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Lightmetals such as aluminium ormagnesium alloys play an important role inmany different industrial applica-
tions. However, aluminium and especially magnesium alloys show relatively poor resistance to sliding wear, low
hardness and load bearing capacity, so that surface performance improvement is recommended, often by PVD
processes.
This study evaluates the tribological improvement achieved by applying a duplex coating on AW-7022 alumin-
ium alloy or AZ91magnesium alloy substrates, consisting of a thick coating interlayer, deposited by HighVelocity
Oxygen Fuel (HVOF), followed by a PVD (TiN, TiAlN) or PE-CVD (DLC) hard top layers.
The deposition of thermal sprayedHVOF coatings, as primary layer, leads to improvement of the load bearing ca-
pacity of the substrates and allows reducing the tendency of hard thin top layer to cracking and delamination
when it is directly deposited on a softer substrate. The number of laps to failure, in the pin-on-disc wear tests,
of TiN and TiAlN PVD coatings deposited on the harder interlayer HVOF coating were significantly higher
(3000 and 1400 laps, respectively) than the valuesmeasured for these coatings deposited directly on the alumin-
ium substrate (140 and 120 laps, respectively).
The best combination of propertieswas obtainedwith theDLC top layer deposited on the thermally sprayed coat-
ings, with a significant reduction of friction coefficient (b0.10), which remains almost unchanged even after
40,000 laps in the pin-on-disc wear tests.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Many factors can influence vehicle energy consumption and emis-
sions, amongwhich theweight of vehicle is a key one. For these reasons,
there is a growing effort to substitute conventional steel and cast irons
with light metals and alloys. Aluminium and magnesium based mate-
rials, are thematerials of choice for transport applications, such as aero-
space, automotive and light rail, because of their low-density and high
strength-to-weight ratio. However, the relatively poor surface proper-
ties of these materials represent a serious barrier to their wider applica-
tion. For example, magnesium alloys have an extremely poor corrosion
resistance in most environments, and both materials are characterized,
especially in sliding situations, by poor tribological properties. There-
fore, it is necessary to improve their surface properties using suitable
functional surface coatings capable of providing adequate protection
against wear and corrosion. A wide range of surface modification
methods are available for aluminium and magnesium products, such
as conversion coatings (with chromates or phosphates), anodizing,
electrolytic and electroless nickel plating, laser alloying, laser melt
f. Coat. Technol. (2016), http:
injection, and thermal spray [1–8]. Furthermore, the progress in the
area of manufacturing and extending the life expectancy of the alumin-
ium and magnesium components, is taking place mostly owing to the
more and more common employment of thin coatings deposition
made from hard, wear resistant ceramic materials. Currently, a PVD
(Physical Vapour Deposition) method plays an important role for im-
proving properties in those applications which involve high contact
stresses and severe sliding wear [9–14]. PVD thin hard coatings can be
used to improve tribological performances of aluminium and magne-
sium, even if endurance and reliability problems do still exist when
high contact stress with plastic deformation of the substrate or contact
fatigue occur. In this case differences in both coating and substrate hard-
ness and stiffness do not provide a good distribution of contact stresses
and either plastic deformation of the substrate or high tensile contact
stresswithin the ceramic coating are likely to occur, providing problems
of loss of adherence and detachment of the top hard layer, giving rise to
a collapse of the coatings, the so-called “egg scale effect” [15–18]. More-
over, the presence of localized cracks under contact or tribological loads
could generate electro-chemical corrosion between substrate and the
PVD coating [19–20].

A solution can be presented by duplex systems, obtained by the se-
quential use of two (or more) coating technologies to have properties
//dx.doi.org/10.1016/j.surfcoat.2016.06.020
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which are not obtainable through a single process. An optimized duplex
coating, consisting of a thick interlayer and a thin ceramic top layer can
beproposed. Thermal spraying appears a particularly suitable technique
for the deposition of the thick interlayer, because it is highly flexible and
it finds numerous industrial applications on a wide range of simple or
complex shaped components. Specifically, HVOF-sprayed cermet coat-
ings seem highly promising as an interlayer, on account of their high
hardness, good toughness and high modulus [15,16,21,22]. Further-
more, the tribological and mechanical properties of the thermally
sprayed coating would likely be improved by the PVD top coating [15,
16,23,24]. In this sense, the thermal spray interlayer coatingwould pro-
vide a good support to the top ceramic coating, allowing a better distri-
bution of contact stresses and preventing its delamination.

