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Abstract

This study examines the mechanical properties and wear characteristics of aluminium-based
nanostructured coatings produced by magnetron sputtering in an argon/nitrogen plasma
Compositional analysis of AINITiSIB(N) coatings was carried out by glow discharge optical
emission spectroscopy (GDOES). Scanning e ectron microscopy (SEM), transmission electron
microscopy (TEM) and X-ray diffraction (XRD) were used to study the structure of the
coatings, hardnesses and elastic moduli were also determined. The abrasive wear behaviour of
the coating-substrate system was studied using a slurry micro-abrasion wear test.  Nitrogen-
free (AINiTiSIB) coatings were found to be surprisingly hard and wear resistant; however,
nitrogen incorporation had a significant influence on mechanical properties and abrasion
resistance, with increased hardness (from 8 to 15 GPa) and a significant reduction in wear
coefficient — from 6 x 10 mm>/Nm for a nitrogen-free coating (OB), to approximately 1.5 x 10

* mm?*/Nm, for a coating deposited at 15 sccm nitrogen gas flow rate (15T) — being observed in



the various AINiITISIB(N) coatings investigated. Severa of the coatings were found to be
comparable to convention ceramic PVD hard coatings (e.g. CrN) in terms of resistance to

abrasion.

Keywords: PVD nanostructured coatings, Al-based coatings, abrasive wear; mechanical

properties

1. I ntroduction

Aluminium-based films deposited by physical vapour deposition (PVD) have excellent
potential to act as replacements for toxic electroplated coatings such as cadmium and hard-
chromium,; also for electroless nickel and for hard-anodizing of aluminium aloys. However,
it is well known that pure aluminium alone is too chemically electronegative to provide
reliable and uniform sacrificial protection to steel; it tends also to exhibit poor
mechanical/tribological properties. In addition, there are technical challenges in depositing
high-integrity alloyed coatings (with improved mechanical/electrochemical behaviour) by
conventional techniques such as thermal spraying and lon Vapour Deposition (1VD [1]), the

latter also known as ‘Ivadizing’.

Although aluminium-based coatings have the potential to replace traditional electroplated
metallic layers (e.g. for sacrificial corrosion protection of steels & other alloy substrates) [2],
the mechanical/tribological properties of pure Al are poor and there are challenges in
depositing aloyed coatings [3]. For example, IVD-AI (resistive wire evaporation in diode
argon plasma) has been used for many years as a cadmium-replacement coating on aircraft

components; however, the technical scope of the process is somewhat limited. Harder Al-



aloy films (such as Al-5Mq) deposited by 1VD are difficult to post-coat shot peen (needed
for coating densification & sizing) [4]; also, IVD-AI generally requires (as does cadmium)
chemical post-treatments — such as chromating (which is aso highly toxic) — to perform
effectively in corrosion applications. Nanostructured metallic aluminium-alloy coatings
(deposited by enhanced-plasma PVD methods) have the potential to partially replace
cadmium, remove the need for chromating and (if sufficiently hard & wear-resistant) may
also be candidates to replace other potentially hazardous coatings/treatments used for

tribological applications where corrosion is aso an issue.

It has previously been demonstrated by Matthews, Leyland and co-workers [5-7] that PVD
metallic coatings based on (for example) Cr or Ti can, with suitable alloying additions, yield
surprisingly high values of hardness (> 12-15 GPa) whilst retaining low Young’s modulus —
making such coatings tough and compliant. The useful mechanical and tribological
properties of these types of PVD film have been clearly demonstrated [5, 8, 9] and often
relate to the generation of nanocrystalline — or mixed crystalline/amorphous — phases in the
deposited coating (either during or after deposition). Veprek [10] established a concept of
superhard nanocomposite coatings (composed of a hard nanocrystalline phase embedded in a
compliant amorphous intergranular phase), in which one of the main principles was to
postpone (or avoid) the known fracture mechanisms of crystalline and amorphous materials.
However, PVD nanostructured coatings based on the (largely ceramic) phase constituents
commonly investigated so far are unlikely to be useful where combined wear and corrosion
protection (particularly for the galvanic/sacrificial corrosion protection often required by
industry) are important considerations. Nonetheless, a major challenge in developing
‘adaptive’ coatings (which provide excellent functionality in diverse environments) is to be

able to manipulate satisfactorily their nanostructure [11].



