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Thermally Sprayed Coatings as Interlayers
for DLC-Based Thin Films
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This article examines the usefulness of a thick thermally sprayed interlayer (plasma-sprayed Ni-50%Cr,
plasma-sprayed Al,03-13%TiO,, or high-velocity oxygen-fuel-sprayed WC-17%Co) for enhancing the
wear resistance and the corrosion protectiveness of a diamond-like carbon (DLC)-based thin film
deposited onto a carbon steel substrate. Scratch tests indicate that the Al;03-13%TiO, and WC-17%Co
interlayers definitely increase the critical spallation load of the thin film, but the Al,03-13%TiO,
interlayer itself undergoes brittle fracture under high-contact loads. Accordingly, during ball-on-disk
tests at room temperature, no cracking and spallation occur in the DLC-based film deposited onto the
WC-17%Co interlayer, whereas the one onto the Al,03-13%TiO, interlayer is rapidly removed because
the interlayer itself is fractured. At 300 °C, by contrast, the DLC-based film on the Al,03-13%TiO,
interlayer offers the best tribological performance, possibly thanks to the increased toughness of the
ceramic interlayer at this temperature. Electrochemical polarization tests indicate that the thin film/
WC-Co systems possess the lowest corrosion current density.

Keywords coating-substrate interaction, corrosion and elec-
trochemical behavior, friction and wear, scratch
testing

1. Introduction

Diamond-like carbon (DLC) films generally combine
high hardness and low-friction behavior. They are there-
fore extremely appealing for several industrial applica-
tions, e.g. protection of plastic injection moulds, coating of
automobile parts, and of components for industrial plants,
etc. (Ref 1-3). In those applications, DLC films deposited
onto steel substrates can indeed reduce significantly the
coated component’s wear rate (up to 200 times lower than
in uncoated conditions) and, most importantly, the friction
coefficient (from 0.5 to 0.1, steel on steel, just one of the
sliding bodies coated) (Ref 1, 2).

However, DLC films are intrinsically brittle and their
thickness is limited to <5 pum by various factors, including
the generally low deposition rates of PVD and CVD
techniques and the high levels of residual stresses in the
deposited film (Ref 1). Due to their low thickness, DLC
films cannot entirely carry the stress distribution gener-
ated by the contact between the coated component and its
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counterpart. Consequently, the mechanical properties of
the substrate also play an important role in determining
the overall behavior of a DLC-coated component sub-
jected to contact conditions. Specifically, as long as the
substrate behaves elastically, the most influential factor is
the ratio between the elastic moduli of the coating and of
the substrate (Ref 4-6); however, when the stress in the
substrate exceeds its yield strength, the coating is dra-
matically overloaded (Ref 4) and it can crack and/or
delaminate (Ref 7-9). This problem may affect, for
instance, carbon steel substrates, having suitably high
modulus (=210 GPa) but limited hardness. Even larger
troubles arise when using light alloys, with low hardness
and low elastic modulus (Ref 7, 9).

In order to overcome these problems, a thick
(>100 pm) interlayer having high hardness and modulus
can be interposed between the DLC coating and a soft
substrate. The contact stress distribution would indeed be
borne by the hard interlayer, thus avoiding the troubles
connected to the low yield strength of the substrate.
“Duplex” systems, where DLC films or other hard thin-
film coatings (like TiN) are deposited onto thick inter-
layers, have seldom been dealt with in the literature,
although very promising results have been put forward
(Ref 10-14).

In a previous article, the authors proposed thermal
spraying as a viable technique for the production of such
thick interlayers on a steel substrate, and suggested their
usefulness for supporting DLC-based thin films deposited
by electron cyclotron resonance-chemical vapor deposi-
tion (ECR-CVD) (Ref 15). Both ECR-CVD and thermal
spraying, indeed, do not overheat the substrate (deposi-
tion temperatures can be kept to <200 °C); therefore,
they can be applied to a wide range of substrate materials
and geometries (Ref 16-18). Consequently, there are a
large number of industrially relevant components to which
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such “duplex” coating system can potentially be applied,
because they can be treated both by ECR-CVD and by
thermal spraying. Moreover, thermal spraying techniques
offer an excellent flexibility in the selection of the inter-
layer material.

