported by Raman spectra).
Whereas all other coatings (deposited at - 40 Y00 V, - 150 V) with (200) preferred
orientation were easily oxidised. The reason fas thfferences in oxide growth rate was
suggested to be associated with surface enerdyedditferent grain structures [37].

In case of Titanium nitride coating (TiN) also (}Idriented grains showed higher oxidation
resistance [42]. Whereas production of oxides wadeat on (220) TiN orientated coatings.
However, (220) orientated TiN coatings had lowevglues than the (111) orientated TiN
coatings. This is because the oxide produced ob) @2entated coatings was Oy, 1 Which
belongs to Magnéli family [43], i.e., it has easslyearable atomic planes and therefore it is
lubricious.

In contrast, Nb-rich tribolayers were formed on QR®@rientated coatings. CrNkCand
Nb,Os , nH,O are not luricious and especially X3 , nH,O is known as non-protective
oxide [5]. For this reason higher p values wereeoled for the coatings deposited atJ-

40 V, - 100 V, - 150 V. The coating produced at#J- 65 V also showed several peaks
which might correspond to €9;, CrNbQ, and NbOs , nH,O [5,36] but none of them was
intense. Thus it could be concluded that the highxadation resistance during sliding led to
lowest u value of 0.48 in case of the coating degodsat U =- 65 V.

However, CrN/NbN coating has multilayer structurbiehh makes the oxidation behaviour

during sliding progress more complex than any sit@yer coating, for example TiN coating.



Thus, more systematic study about the oxidatiorpgmees of each grain orientation and
individual layer is required to understand thetfoic behaviour of CrN/NbN coatings in
detail, and can be a topic of future research.

The coefficient of wear, COW (K of the coating was calculated using the profilenelata

of the wear track (Fig. 9). Kwas found to be the highest (4.19 x10n°N™'m™) for the
coating deposited at the lowest bias voltage 00 -V4 Due to the under-dense columnar
structure, large amount of material was removedfthis coating during sliding. Fig. 10a
shows the debris in the wear track (dark contrgstlerated due to the removal of coating
materials. With the increase of bias voltage frod®-V to - 65 V, a significant improvement
in wear resistance was observed: (K 2.68 x 13°> m®N"'m™ for - 65 V). This could be
attributed to the strong interactions between tilamans which provided effective protection
against spalling and thus reducing the materiabkarate of the coating [44].

Further increase of the bias voltage was found daoireffective in enhancing the wear
resistance; rather, it degraded the wear propemfissdiscussed earlier, the application of
higher bias voltage (- 100 V) increased the surface defect density. Ou&e height of the
nodular defects (nodular/cone-like), they are stutbp to a full contact during sliding [28].
As a result, the nodular/cone-like defects experemgh stresses which cause their fracture
and spalling. The debris generated from the nodiddects creates tribological film within
the wear tracks. Moreover, poorly attached noddifects could be totally pulled out and
increase the wear debris formation. Due to the g¢iom of debris from the defects, wear
rates of the coatings deposited at - 100 V and0-\LSubstrate bias increasedc(K 3.36 x
10 m®N"'m™* and 3.85 x 18 m*N™m* respectively).

Fig. 10c,d represents the wear tracks of thesangsaf- 100 V and - 150 V) which clearly
shows that the number of voids (black dots) geedralue to the removal of defects are

higher compared to other two coatings ( - 40 V a8 V).



The narrow grooves generated by the third body gilolg action [44] can be clearly
observed for all the coatings. The removal of ép$ound defects from all the coatings as
well as removal of coating material from the cogtifeposited at §J= - 40 V produced wear
debris which subsequently damaged the surfacesafdhtings.

Fig. 11a represents the SEM image of the wear tshckving voids, generated due to the
removal of coating defects during the test. Higlgnilgcation SEM image of such void can
be seen in Fig. 11b.

Although the u values were not directly influendgdthe surface defect density, the study of
coating surfaces at higher magnification indicatiedt it influenced the K values of the
coatings.