This work is focused on the development of auminium-based metalic PVD
nanostructured/amorphous coatings with multifunctional and adaptive properties. These
coatings are intended to suit a variety of technically challenging environments — and impart a
range of beneficial features which (for example) 1VD-aluminium, although arguably more
environmentally friendly than aqueous bath plated alternatives, is still unable to provide.
Here we present the mechanical and abrasive wear properties of a range of sputtered-
AINITiISIB PVD coatings with chemical compositions determined both by position in front of
a composite AlzsNios/TizgSi17Bss segmented target and by different nitrogen reactive gas flow

rates during coating deposition.

These coatings have the potential to replace electroplated cadmium and hard chromium,
electroless nickel, hard anodising (for aluminium) and other ‘traditional’ coatings used in
corrosion and/or wear protection for aerospace, automotive and other engineering
applications — where environmental legislation is restricting the use of many of the toxic

materials and processes typically required to deposit (and/or to functionalise) such coatings.

2. Experimental Procedure

Nitrogen-free — or nitrogen-containing — AINiTiSIB coatings were deposited by direct — or reactive
— magnetron sputter deposition on polished rectangular (50 x 25 x 2 mm) AISI 304 augtenitic
ganless stedl test coupons, in an argon — or argorvnitrogen — low-pressure glow discharge. Fig. 1
shows a schematic plan view of the deposition chamber with the magnetron holding four sputter
target segments; the uppermost two (each being 75 x 100 x 6 mm) were of a Ti-Si-B ceramic
compound and the other two (being 80 x 100 x 6 mm and 150 x 100 x 6 mm, respectively) were of

an Al3Ni intermetdlic compound. Overdl sputter target dimensions of 380 x 100 x 6 mm were



achieved with thisdesign. Table 1 provides a summary of the individua and overal compositions
of the sputter target materias. The stainless sted substrate holder was mounted at a distance of
goproximately 100 mm from the sputter target. The rectangular substrate coupons were firgt
washed in acetone, then cleaned ultrasonicdly in isopropanol for 15 min. Sputter cleaning of the
substrates was carried out for 20 min in an argon plasma at approximatey 3.0 Pa gas pressure, with
a negative bias of 600 V agpplied to the substrate holder. The segmented target was then pre-
conditioned for 40 min at approximately 0.3 Pa argon gas pressure and 1500 W power, to arrive a a
target voltage of —430 V (while shielding the substrates with a shutter). Coatings were deposited at
around 0.3 Patotd gas pressure and a 1500 W target power, with the target voltage pulsed a a
frequency of 150 kHz. Although it was difficult to record directly the substrate temperature during

the coating runs (because of the target/substrate/shutter configuration used), the subdirate
temperatureis unlikely to be (in any stage of the process) less than 150°C, or more than 250°C; most

probably it would be in the range of 200 + 20°C during coating deposition, based on the specific
parameters selected. This is based on the previous work done on the same equipment using
gmilar depostion parameters [12-14]. In order to increase ion bombardment at the subdtrate,
thereby improving coating adhesion, the substrate holder was biased negatively at —50 V DC and
deposition was carried out for 120 min to obtain coating thicknesses in the range of 7 — 14 um.
Coatings of awide range of chemica compaositions were produced by placing the abovementioned
ganless stedl coupons at three different positions in front of the segmented target (see Fig. 1) and,
in each depogtion cycle, choosing different nitrogen flow rates between 0 and 20 sccm.  Coated

sample designations are presented in Table 2.