In order to provide a clear understanding of the actual
benefits which the use of the thermally sprayed interlayers
can produce in the adhesion and wear behavior of the
DLC-based thin films, the present article deepens the
preliminary microstructural and tribological characteriza-
tion previously given in Ref 15. New tribological tests are
performed, and the focused ion beam (FIB) technique is
employed for characterizing both the as-deposited and the
worn samples, in order to gain a deeper understanding of
the behavior of these “duplex” systems. Moreover, the
corrosion resistance of these systems is also investigated.

As reported in Ref 15, different kinds of thermally
sprayed layers were tested: atmospheric plasma-sprayed
(APS) Ni-50wt.%Cr, APS Al,03-13wt.%TiO,, and high-
velocity oxygen-fuel (HVOF)-sprayed WC-17wt.%Co,
which are representative of the three main categories of
materials which are commonly employed in the thermal
spray industry, namely metallic alloys, oxide ceramics, and
cermets (Ref 16-18).

2. Experimental Procedure

2.1 Deposition of Thermal Spray Coatings

By using the APS process (Sulzer-Metco F4-MB
plasma torch), a Ni-50% Cr (powder: Sulzer-Metco Amdry
350C, —106+38 um) coating and an Al,O5-13%TiO,
(powder: Sulzer-Metco 130, —53+15 pm) coating, the
latter having a NiCoCrAlY bond coat (powder: Sulzer-
Metco 461NS, —150+22 pm) in order to improve its
adhesion, were deposited onto grit-blasted C40 steel plates
of (100 x 100 x 5) mm® size. A WC-17%Co (powder:
Tafa 1343, —45+ 15 pm) cermet coating was produced on
the same substrate by the HVOF spraying process, using a
Praxair-Tafa JP5000 torch. The deposition parameters are
specified in Ref 15 (APS-NiCr), Ref 19 (APS-ALO3-
TiO,), and Ref 20 (WC-Co). The thickness of all coatings
is larger than 200 pm.

2.2 Deposition of DLC-Based Thin Films

A three-layer DLC-based thin film was deposited both
on the bare C40 substrate and on the three thermally
sprayed interlayers; the same deposition parameters were
employed in all cases. The films consists of a thin (0.5 um
thick) Cr adhesive layer and a WC/C intermediate layer
(1.5 pm thick), both produced by magnetron sputtering,
and of a 2.5-um-thick DLC top layer, produced by ECR-
CVD (see layout in Fig. 1a). The deposition temperature
was <200 °C. More information on the film deposition is
provided in [15], but details on the parameters are pro-
prietary. It is important to remind that, prior to the
deposition of the thin film, all surfaces were ground and
then polished using 3- and 0.5-pum polycrystalline diamond
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slurries. The average roughness R, of the substrate should
indeed be < 0.2 um in order to avoid spallation of DLC-
based films during sliding contacts (Ref 21). This polishing
procedure was able to reduce the roughness of the C40
steel to R, ~ 0.02 pm and that of HVOF-sprayed WC-Co
to R, ~ 0.03 pm. The APS coatings, by contrast, contain a
certain degree of porosity; consequently, their roughness
after polishing is R, ~ 0.1 pm.

2.3 Characterization of the Coated Samples

The DLC-based thin films were sectioned and observed
using a dual beam machine (StrataTMDB235, FEI,
Eindhoven, The Netherlands) combining a high-resolution
FIB column equipped with a Ga liquid metal ion source
(LMIS) and a SEM column equipped with a Schottky field
emission gun (SFEG) electron source. The section was
produced by FIB using a 5 nA ion beam current and
polished using a 300 pA ion beam current. A Pt layer was
previously applied in order to protect the surface of the
sample, assisting the local deposition by FIB (300 pA ion
current). The sectioned surface was then observed using
the SEM column (resolution up to 2 nm), under an angle
of 52°.

The chemical composition of the DLC top layer was
analyzed by X-ray photoelectron spectroscopy (XPS), as
reported in Ref 22; in particular, the sp/sp” ratio was
evaluated using the Auger structure in XPS spectra
(XAES: X-ray excited Auger Electron Spectroscopy).

Depth-sensing Berkovich nanoindentation (Nano-
Indentation Tester, CSM Instruments, Peseux, Switzer-
land), performed under a prescribed penetration depth of
200 nm, allowed the measurement of the nanohardness of
the films, computed using the Oliver-Pharr procedure
(Ref 23) (Poisson’s ratio: 0.15). On each sample, 15
indentations were performed.