In addition, the bilayer thickness ) of the coatings can also influence the wear t&sce
[45-53]. The earlier study indicated that the tidgical properties, specifically coefficient of
wear values depend on crystallographic orientatibthe coatings [16]. However, deeper
understanding recommends that the layer structuneuttilayer coatings influences the wear
properties more and crystallographic orientatioesdmfluence the tribological properties by
influencing the oxidation behaviour during sliding.

The bilayer thickness is a function of the depositiate [41]. As discussed earlier (sec 3.1),
the bias voltage applied to the substrate influénttee deposition rate. Subsequently, it
caused similar variation in the bilayer thicknetshe coatings. As seen from the Fig. 12, the
bilayer thickness of the coating deposited at V68Substrate bias was higher € 27.3 )
than the other coatings. Interestingly, this capf{id, = - 65 V) provided the best resistance
against wear. While for the coatings deposited Wih= - 40 V, -100 V, -150 V, the bilayer
thicknesses were found to be lower%£ 24.9 , 25.4 and 21.9 respectively). Although,
the coatings produced at, & - 40 V and - 100 V had similar coating thickn€392 pm and

2.05 pm) as well as similar bilayer thickness (24.8nd 25.4 ), a significant difference in



their wear values was noticed (4.19 x1&n°N'm™ and 3.63 x 18 m®*N'm™ respectively).

It could be due to the difference in hardness efdbatings. Table 3 presents the results from
the nanoindentation tests of the coatings depobiedirying bias voltage.

As seen from the table, the coating produced vhighlowest bias voltage of - 40 V had the
lowest hardness value (19.74 GPa). Further increa$gas voltage raised the bombarding
energy which led to a higher adhesion between pléered atoms and substrate as well as
within the columns. As a result, the hardness efdbatings was increased and reached the
maximum value (27.39 GPa for, & - 100 V). The higher hardness of this coatingitpeely
influenced the wear behaviour when compared toctieding deposited at the lowest bias

voltage of - 40 V.

Conclusion
CrN/NbN multilayer coatings were deposited by vagythe bias voltage to study the effect
of bias voltage on defect generation as well astderstand the influence of these defects on
corrosion and tribological properties of HIPIMS/UB&éatings.Increase in the bias voltage
from - 40 V to - 150 V resulted in an increase umface defect density from 3.13 % to 4.30
%. Nevertheless, as estimated the microstructusating thickness, roughness, bilayer
thickness and hardness of the coatings were dis@inted by the bias voltage applied to the
substrates. The corrosion study confirmed the pesihfluence of dense microstructure on
the barrier properties of the coatings. In the @amqgubtential range, the corrosion current
density was significantly lower for the coatingeguced at higher negative bias voltages (U
- 65 V). However, the effect of coating defectssvedso apparent. Corrosion curves of the
coatings with higher defects exhibited sharp ineeeia current densities due to the removal
of loosely bound defect$he wear mechanism of the coatings was dominatedeoyemoval

of coating defects during the tests as well ashieyhilayer thickness and coating hardness.



The coating with the maximum bilayer thickness kiael lowest wear rat®aman study on
wear tracks suggested that the tribological fricti@lues of the coatings were dependant on
the nature of oxides produced during the testghim study, - 65 V was found to be the
optimum bias voltage to produce coatings with lavetion, low wear rates and higher

corrosion resistance.
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Figure Caption

Fig. 1. (a) Planar and (b) cross-sectional SEM enafj coating deposited at - 40 V; (c)
Planar and (d) cross-sectional SEM image of coaleypsited at - 65 V; (e) Planar and (f)
cross-sectional SEM image of coating depositedl@0-V; (g) Planar and (h) cross-sectional
SEM image of coating deposited at - 150 V biasagst

Fig. 2. (a) Planar view of a nodular shaped def@t,Cross-sectional view of a nodular
shaped defect, (c) Planar view of an open voidaefied (d) Planar view of a pinhole defect.
Fig. 3. (a) Flakes related defect in HIPIMS/UBM ting and (b) EDX spectra of the defect;
(c) Droplet in Arc-deposited coating commerciallyagable and (d) EDX spectra of the
droplet.