GDOES coating composition depth profiling was carried out using a Profiler 2 device (Horiba
Jobin Yvon, France) operating at frequency of 13.56 MHz. GDOES machines can work in

three regimes: DC, RF and Pulsed-RF (to minimize the thermal gradient during etching); RF



mode was used for this work. Thiswas used for elemental compositional analysis and aso to
confirm coating thicknesses. Table 3 presents the chemical compositions of the coatings

produced.

A Siemens D5000 X-ray diffractometer (Cu Ka radiation at 40 kV and 40 mA) was used to

collect X-ray diffraction (XRD) coating phase congtitution data (using both 6/26 and

glancing-angle modes; with incident angle of 2° for the latter). A Bruker D2 Phaser X-ray
diffractometer (Cu Ko radiation at 30 kV and 10 mA) was used to collect 8/20 XRD data of
the annealed samples. XRD profile ssmulation was carried out using the International Centre
for Diffraction Data (ICDD) ‘PDF-4+’ database (version 4.15.0.5) and ‘Sleve+’ fitting

software.

An FEI Inspect-F scanning el ectron microscope (SEM) was used to obtain secondary electron
images of focussed ion beam (FIB) machined and fracture cross-sections of each coating.
Samples for transmission electron microscopy (TEM) were also prepared by in-situ ion
milling of FIB sections using a Quanta 200 3D dual-beam FIB-SEM microscope running at
20 kV electron acceleration voltage and 30 kV galium ion beam voltage. To minimise
structural damage by the gallium ions, a gold layer (~ 35 nm thick) was deposited on the
surface of all samples. Thiswas carried out prior to the in-situ deposition of a carbon coating
(2 um thick) in the Quanta 200 3D dual-beam FIB-SEM instrument. Electron diffraction
patterns were obtained from milled FIB sections using a Philips EM420 instrument (120 kV

acceleration voltage).

A Hysitron Inc. Triboscope™ was used to evaluate coating hardness and elastic modulus.

Multiple indentations were made on each sample using a Berkovitch triangular pyramidal



diamond indenter at a maximum penetration depth of < 10% of the coating thickness. The
results presented in section 3 represent average values obtained from nine measurements

made on each coating sample.

A Plint TE-66 micro-scale abrasion tester was used to evauate the resistance of the coatings
to slurry abrasion in a rotating-sliding ball-on-plate contact. This test was carried out using a
silicon carbide aqueous durry (F1200, ~3-4 um particle size), with SIC concentration of
~80g/100ml of distilled water. A 25 mm diameter SAE 52100 steel ball was used to
transport the slurry, creating a crater of approximately hemispherical geometry in the coating.
The ball was rotated at a tangential velocity of 0.1 ms™ for 100 revolutions while applying a
0.2 N load. This test was used to evaluate wear coefficients of six AINiTiISIB(N) coatings
selected for study; a CrN ceramic coating and an uncoated AA6082 aluminium aloy were aso
evaluated (for comparison purposes). Slurry concentration and normal load parameters were
chosen to ensure a three-body rolling wear regime (rather than two-body grooving or mixed
two-body/three-body) — primarily for ease of crater volume measurement [15-21]. A Veeco
Dektak 150 surface profiler was used to obtain depth profiles of each wear crater; crater
diameter was estimated using optical microscope and wear coefficient (k) was evaluated using
the formula for estimating k as described in equation 6 in [15]. Annealing experiments were
carried out at 600°C using radiant heating under high vacuum in an electron-beam PVD
chamber, pumped down to 10° mbar. The holding time was 2hrs, samples were then
vacuum-cooled to room temperature. Open Circuit Potential (OCP) measurements on
selected coatings were carried out for 120 min using a Solartron 1286 potentiostat in 3.5 wt.

% NaCl aqueous solution at ambient temperature.