The scratch adhesion (Micro-Combi Tester, CSM
Instruments) of the thin films was assessed according to
ASTM C1624-05, performing scratch tests with a conical
diamond indenter having a spherical tip (radius =200 pm),
operating with linearly increasing load in the 0.1-30 N
range (15 N/min loading rate, 4 mm scratch length, two
scratches for each sample). The critical loads L (first
crack in the scratch groove), L, (edge spallation), and
Lcs (spallation inside the groove) were determined by
optical microscopy inspection after scratching (Ref 24).
The scratch grooves were also observed by SEM (XL30,
FEI) equipped with energy dispersive X-ray spectrometry
(EDX, INCA 350, Oxford Instruments, Abingdon, UK).

Using a pin-on-disk tribometer (High-Temperature
Tribometer, CSM Instruments), unidirectional ball-on-
disk tribological tests were performed in dry conditions on
thin film-coated samples, according to ASTM G99-05.
Sintered alumina balls (3 mm diameter, nominal hardness
HV =19 GPa) were employed as counterparts. Tests were
performed at room conditions (temperature (21 + 2) °C,
relative humidity (55 £ 2)%) and at 300 °C, using a
normal load of 10 N, a sliding speed of 30 cm/s and a total
sliding distance of 5000 m. The wear rates of the sam-
ples were determined by optical confocal profilometry
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Fig. 1 (a) General layout of the multi-layer coating system comprising a thermally sprayed interlayer and a three-layer thin film.
(b) SEM image (secondary electrons, e-beam acceleration voltage 5 kV, tilt angle 52°) of the FIB section of the thin film deposited on the
bare C40 substrate. (c) SEM image (secondary electrons, e-beam acceleration voltage 5 kV, tilt angle 52°) of the FIB section of the thin
film deposited on the HVOF-sprayed WC-17%Co interlayer. The circles indicate defects in the Cr and WC/C layers, due to the
imperfections on the polished WC-Co surface pointed out by arrows. (d) FIB image (ion beam detector, ion beam current 5 pA, tilt angle
52°) of the FIB section of the thin film deposited on APS Al,O5-TiO,. The circle indicates a defect in the Cr and WC/C layers, due to an
imperfection on the polished interlayer surface pointed out by an arrow

(Conscan Profilometer, CSM Instruments), the wear rates
of the pins were determined by measuring the diameter of
the worn cap using an optical microscope, and the friction
coefficient was monitored online during the test, using a
load cell. The wear scars on the coated samples were also
observed and sectioned using the SEM + FIB dual beam
machine.

Anodic and cathodic electrochemical polarization tests
were performed on polished uncoated C40, on polished
thermally sprayed layers and on all DLC-based thin films.
The tests were performed in contact with a 0.1 M HCI
aqueous solution in equilibrium with the environment at
room temperature, using a three-electrode cell (K0235 flat
cell, Princeton Applied Research) where the sample is the
working electrode, the counter electrode is a Pt grid and
the reference electrode is an Ag/AgCl electrode. The
sample is pressed against a Teflon gasket leaving a 1 cm?®
exposed surface. An Ametek VersaStat3 potentiostat-
galvanostat (Princeton Applied Research, UK) was
employed. The scanned potential range is —400 mV/
+400 mV from rest potential, at a scan rate of 0.2 mV/s.
The tests commenced after 30 min of free corrosion
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Table 1 Chemical composition of the DLC top layer,
as determined by XPS analysis

C,at.% O, at.% % sp3

DLC as-deposited 91 9 70 £ 4
DLC after the tribological test at 300 °C 86 14 60 + 4

(to allow full wetting of the coating surface and open
circuit potential stabilization). The corrosion current
density I.o,r (A/cm?) and corrosion potential E .y, (mV)
were determined by Tafel analysis.

3. Results and Discussion

3.1 Microstructure, Chemical Composition,
and Micromechanical Properties
of the Thin Film

All of the DLC top layers have an identical chemical
composition, listed in Table 1, irrespective of the nature of
the underlying surface. No detectable impurities are
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Fig. 2 SEM image (secondary electrons, e-beam acceleration voltage 15 kV, tilt angle 0°) of the top surface of the DLC-based thin film
on the Ni-50%Cr interlayer (a) and SEM image (secondary electrons, e-beam acceleration voltage 5 kV, tilt angle 52°) of the FIB section

of a small pore (b)

present, except for oxygen, which is probably due to sur-
face contamination. The sp>/sp” ratio is quite high (Ref 1).