The main goal of this work was to investigate the potential of a du-
plex hard coating system, consisting of a HVOF thermally sprayed
thick interlayer and a PVD or PE-CVD thin top layer to improve the sur-
face performance of aluminium alloy and magnesium alloy substrates.

2. Experimental details

2.1. Materials and processes

Duplex coating systems were obtained, on top of AW-7022 alumin-
ium alloy and AZ91 magnesium alloy substrates, by the sequential de-
position of 86WC-14CoCr or 75Cr3C2-25NiCr thick coatings, by a High
Velocity Oxygen Fuel technique, followed by TiN or TiAlN top layer, by
Physical Vapour Deposition (PVD), or CrC/DLC hard thin top layer, by
Plasma-enhanced Chemical Vapour Deposition (PE-CVD).

A Sulzer Metco WokaJet-400 HVOF thermal spray facility was used
for the thermal spraying of powders, using kerosene as liquid fuel. The
spray parameters used for the 86WC-10Co4Cr powder were: spray dis-
tance 260 mm; fuel flow rate 18.2 l h−1; oxygen flow rate 944 slpm
(standard litre per minute), and for the 75Cr3C2-25NiCr powder were:
spray distance 360 mm; fuel flow rate 25.3 l h−1; and oxygen flow
rate 900 slpm. All coatings were deposited onto aluminium andmagne-
sium substrates, which were grit-blasted before spraying. The average
thicknesses of HVOF coatings were 100 μm with a surface roughness
(Ra) around 3.5 μm. In order to prepare the HVOF coating surface for
the subsequent deposition of the PVD or PE-CVD coatings, an accurate
polishing sequence was carried out to obtain a surface roughness level
(Ra) near 0.02 μm, which will allow a better adhesion of the hard thin
top layers.

Finally the samples were degreased and cleaned by ion sputtering
inside the film deposition chamber, using a high energy ion bombard-
ment (Ar+). The TiN and TiAlN thin layers, as a top coat, were deposited
on theHVOF coatings by reactive pulsedDCmagnetron sputtering using
an industrial scale CemeCon CC 800/9ML reactor, with four unbalanced
magnetrons. Furthermore, to conduct a comparative study, the TiN and
TiAlN thin layers were also deposited directly on the AW-7022 sub-
strate. For TiN, four Ti targets were used, whereas one Ti target and 3
Ti-Al targets (500 × 88 × 10 mm) were used for TiAlN. DLC was depos-
ited by Plasma-enhanced Chemical Vapour Deposition (PE-CVD), by
reacting acetylene simultaneously to graphite sputtering. Previous to
the deposition of DLC coating, a PVD-sputtered chromium interlayer
was applied to increase adhesion on the HVOF coating. This Cr layer
was later transformed into chromium carbide during the process of
DLC deposition. Coating deposition cycle was 180 min for TiN and
TiAlN layers and 240 min for DLC layer. These PVD and PE-CVD layers
were precisely deposited using proprietary process parameters
(Flubetech, SL; Spain) in order to obtain a dense, non-columnar coating
structure having the highest possible adhesion level.

2.2. Characterization

The coating microstructure was examined by means of a scanning
electron microscope (SEM, Jeol JSM-5600). Backscattered electron
Please cite this article as: J.A. Picas, et al., Surf. Coat. Technol. (2016), http
images were obtained, and EDS analysis was conducted. Samples for
SEM observation of the coatings were sectioned from a transverse sec-
tion and prepared by standard metallographic techniques. The porosity
and thickness of the coatings were evaluated by image analysis tech-
nique (Leica Qwin) using a Leica optical microscope. The roughness
(Ra) was measured by a Taylor–Hobson roughness tester.