3. Results and Discussion

3.1 Coating composition, structure and morphology

Amorphous and (in some cases) partially nanocrystalline AINITISIB(N) coatings were
produced — as confirmed by XRD data and TEM electron diffraction patterns (Fig. 2), with
composition variations depending on two key factors: first, the chosen nitrogen flow rate (0 —
20 sccm) and second, the position of the substrate on the sample holder (top, middle or bottom).
As seen in Fig. 1, the top (T) samples were directly facing only the TiSIB segment of the
target. The middle (M) samples were overlapping the two target materials (i.e. partialy
TiSIB and, mainly, AlsNi), while the bottom (B) samples were facing only the Al3Ni
segment. However, gas scattering over the 100 mm source-to-substrate distance ensured that
most (if not all) coatings produced contained all elements present in the target segments

(except for afew of the bottom samples, where the Si content was unmeasurably low).

As expected (see Table 3 below), the nitrogen content in the coatings increased systematically
with increasing nitrogen reactive gas flow rate. The atomic percentage of Al and Ni aso
increased systematically from the top coating to the bottom coating in each coating run.
However, the higher the nitrogen content in the coatings, the lower the amount of
incorporated Al and Ni. Although the amount of Ti present in the coatings was aso affected
by sample position (as well as the nitrogen flow rate), it exhibited an opposite trend compared
to Al and Ni; with the highest levels seen in the top samples. Silicon behaved similarly to
boron in this set of coatings. The atomic percentages of Si and B exhibited a continuous
decrease from top to bottom coating — and with increasing nitrogen flow rate; it was aso
observed that all bottom samples contained insignificant amounts of Si, with 10B, 15B and

20B samples showing ‘zero’ Si content under GDOES measurement.



As mentioned previously, the coatings deposited were either fully amorphous or partially

nanocrystalline. Although (as might be expected from the above) it is difficult to index the

broad XRD ‘peak’ typically seen at 35° < 20 <55°, this range of 20 is populated by many of
the reflections attributable to metallic Al, Ni and intermetallic Al-Ni phases. Fig. 3areveas

that 13 reflections in the 20 range where the ‘peak’ is located belong to AlsNi; the crest of the

peak (at 20 ~ 44°) also coincides with one of the main Al3Ni peaks. In addition, the
combined atomic percentage of Al and Ni in (for example) OB coating (where TEM analysis
reveals asignificant level of nanocrystallinity) is ~88% and in an approximate 3:1 Al:Ni ratio,
making the formation of significant quantities of AlsNi inthe coating a likely outcome. One
of the XRD profiles (1 nm crystallite size simulation) of Al3Ni intermetallic phase (Fig. 3b)
shows a similar XRD profile to that of the OB coating shown in Fig. 3a. Therefore, we can
cautiously assign the broad peak in the XRD profile of OB to an ultrafine nanocrystalline
Al3Ni intermetallic phase, with crystallite sizes in the range of only a few nanometres (i.e < 2
nm, comparing the shape of the XRD profile of OB to the simulated XRD profiles of Al3Ni
shown in Fig. 3b. In addition, the amorphous ‘bump’ at 20 = 20° — 30° also coincides with
strong Al3Ni reflections (see XRD profile simulated for 50 nm crystallite size shown in Fig.

3h).

Although a detailed study of the thermal stability of the AINiTiSIB(N) coatings produced is

beyond the scope of this paper, it is worth including the XRD (06/20) scans — for 26 ranging

from 0” to 60° — for coatings OB and 15T, annealed to 600°C (Figs. 4a and 4b), in order to
further confirm the likely structure and phase composition of the AINiTiSIB(N) coatings
presented in this paper. Note firstly, the close similarity between the XRD profile of Al3Ni

(smulated for 50 nm crystallite size) shown in Fig. 3b and that of annealed OB coating shown



in Fig. 4a. However, the peaks shown in Fig. 4a are broader than those in the 50 nm
crystallite size smulated profile (and somewhat narrower than those simulated at 10 nm); this
suggests that the average crystallite size for the annealed OB coating is < 50 nm (and most

probably in the 20 — 30 nm range).