Neither along the interface between the thin-film
coatings and the polished thermally sprayed interlayers,
nor along the thin film-C40 interface can large defects be
noted (Fig. 1b-d). The three layers composing the films,
namely DLC, WC/C, and Cr, are clearly recognizable
in the FIB-produced cross sections and show sharp
interfaces.

On the very smooth surface of the polished C40 steel,
the multi-layer thin film can grow free of any apparent
defect (Fig. 1b). By contrast, small imperfections exist on
the polished surfaces of the thermally sprayed interlayers:
for example, on the Al,O5-TiO, layer, imperfections are
often due to brittle cracking during grinding and polishing
(Fig. 1d, see arrow), whereas on the WC-Co one, imper-
fections arise because the abrasion rate of the soft Co
matrix is larger than that of the hard carbide particles
(Fig. 1c, see arrows). These small imperfections induce
defects in the sputtered Cr and WC/C layers (Fig. 2¢ and
d, see circles), but such defects do not extend to the DLC
layer. The smooth DLC top layer can therefore preserve
the very low roughness of the polished C40 and WC-Co
surfaces (Table 2).

As the DLC films deposited on different surfaces
have analogous chemical composition and sp>/sp® ratio,
their average nanohardness values are also very similar
(Table 2), if the related standard deviation values are
considered. As the indentation depth (200 nm) is less
than 10% of the thickness of the DLC top layer, those
values may be considered representative of its intrinsic
hardness (Ref 25, 26). However, it may be noted that
the hardness values of the films deposited on thermally
sprayed interlayers exhibit a somewhat higher standard
deviation. The homogeneity of the mechanical properties
of the DLC layers might therefore have been influenced
by the above-mentioned irregularities on the polished
surfaces of the thermally sprayed interlayers, although
the film’s microstructure seemed not to be remarkably
affected.
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Table 2 Average roughness (R,) and Berkovich
nanohardness (H) of the DLC-based thin films
deposited onto the various polished surfaces

DLC on DLC on DLC on DLC on

C40 WC-Co AL O5-TiO, NiCr

R,, pm 0.0301 0.0401 0.183 0.157
H, GPa 191 +£14 20.1 +£3.3 20.0 + 3.6 19.5 £ 2.7

The roughness of the polished APS surfaces is larger by
one order of magnitude, as explained in Section 2.2;
indeed, apart from the above-mentioned small imperfec-
tions, APS coatings also contain unavoidable porosity
(Ref 27, 28), due to the intrinsic characteristics of the
deposition technique (Ref 17). After surface polishing,
open pores are therefore present on the surface of APS
coatings: these open pores are much larger than the small
polishing-induced imperfections shown in Fig. 1, so that
the DLC film is clearly too thin to fill in and cover them
completely (Fig. 2a), although it can be found inside some
of them (Fig. 2b). Consequently, the thin film-coated APS
layers retain their originally larger roughness (Table 2).

It should be remarked that, most probably, the stan-
dard deviation of the nanohardness values is not largely
affected by the defectiveness of the thin films inside these
large pores, as the indentations were performed on the
smooth surface outside the pores.

3.2 Tribological Behavior

The evolution of the friction coefficient during the dry
sliding ball-on-disk test performed at room temperature
immediately indicates that the DLC-based thin film
deposited on the Al,O5-TiO, interlayer is completely
removed soon after the beginning of the wear test
(Fig. 3a) and, accordingly, the final wear rate of both the
coating and the counterpart is larger by several orders of
magnitude than in all other cases (Fig. 3b). Brittle failure
of the Al,O3-TiO, interlayer is clearly seen on the wear
scar produced after a sliding distance of only 500 m
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Fig. 4 Wear scar produced after 500 m sliding at room temperature on the DLC/AL,O3-TiO, system. (a) SEM image (secondary
electrons, e-beam acceleration voltage 15 kV, tilt angle 52°) of the top surface, showing spallation due to brittle failure of the Al,O5-TiO,
interlayer. The rectangle indicates the area subsequently subjected to FIB sectioning. (b) SEM image (secondary electrons, e-beam
acceleration voltage 5 kV, tilt angle 52°) of the FIB section produced inside the spalled region. The circle and the arrows indicate the
presence of a network of microcracks below the polished surface of the interlayer