The coating hardness was determined with an ultramicrohardness
testing system (Fischerscope HCU) capable of measuring continuously
force and displacement, using a Vickers diamond indentor. While test-
ing force F is being increased, indentation depth is beingmeasured con-
tinuously both for loading and unloading sequences, getting the
corresponding indentation depth-force curve that allows us to evaluate
the following properties: Martens hardness HM (hardness under maxi-
mum applied load), plastic hardness H (hardness after removal the ap-
plied load), elastic recovery We (percentage of deformation recovery
evaluated from unloading curve and calculated after removal of the ap-
plied load) and effective Young's modulus E* = E / (1 − ν2), where E
and ν are the Young's modulus and the Poisson ratio respectively. The
dynamic hardness measurements were carried out with applied load
from0.4mN to 100mNas a final load (20 steps, every 1 s). Each average
value has been calculated from 15 different measurements, discarding
the anomalous values as consequence of the coating defects.

Tribological evaluation of duplex coating systems was performed,
under dry conditions, using a pin on disc tribometer (CSEM Instru-
ments), according to ASTM wear testing standard G-99. The tests were
carried out by sliding a 6 mm diameter WC-6Co sintered pin against
the coated substrates at a constant linear speed of 0.05 m s−1 with an
applied load of 5 N. All the tests were conducted at 25 °C with a relative
humidity of approximately 50%. Three different tests were conducted
for each test condition andmaterial. The friction coefficient was plotted
as a function of the number of laps in the test.

Scratch testswere performed for adhesion evaluation of the coatings
and provide some quantitative information on the interface between
PVD or PE-CVD and HVOF coatings and compare the adhesion/cohesion
failure of different coatings. The scratch tests were carried out using a
CSEM Revetest device, by moving the diamond indenter along the ex-
amined specimen surface with gradually increasing load. The device
registered the friction force, friction coefficient, indenter penetration
depth and acoustic emission along the scratch track. The scratch length
was 5mm and the applied load was varied between 5 and 100 Nwith a
loading rate of 37.5 N·min−1. Three scratch tests were performed in
each test case to obtain the mean values. After the tests the coatings
were evaluated using optical microscopy, evaluating at which critical
force severe cracking and detaching started to occur.

3. Results and discussion

3.1. Microstructural characterization of the coatings

Fig. 1 shows a SEM image of the polished cross-section of the PVD
TiAlN and PE-CVD CrC/DLC top layers on HVOF WC-CoCr interlayer
and Fig. 2 shows a SEM image of the polished cross-section of the PVD
TiAlN and TiN top layers on HVOF Cr3C2-NiCr interlayer. The composi-
tional distributions of HVOF coatings show an essentially two phase
structure of carbides in a metallic matrix. In both coatings the carbide
grains retained a blocky shape with slightly rounded edges, reflecting
some degree of dissolution during spray deposition, even though the
size distribution of the carbide phase waswide, suggesting no preferen-
tial dissolution of the smaller particles. Very denseHVOF coatings can be
seenwith a porosity level lower than 1%. The top coatings showa single-
phase microstructure and the interfaces between top thin layers and
HVOF thermally sprayed interlayers present quite good adherence and
homogeneity. The average thicknesses of the deposited coatings are
shown in Table 1.

Fig. 3 shows the multilayer PE-CVD and HVOF coatings deposited
onto aluminium and magnesium substrates. In both cases, the metallic
://dx.doi.org/10.1016/j.surfcoat.2016.06.020
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Fig. 1. SEM images of the microstructure of HVOF WC-CoCr thick coating with: (a) PVD
TiAlN top layer; (b) PE-CVD CrC/DLC top layer.

Fig. 2. SEM images of the microstructure of HVOF Cr3C2-NiCr thick coating with: (a) PVD
TiAlN top layer; (b) PVD TiN top layer.

Table 1
Studied duplex hard coating systems.