Fig. 4 (a). Optical microscopic image of the cogtsurface (Y = - 40 V), (b) Variation of
surface area coved by optically visible defectsadsinction of substrate bias voltage, (c)
SEM image of a stainless steel substrate showihgtsate pits, and (d) Optical microscopic
image of the commercially available arc-PVD CrN/Nbdating.

Fig. 5. Potentiodynamic polarisation curves oftbatings deposited by varying bias voltage.
Fig. 6. Dependence of friction coefficient on thember of revolutions (friction cycles) for

the coatings deposited by varying bias voltage.

Fig. 7. Raman spectra obtained from the wear tratkise coatings deposited at various bias
voltages.

Fig. 8. XRD patterns CrN/NbN nanoscale multilayeatings by varying substrate bias
voltage.

Fig. 9. Wear track profiles of the coatings depaubiby varying bias voltage.

Fig. 10. Optical image of the wear track of thetowpdeposited at (a) - 40 V, (b) - 65V, (c) -

100 V and (d) -150 V.

Fig. 11. (a) SEM image of the wear track and (bdl waithin the wear track.



Fig. 12. Low angle diffraction peak and correspogdbilayer thickness of the coatings

deposited at various substrate bias.

Table caption
Table 1. Coatings thickness as a function of sabestrias voltage.
Table 2. Roughness of the coatings deposited byngasubstrate bias voltage.

Table 3. Hardness of the coatings deposited byingusubstrate bias voltage.
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Fig. 1. (a) Planar and (b) cross-sectional SEM enafgcoating deposited at - 40 V; (c)
Planar and (d) cross-sectional SEM image of coateqpsited at - 65 V; (e) Planar and (f)
cross-sectional SEM image of coating depositedl@0-V; (g) Planar and (h) cross-sectional

SEM image of coating deposited at - 150 V biasagst
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Fig. 2. (a) Planar view of a nodular shaped def{&gtCross-sectional view of a nodular

shaped defect, (c) Planar view of an open voidaefied (d) Planar view of a pinhole defect.
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Fig. 3. (a) Flakes related defect in HIPIMS/UBM ting and (b) EDX spectra of the defect;
(c) Droplet in Arc-deposited coating commercialsadable and (d) EDX spectra of the

droplet.



Fig. 4 (a). Optical microscopic image of the cogtsurface (Y= - 40 V), (b) Variation of
surface area coved by optically visible defecta &mction of substrate bias voltage, (c)
SEM image of a stainless steel substrate showibsgtsate pits, and (d) Optical microscopic

image of the commercially available arc-PVD CrN/Nbdating.



Fig. 5. Potentiodynamic polarisation curves of ¢batings deposited by varying bias voltage.

Fig. 6. Dependence of friction coefficient on thember of revolutions (friction cycles) for

the coatings deposited by varying bias voltage.



Fig. 7. Raman spectra obtained from the wear tratkse coatings deposited at various bias

voltages.

Fig. 8. XRD patterns CrN/NbN nanoscale multilayeatings by varying substrate bias

voltage.



Fig. 9. Wear track profiles of the coatings depaabivy varying bias voltage.

Fig. 10. Optical image of the wear track of thetowpdeposited at (a) - 40 V, (b) - 65V, (c) -

100 V and (d) -150 V.



Fig. 11. (a) SEM image of the wear track and (bil waithin the wear track.

Fig. 12. Low angle diffraction peak and correspogdbilayer thickness of the coatings

deposited at various substrate bias.



Bias Voltage (V) Thickness (um)
-40 2.02 +0.03
- 65 2.15+0.02
- 100 2.05+0.01
- 150 1.80+0.04

Table 1. Coatings thickness as a function of satestrias voltage.

Bias Voltage (V) Roughness (um)
- 40 0.040
- 65 0.039
- 100 0.083
- 150 0.073

Table 2. Roughness of the coatings deposited byngsubstrate bias voltage.

Bias Voltage (V) Hardness (GPa
-40 19.74+ 2.4
- 65 25.85+ 3.2
- 100 27.39+ 3.8
- 150 26.04+ 3.9

Table 3. Hardness of the coatings deposited byimgusubstrate bias voltage.