(Fig. 4a); sectioning of that brittle failure area by the FIB
technique reveals that, under a thin layer of wear debris,
the Al,O3-TiO,; ceramic is severely microcracked (Fig. 4b,
see circle and arrows). This means that delamination is not
caused by failure in the thin film or at the interface, but
inside the ceramic layer itself. Such layer is indeed very
brittle: its indentation fracture toughness is (1.66 + 0.45)
MPa'm'? (Ref 19), both because of its ceramic nature and
because it contains numerous defects, as the large amount
of open porosity produced after polishing clearly indi-
cates. It is therefore unable to stand the current contact
conditions, which are particularly severe: for instance,
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application of the Hertz’s theory indicates that the average
contact pressure which would be produced on a bare steel
surface under these conditions is about 1780 MPa.

Although the improper growth of the thin film inside
the open pores of the polished Al,O3-TiO, would have
been expected to result in local weakness of the film itself,
the previous observations reveal that this is far surpassed
by the brittleness of the interlayer, and by the stress
concentration effects which those defects induce inside
this interlayer.

Consistently, scratch test results (which had been dis-
cussed previously in Ref 15, as well) also suggest that the
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brittleness of the interlayer plays a dominant role, while
the effect of film imperfections inside the open pores is not
particularly important. The tensile cracks occurring at the
Lc; critical load (Fig. 5), indeed, do not exhibit major
interactions with such open pores (Fig. 6b). Moreover,
brittle failure of the interlayer occurs when the normal
load becomes sufficiently large (see SEM micrograph in
Fig. 6¢c: the EDX microanalysis in Fig. 6d confirms that
the fracture occurred within the interlayer); indeed, an
L5 value could be detected (Fig. 5), although the scratch
failure maps reported in the pertinent literature (Ref 29),
which are based on the film/substrate hardness ratio
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Fig. 5 Critical loads measured by scratch testing

Intensity (arb. units)

(equal to 2.9 in the present configuration, with a substrate
hardness of 6.9 GPa (Ref 15) and the film hardness in
Table 2), would have predicted no complete coating
breakthrough in the 0.1-30 N load range.

By contrast, the DLC-based film deposited onto the
WC-Co interlayer has not undergone any cracking or
spalling during the whole sliding test at room temperature
(Fig. 7a). The WC-Co interlayer indeed possesses very
high hardness (10.4 GPa (Ref 15)), capable of providing
excellent support to the hard and brittle top layer, as
shown by the scratch test results in Fig. 5. In this case,
indeed, no L3 critical load could be identified, consis-
tently with the prediction from scratch maps (Ref 29). This
interlayer is also substantially tougher than the APS oxide
ceramic, so that no cracking or alterations can be high-
lighted by FIB sections (compare Fig. 7b to Fig. 1c). The
DLC top layer has simply undergone mild polishing wear
(Fig. 7a), which is typical of DLC films when their sub-
strate does not yield (Ref 13, 30, 31). Under these condi-
tions, DLC films can express their tribological qualities at
their best; accordingly, both the coating and the counter-
body exhibit the lowest wear rates (Fig.3b), and the
friction coefficient eventually attains the lowest value
(Fig. 3a).

The DLC-based thin films on the NiCr interlayer and
on the bare C40 substrate exhibit microcracking and
localized spallation (Fig. 8a and b). Accordingly, in both
cases, the critical loads found after scratch testing are
substantially lower than those for the WC-Co/thin film
system (Fig. 5). Microcracking and local spallation during
wear testing are known to occur when the substrate yields

Ti
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Fig. 6 SEM micrographs (secondary electrons) of the scratch grooves on (a) the DLC/C40 system (e-beam acceleration voltage 15 kV,
tilt angle 0°) and (b, ¢) on the DLC/A1,05-13%TiO, system (e-beam acceleration voltage 25 kV, tilt angle 0°); (d) EDX analysis of the
spalled area which is indicated by the black arrow in (c). The white arrows indicate the scratch direction
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Fig. 7 Wear scar produced after 5000 m sliding at room temperature on the DLC/WC-Co system. (a) SEM image (secondary electrons,
e-beam acceleration voltage 15 kV, tilt angle 52°) of the top surface showing mild abrasion of the DLC top layer. (b) SEM image
(secondary electrons, e-beam acceleration voltage 5 kV, tilt angle 52°) of the FIB section produced inside the wear scar

Fig. 8 SEM images (secondary electrons, e-beam acceleration voltage 5 kV, tilt angle 0°) of the wear scars produced after 5000 m
sliding at room temperature on the DLC/C40 (a) and DLC/Ni-Cr (b) systems

under the applied contact pressure (Ref 7, 30). Extensive
yielding of these soft substrates (the average hardness of
NiCr and C40 is 3.3 and 3.1 GPa, respectively (Ref 15))
under contact conditions is also revealed by the remark-
able buckling failure occurring during scratch testing
(Fig. 6b).