Substrate
HVOF interlayer
Thickness≈ 100 μm Top layer

Thickness
μm

AW-7022 aluminium
alloy

86WC-14CoCr PVD TiN 4.5

AZ91 magnesium alloy 75Cr3C2-25NiCr PVD TiAlN
PE-CVD
CrC/DLC

4.5
2 (0.8 + 1.2)
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substrates were significantly deformed by the impacting particles due
to high kinetic energy involved in the HVOF thermal spray process.
The high deformation level of the aluminium and magnesium sub-
strates suggests a good mechanical anchoring between the HVOF coat-
ing and both the light substrates. Furthermore, the high thickness of
the HVOF interlayer limits the effect of the substrate (aluminium or
magnesium) on the surface properties of the hard thin top layers.

3.2. Mechanical and tribological evaluation of duplex coating system
(HVOF + PVD)

The microhardness values, measured in the top coating surface and
in the cross-section of the HVOF thermally sprayed interlayer, are
shown in Table 2. PVD TiN and TiAlN top layers show the expected
high levels of hardness, even though evidenced the effect of the hard-
ness of the HVOF thermally sprayed interlayer in the measured hard-
ness values. Hardness measurements were performed with 100 mN of
applied load that involved an indentation depth of around 0.4 μm so
that the measured hardness return a composite hardness, bearing the
influence of both the top coating and the underlying coating. This effects
that PVD TiN and TiAlN coatings deposited on HVOF Cr3C2-NiCr coating
present a slightly lower hardness (higher penetration depth in the hard-
ness test) compared to those deposited on the harder HVOF WC-CoCr
coating (Fig. 4). Moreover, the hardness results of these coatings,
Please cite this article as: J.A. Picas, et al., Surf. Coat. Technol. (2016), http:
deposited directly on the aluminium substrate, clearly show the effect
of the soft substrate on the mechanical properties of the thin top layer,
resulting in a significant decrease in the measured surface hardness. In
a different way, the lower thickness of the DLC coating (1.2 μm) effects
that the measured values are strongly influenced by the properties of
the PVD CrC and HVOF underlayers. The penetration depth is higher
than 10% of the thickness of the DLC top layer, and consequently the
hardness values obtained for the DLC top layer are significantly less
than those expected for this kind of coating.

On the other hand, several studies have underlined that hardness is
not necessarily the prime requirement for wear resistance and load
bearing capacity. In particular, elastic strain to failure, which is related
to H/E ratio of the surface layer, can be a more suitable parameter for
//dx.doi.org/10.1016/j.surfcoat.2016.06.020
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Fig. 3. SEM images of PE-CVD CrC/DLC and HVOF Cr3C2-NiCr coating system deposited
onto: (a) 7022 aluminium alloy substrate; (b) AZ91 magnesium alloy substrate.
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predicting wear resistance and describes elastic failure related with the
cracking resistance (toughness indicative), and in case of components
whose function specifically requires resistance to local contact load,
themost effective index seems to be (H3/E2) ratio, which can be related
to the contact yield pressure (i.e. resistance to plastic deformation)
[25–26]. In this sense, the maximum values of H/E and H3/E2 and ratios
Table 2
Results summary for the mechanical and tribological properties of the coatings.

Coating system
HM
GPa

H
GPa

E / (1 − ν2)
GPa

We
% H/E

WC-CoCr + TiN 14.2 31.8 357 54 0.089
Cr3C2-NiCr + TiN 12.3 26.4 294 51 0.089
WC-CoCr + TiAlN 15.5 34.4 384 58 0.090
Cr3C2-NiCr + TiAlN 14.4 33.1 345 58 0.096
WC-CoCr + CrC/DLCa 10.3 24.6 215 68 –
Cr3C2-NiCr + CrC/DLCa 8.6 21.1 171 66 –
HVOF WC86-CoCr14 8.7 13.6 281 33 0.049
HVOF Cr3C275-NiCr25 7.9 12.9 271 35 0.048
TiN (on AW-7022)b 8.0 16.1 212 46 0.076
TiAlN (on AW-7022)b 10.7 29.2 260 62 0.112

a As a result of the lower thickness of the CrC/DLC coating, the measured hardness values ar
b The measured hardness values are strongly influenced by the properties of the AW-7022 s
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(see Table 2) correspondwith the TiAlN-HVOF system that could be ex-
pected to be harder and tougher than the TiN-HVOF system.