Note secondly, that the 15T coating, annealed at 600°C, (Fig. 4b) remains amorphous — and
remarkably stable at high temperature — with just slight retexturing of the underlying AlSI

304 substrate (and no obvious coating devitrification).

The coatings generally show a dense and featurel ess morphology (as seen in Figs. 5 and 6 below)
with thicknesses ranging from 7 — 14 um (from top to bottom) in each coating run. The observed
coating thickness range occurs as aresult of differences in sputter yield of the target elements due
to physicd and dectrical properties of the sputter target materias used — the Al-Ni target segment
is intermetdlic, while the Ti-Si-B segment (although eectricaly conductive) is predominantly
ceramic. The sputter target layout adopted for coating deposition was ddiberately configured to
produce as wide arange of coating compositions as possible (over which the wear and corrosion
properties could be examined and ‘tuned’), rather than to obtain uniformly constant deposition

rates.

3.2 Mechanical Properties

Fig. 7 shows the variations in coating hardness (H) and elastic modulus (E) as the nitrogen
content is increased. Fig. 7a shows an appreciable decrease in both hardness (H) and elastic
modulus (E) of the coatings from position T (samples close to the TiSiB target segment) to

position B (samples close to Al3Ni target segment). The coatings with no added nitrogen had



hardnesses ranging from 13 GPa (0OT) to 8 GPa (0B); elastic modulus also decreased
significantly from 172 GPa (0T) to 135 GPa (0B). At 10 sccm N, flow, hardness decreased
moderately from 15 GPa (position T coating) to 13 GPa (position B coating); however,
coatings at positions T and M had similar hardness values — as well as showing similar elastic
moduli (Fig. 7b). The elastic moduli for the 15 sccm N> flow coatings show a similar trend to
those observed in the 10 sccm N flow coatings, with values varying from approximately 150
to 180 GPa. However, there was no change in H from position T to B at 15 sccm N flow —

although E decreased significantly from 177 to 151 GPafrom position M to B (Fig. 7c).

A combination of factors is responsible for the reatively high hardnesses observed in genera for
the AINITISB coatings, as-deposited. The diverse physical properties of the individua
elements incorporated in the coatings had a significant influence in promoting amorphisation
and — as a consequence — on the measured mechanical properties. The relatively high
hardness and high modulus of compounds formed by the elements in the TiSiB sputter target
were responsible for the H and E values observed in the top (T) coatings and this group of
coatings are collectively somewhat harder than their middle (M) and bottom (B) counterparts.
The presence of boron in all the coatings undoubtedly has a positive impact on achieving high
coating hardness. However, the effect of boron is most pronounced in coating OT, whereit is
the second most abundant element (after aluminium); with a measured boron atomic
concentration of ~26%, a coating hardness value of 13 GPais perhaps not a surprising outcome.
The cdculated hardness and dastic modulus of coating OB are in accordance with literature data
for AlsNi (being ~8 GPa and between 116 and 152 GPa, respectively) [22-24] which, as the
coating chemica composition shown in Table 3 would suggest (and as Figure 2 and 3
confirm) is the main (ultra-fine) nanocrystalline constituent phase of the OB coating. In

addition to the foregoing, the ultra-fine nanostructure of the nitrogen-free coatings was also



partially responsible for their relatively high hardness (XRD shows evidence of grain sizesin
the lower nanometer range, Figs. 2 and 3), due to a combination of Hall-Petch effects (i.e.
hardening at grain sizes above 20 — 30 nm and possibly ‘inverse’ softening at ultra-fine grain
sizes [25]) and probable delocalisation of shear-band activity (in the amorphous component

of the coating) due to the presence of local short-range nanocrystallinity.