It is interesting to note that the thin film/NiCr system
has somewhat lower L, and L3 values than the thin film/
C40 system, in spite of the slightly lower hardness of the
C40 substrate. This is probably a consequence of the
presence of defects and pores on the polished surface of
the NiCr layer, which slightly anticipate the onset of
cracking.

Previous literature indicates that the above-described
wear mechanism, based on localized spallation, is char-
acteristic of a “‘borderline” situation: if contact conditions
become only slightly more severe, complete delamination
of the DLC-based film occurs (Ref 7, 30). Due to this local
spallation, the wear rates of the coated sample and of the
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ball are larger than in the case of the WC-Co interlayer
(Fig. 3b). Moreover, the friction coefficient produced by
the DLC-based film deposited on the bare C40 surface is
somewhat higher (about 0.15) than the one produced by
the film on WC-Co (Fig. 3a).

Increasing the temperature to 300 °C reduces the
hardness and the load carrying capacity of the C40 steel
substrate and of the NiCr interlayer; consequently, contact
conditions become more severe and, as anticipated earlier,
complete delamination of the DLC-based thin film occurs
well before the end of the 5000-m-long tribological test
(Fig. 9). Whereas this result was expected and easily
explainable, interpretation of the behavior of the films
deposited on the WC-Co and on the Al,O5-TiO, inter-
layers is less straightforward (Fig. 9). The performance of
these two layers is indeed reversed: the film on the Al,Os-
TiO, substrate never delaminates completely and retains a
quite stable friction coefficient, whereas the film on the
WC-Co interlayer comes to a complete delamination,
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even though after a much longer sliding distance than the
films on C40 and on NiCr.

FIB sections suggest that the behavior of the two
thermally sprayed interlayers is deeply modified. By sec-
tioning the wear scar of the film on the AlL,O5-TiO,
interlayer at the end of the 5000-m-long sliding test, it is
noted that cracking of the interlayer is significantly
reduced (compare Fig. 10a to Fig. 4b), so that spallation
due to failure of the ceramic interlayer is largely pre-
vented. It would therefore seem that the toughness of the
ceramic interlayer is increased at 300 °C, whereas its
hardness is not remarkably impaired. Literature data
concerning the high-temperature toughness of alumina
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Fig. 9 Friction coefficient recorded during ball-on-disk tests at
300 °C

ceramics, especially thermally sprayed ones, are scarce;
however, some papers suggest that their toughness could
actually increase with increasing temperature (Ref 32).

In contrast, by sectioning the wear groove of the film on
the WC-Co interlayer after a sliding distance of 2000 m
(i.e. slightly before the delamination of the DLC film,
Fig. 10b), a remarkable alteration in the WC-Co layer’s
microstructure is apparent (compare Fig. 10b to Fig. 1c
and 7b). Specifically, it seems that the carbide grains have
been fractured and comminuted (Fig. 10b, circle). It might
be speculated that, at 300 °C, the hardness of the Co
matrix definitely decreases; therefore, the metal matrix
yields and most of the contact stresses are distributed on
the WC particles, which become overloaded and undergo
brittle fracture. The plastic flow of the metal matrix sub-
sequently embeds the comminuted carbide fragments and
gives rise to the morphology seen in Fig. 10(b).

It can also be noted that the friction coefficient exhib-
ited by the DLC-based thin film on the Al,O5-TiO;
interlayer at 300 °C (Fig. 9), even though quite stable, is
not as stable as the friction coefficient trends recorded at
room temperature (Fig. 3a). First, some very limited
spallation phenomena still occur (Fig. 11, circle). Sec-
ondly, at the end of the 5000-m-long test, the DLC top
layer is slightly grooved (Fig. 11) and considerably thin-
ned. The decrease in the top layer’s thickness can be noted
both by the FIB section (Fig. 10a) and by SEM micro-
graphs of the top surface (Fig. 11): indeed, lighter color is
seen in the middle of the wear track, meaning that the
DLC top layer has become so thin that the emitted sec-
ondary electrons come also from the underlying WC/C
layer, which has a significantly larger average atomic
weight and consequently produces a brighter contrast.