To determine the tribological properties of the evaluated coatings, a
wear test under dry sliding friction conditions were carried out by the
pin-on-disc method. This pin-on-disc test design (sliding wear) also
provides relevant information about adhesion and fatigue of the surface
layers. Table 2 presents the friction coefficient results for each coating.
Comparing the friction coefficient results, it has been found that the
bestwear resistance is characteristic formaterials coatedwith DLC coat-
ing. According to the applied load of 5N, the average friction coefficients
for theDLC coatings is in the range of 0.08 to 0.11, which is several times
lower compared to the friction coefficient values of TiN and TiAlN coat-
ings (0.28 and 0.26 respectively). Moreover, the DLC coating shows a
much lower steady-state frictional coefficient that remains almost un-
changed even after 40,000 laps (Fig. 5a). This behaviour is characteristic
for DLC coatings which contrary to CVD diamond coatings are constitut-
ed bywide amorphous zones, thatmeans the C-atoms are in no order at
all, which are probably formed by a friction-assisted phase transforma-
tion of the surface layer of the DLC matrix and acts as a lubricant at the
surface [27]. Accordingly, the high hardness of DLC together with this
transfer layer is responsible for the low friction coefficient of the DLC
film in comparison with the other investigated coatings. In contrast,
the TiN and TiAlN coatings were always delaminated before the end of
the test run (Fig. 5b). In this case, the main wear mechanism is the fa-
tigue fracture in the contact region. The repeated friction under elastic
or elastoplastic contact causes the accumulation of local plastic strain
around some stress concentration points, and causes initiation and
growth of microcracks leading to chipping on the coated surface. This
effect is more significant in the TiN and TiAlN coatings deposited direct-
ly on the A7022 aluminium substrate, in which the lower hardness of
the substrate causes a higher elastoplastic deformation of these coatings
during the sliding tests, accelerating the fatigue fracturemechanism and
resulting in a premature coating detachment. Table 2 shows that the
number of laps to coating failure of both coatings deposited on the alu-
minium substrate are significantly lower than the values measured for
the coatings deposited on the harder underlayer HVOF coating.

Moreover, Table 2 also shows the friction coefficient for pure HVOF
coatings (without top thin coats). The friction coefficients of 86WC-
14CoCr and 75Cr3C2-25NiCr HVOF coatings are very similar to those
presented by the TiN and TiAlN PVD coatings, although they are signif-
icantly higher compared to DLC coating. In these HVOF coatings the
wear mechanism is very different from that seen in PVD coatings and
mainly consists in the progressive removal of metal matrix and expo-
sure of carbide grains followed by the pull out of individual carbide par-
ticles or small agglomerates of carbides and matrix, resulting in a third-
body abrasive wear mechanism.

The adhesion of the top coatings to the HVOF interlayers was evalu-
ated using scratch test method. The failure of the coating is character-
ized by sudden change in friction coefficient or contact acoustic
H3/E2 Friction coefficient No. of laps to coating failure
Critical force
N

0.252 0.27 ≈3500 40
0.213 0.28 ≈3000 30
0.276 0.26 ≈1400 20
0.305 0.26 ≈1800 20
– 0.09 N40.000 20
– 0.10 N40.000 25
0.032 0.29 – –
0.029 0.26 – –
0.092 0.28 ≈140 15
0.368 0.27 ≈120 11

e strongly influenced by the properties of the interlayer HVOF coating.
ubstrate.