For the nitrogen-containing coatings, the combined effect of boron and nitrogen resulted in
ultrafine grain size for some of these coatings — as well as the completely amorphous
structure observed in others (as evidenced by the broad, shallow peak seen in the XRD
patterns of Fig.2). Coating 15T, although showing similar hardness as 15M and 15B, exhibits
wear behaviour which differs significantly to that of 15M or 15B. Although it might be
expected that 15T would show hardness higher than 15 GPa, the completely amorphous
structure of this coating most probably resulted in a (relative) loss of hardness due to the
effects of shear-band localisation which are often reported for fully amorphous materials
during deformation [11, 26-28]. However, 15T still showed the best resistance to abrasion
(see discussion in section 3.3), with respect to all other coatings in this study, duein part to its
higher modulus (Eist of 180 GPa, compared to 177 GPa and 151 GPa for Ejsv and Eisg
respectively), which is closely matched (rather than lower) to that of the stainless steel
substrate. For ceramic hard coatings, E is often much higher that of the substrate (i.e. the

opposite to typical values expected for Al-based metallic thin film [11, 26, 29]

The surprising mechanical properties of these Al-based coatings (that is, their relatively high
hardness, approaching almost ceramic hardness levels, yet with elastic moduli lower than that
of atypical steel substrate material) trangates into the excellent wear behaviour seen in (most

of) these coatings.



3.3 Abrasive Wear Behaviour

In this study, six of the fifteen coating samples were chosen for abrasive wear evauation,
selected primarily on the basis of promising electrochemical behaviour (range of suitable

open circuit potential values) and sliding wear data (not reported in thiswork).

Fig. 8 shows a comparison of the abrasive wear behaviour of selected AINiTiSIB(N) metallic
coatings in comparison with an (uncoated) aluminium alloy 6082 substrate and a CrN PVD
ceramic coating. Even the nitrogen-free coating (OB) shows abrasion resistance noticeably
superior to that of the AA6082 substrate; however, all selected nitrogen-containing coatings
exhibit excellent wear resistance, with values being comparable to that of a conventional

ceramic hard coating (i.e. PVD CrN — 1.4 X 10 mm®Nm under identical test conditions).

The SEM images (of 3 selected, representative coatings) in Fig. 9 clearly show a three-body
‘rolling’ abrasive wear regime in each case. These images show that the wear behaviour was
essentially identical for ‘high’, ‘medium’, and ‘low’ wear rate coatings, with the mechanism
being predominantly one of mild indentation/plastic tearing, with small numbers of short
micro cracks also being formed. The dimensions of the indentation features observed are
comparable to the size of the SiC particles used to perform the test. However, in comparison
with the other Al-based coatings in this study, OB in particular showed somewhat more
severe wear, with awear coefficient over twice that of coating 10B and amost four times that of
coating 15T. Fig. 9 aso includes images of the worn surface of uncoated aluminium aloy

(AAB082) and PVD CrN coating (both shown for comparison). There is clearly a gradual



trend from more ductile (micro-tearing) to more brittle (micro-fracture) wear behaviour from

top to bottom; however, no obvious change in the underlying wear regime can be identified.

Fig. 10 illustrates the (approximately) hemispherical geometry of the abrasion wear craters
produced. Judging from the thicknesses of the coatings selected for this study (7 to 14 um),
Fig. 10 aso revedls that all micro-abrasion tests were non-perforating, making it possible to
evaluate reliably the wear resistance of the coatings without the influence of the stainless
steel substrate. However, it should aso be noted that (according to the individua crater
dimensions) coatings 15M and 15T appear respectively to exhibit wear volumes comparable to,
or somewhat lower than, that of CrN — which does not correlate with the calculated wear
coefficients in Fig. 8. The reason for this discrepancy (albeit small) is not clear — despite

detailed cross-checking of the data.