://dx.doi.org/10.1016/j.surfcoat.2016.06.020
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Fig. 4. Loading and unloading curves for TiN top coating deposited on Cr3C2-NiCr andWC-
CoCr coatings.
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emission with the normal force during the scratch test. Adhesion
strength of the coating or thin film is characterized by the correspond-
ing load at which friction coefficient and acoustic emission exhibit a
sudden change. At this turning point, the normal force is regarded as
the critical normal force which, if sufficiently large, induces adhesive
failure. Fig. 6 shows data from scratch-adhesion tests, at a sliding
speed of 37.5 N·min−1 over a distance of 5 mm, of PVD TiAlN coating
on HVOF WC-CoCr interlayer. At the point of failure, at load slightly
higher than 20N, both friction coefficient and acoustic emission abrupt-
ly increased and the penetration depth decreased. In this study, the
Fig. 5. Plot of friction coefficient vs. number of laps for: (a) PE-CVD CrC/DLC coating;
(b) PVD TiAlN coating.
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critical normal force was used to assess the adhesion strength of top ce-
ramic coatings on HVOF interlayers. The critical force obtained by the
scratch test for each studied multilayer coatings are shown in Table 2.
The highest critical force, and therefore the best adhesion of the top
coating to the HVOF interlayer, was obtained for the TiN/WC-CoCr sys-
tem, which is not the best result obtained in the wear tests, carried out
at 5 N of applied load, in which other characteristics such as the friction
coefficient were involved. These results suggest that in sliding contact
condition a low friction coefficient can prevent or delay the detachment
of the coating, although the adherence between the top coating and the
interlayer/substrate could be smaller.

Furthermore, Fig. 7 shows the optical observation of the scratched
TiN coating. The images show that the scratch channels were composed
of two stages before and after the diamond indenter reached the TiN
coating/HVOF coating interface. The first stage, at low normal force, in-
volved the film deformation which starts to cause some adhesive fail-
ures of TiN coating (Fig. 7a). In the second stage, the total layer
cracking was observed into the scratch channel owing to the deforma-
tions of TiN layer and HVOF interlayer (Fig. 7b).

4. Conclusions

The concept of a duplex coating system, comprising a hard thin top
layer and a thick HVOF interlayer, can be effectively used to improve
the friction and wear properties of aluminium and magnesium sub-
strates, under dry sliding conditions. Without protective coatings, light
metal substrates show poor tribological behaviour. Nevertheless, the
deposition of different thin hard layers directly on the light metal sub-
strates did not significantly improve its surface properties, because of
the poor adhesion of these coatings and due to the low load bearing ca-
pacity of the light alloy substrates.

In this research, WC-CoCr and Cr3C2-NiCr coatings have been suc-
cessfully applied onMg and Al alloy substrates, by the High Velocity Ox-
ygen Fuel technique, with high bond strengths. The deposition of these
HVOF coatings, as primary layer, leads to improvement of the load bear-
ing capacity of the substrates and allows reducing the tendency of hard
thin top layer to cracking and delaminationwhen it is directly deposited
on a softer substrate. In this sense, the number of laps to failure, in the
pin-on-discwear tests, of TiN and TiAlN PVD coatings deposited directly
on the aluminium substrate were significantly lower (140 and 120 laps
respectively) than the values measured for these coatings deposited on
Fig. 6. Plot of scratch adhesion test carried out on PVD TiAlN top layer — HVOF WC-CoCr
interlayer, showing the evolution of the friction coefficient, acoustic emission and
penetration depth with the applied normal force.

//dx.doi.org/10.1016/j.surfcoat.2016.06.020
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Fig. 7. Light microscopic micrographs of scratch channels of PVD TiAlN top layer — HVOF
WC-CoCr interlayer: (a) 50 N of normal force; (b) 75 N of normal force.
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the harder underlayer HVOF coating (higher than 3000 and 1400 laps
respectively). The results of this work have also shown that the use of
thick HVOF interlayers implies that the characteristics of the substrate
(aluminium or magnesium) do not significantly affect the properties
of the thin top ceramic layer.

PVD TiN and TiAlN coatings showed higher hardness than HVOF
WC-CoCr and Cr3C2-NiCr coatings, and PE-CVD CrC/DLC multilayer
thin film effectively improved the tribological properties of thermally
sprayed coatings, with a significant reduction of friction coefficient
(b0.1), which remains almost unchanged even after 40,000 laps in the
pin-on-disc wear tests. This lower friction coefficient assured a higher
integrity of the DLC top coating under dry sliding contact.

The duplex coating system (PVD or PE-CVD + HVOF) represents an
effective solution in improving the adhesion and tribological properties
of the hard thin layers on ductile light-alloy components. The use of
combined layers will open new fields for the use of light metal alloys
in many tribological applications.
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