It should also be mentioned that, in addition to surprisingly good abrasive wear resistance, the
AINITiISIB(N) coatings reported here yield (depending on the chemical composition) open
circuit potentials ranging from —0.30 to —0.65 V (selected examples shown in Table 4 [29]),

making them excellent candidates for sacrificial corrosion protection of many steels.

An overal summary of the main relevant properties of the six coatings chosen for this study
is shown in Table 4 [29], demonstrating the potential to adjust the properties of

AINITiSIB(N) coatings to suit different engineering applications and environments.



Conclusions

Partially nanostructured and fully amorphous Al-based PVD metallic coatings have been
deposited with high hardness (previously unattained for such Al-rich metalic thin films),
ranging from 8 — 15 GPa and low elastic modulus, ranging from 135 — 180 GPg; i.e. similar

to (or somewhat lower than) that of the chosen steel substrate material.

As well as imparting excellent tribological behaviour in their own right, the combined
mechanical and tribological properties of the AINITISIB(N) coatings aso offer the
opportunity to use such thin film materials as compliant, but durable, interlayers (with
adjustable electrochemical behaviour) for a wide range of PVD graded/multilayered coating

systems.

The coatings reported here in general show surprisingly good abrasion resistance
(comparable in most cases to that of a typical PVD ceramic coating such as CrN) across a
wide range of chemical compositions — with the latter consideration providing considerable
scope to tune (and match) coating/substrate electrochemical behaviour, to provide good long-
term galvanic (sacrificial) corrosion protection to a range of engineering aloy substrate

materials— in addition to the required mechanical/tribological properties.

The combination of good mechanical, tribological and galvanic corrosion properties
exhibited by PVD AINiTiSIB(N) metallic coatings opens up the potential to select more cost-
effective substrates for engineering applications. Thisis achievable, since such metallic PvD
coatings can be deposited with good integrity at relatively high rates to a thicknesses in
excess of 10um, whilst also providing improved load-bearing capacity to low-alloy and non-
ferrous substrate materials, as well as to the stainless steel substrate material towards which

thisinitial study was directed.
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Table 1: Sputter target composition; segment composition (and overall atomic percent)

Al Ni Ti S B
Al-Ni 75 (45) 25 (15) ) i i
Ti-Si-B - - 28 (11) 17 (7) 55 (22)



Table 2: Sample designation

0B, 10B, 10M, 15B, 15M, 15T

0, 10, and 15 refer to the chosen nitrogen flow rate (sccm) during the deposition run

B, M, and T refer to the position of the test coupon on the substrate holder facing the

sputter target during deposition: bottom, middle, top, respectively (see Fig. 1)




Sample N flow Al Ni Ti S B N

0 32 1 17 10 26 0
5 27.6 8.6 117 84 24 177
o 10 28 8.4 9.3 65 194 272
" 15 232 6.9 8.1 55 18 36.7
20 23.7 7.1 6.5 44 144 428
0 56 187 7.3 35 121 0.6
5 50.7 16 6.3 29 106 124
% 10 46.9 145 5.1 22 8.6 218
= 15 44.8 13.4 3.8 1.2 58 303
20 385 113 3.6 14 6.1 385
0 64.8 231 3.8 0.3 49 17
5 60.4 19.7 3.2 0.1 4 116
5 10 53.6 174 25 0 3 22.9
é 15 48 151 21 0 2.7 30.8
20 2.1 122 16 0 2 417

Table 3: AINiTiSIB(N) GDOES composition matrix (numerical values shown in aom percent)
—the six coatings selected for this study are shown in the highlighted rows



AV

Table 4 A summary of results showing the potential for tuning coating properties to suit
various applications/environments.

Coating 15T 15M 10M 15B 10B OB
H (GPa) 15 15 15 15 13 8
E (GPa) 180 177 176 151 148 135
Wear coefficient
1.49 1.80 2.09 2.22 2.43 5.93
(x 10° mm¥/Nm)
*OCP (V) -04 -03 -0.6 -06 -06 -05

* Discussed in more detail in Ref. [29].