Fig. 10 SEM images (secondary electrons, e-beam acceleration voltage 5 kV, tilt angle 52°) of the FIB sections of the wear scars
produced at 300 °C on the DLC/AL,O5-TiO, system after 5000 m sliding distance (a) and on the DLC/WC-Co system after 2000 m sliding
distance (b). The circle indicates microstructural alterations in the WC-Co layer
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The grooving and the significant reduction in thickness
suggest that the wear resistance of the DLC top layer is
somewhat impaired at 300 °C. Accordingly, XPS chemical

Fig. 11 SEM image (secondary electrons, e-beam acceleration
voltage 15 kV, tilt angle 0°) of the wear scar produced after
5000 m sliding at 300 °C on the DLC/AlL,O3-TiO; system. The
circle indicates a small spalled area
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analyses performed on the coated samples after the 300 °C
tribological test indicate a decrease in the sp>/sp> ratio
(Table 1). This change, which is likely a consequence of
temperature-induced transformations, probably reduces
the hardness of the DLC top layer. The increased rate of
material removal from the DLC film and its altered
chemical composition can explain the less stable friction
coefficient trend.

3.3 Electrochemical Polarization Testing

The electrochemical polarization curves and the results
of Tafel’s analysis indicate that the two APS-deposited
interlayers (both the NiCr one and the Al,O5-TiO, one),
by themselves, do not enhance the corrosion resistance of
the C40 substrate remarkably (Fig. 12a, ¢, and d; Table 3).
The limited protectiveness of APS coatings against aque-
ous corrosion is a well-known issue, largely documented
by several previous studies (Ref 33-35). These coatings,
indeed, contain a certain amount of open and intercon-
nected pores, allowing the diffusion of the electrolyte
down to the steel substrate. Moreover, in the NiCr
coating, the oxidation of the metallic lamellae (as shown
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Fig. 12 Electrochemical polarization curves of uncoated and thin film-coated C40 (a), WC-Co (b), NiCr (c), and Al,O5-TiO, (d)

samples
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in Fig. 13) impairs the material’s intrinsic corrosion
resistance: as thoroughly described in previous papers
(Ref 36, 37), this oxidation phenomenon deprives the alloy
of Cr, the element conferring passivation capabilities. The
dense HVOF-deposited WC-Co coating, by contrast,
protects the steel substrate from corrosion quite effec-
tively (Fig. 12b and Table 3), as highlighted by many
previous papers (Ref 35, 38-40).

The deposition of the DLC-based thin films produces
distinct effects on different samples: when deposited onto
the C40 and WC-Co surfaces, it shifts the polarization
curves toward significantly lower current density values
(Fig. 12a and b) and it accordingly reduces the corrosion
current density by one or two orders of magnitude
(Table 3). It has indeed previously been shown that the
DLC top layer produced onto the C40 and WC-Co sur-
faces possesses a very low defectiveness (Section 3.1,
Fig. 1); therefore, it provides an excellent physical barrier
against the penetration of external corrosive agents,
thanks to its intrinsic chemical inertness. The thin film/
WC-Co system consequently exhibits the lowest corrosion
current density: indeed, the dense cermet layer protects
the steel substrate from the small amount of electrolyte
which can pass through the few defects in the thin film.

By contrast, the thin film produces little beneficial
effects when deposited onto the APS interlayers (Fig. 12c
and d and Table 3). These layers were indeed shown to
possess many open pores, which the thin film could not fill
completely, although it could partly enter some of them
(Section 3.1, Fig. 2): the electrolyte can still penetrate

Fig. 13 Optical micrograph of the polished cross section of the
Ni-50%Cr layer

through these pores, a large part of which remain open,
and reach the steel substrate.

4. Conclusions

“Duplex” systems consisting of a three-layer DLC-
based thin film deposited onto different thermally sprayed
interlayers (namely Ni-50%Cr, Al,05-13%TiO,, and
WC-17%Co) were subjected to ball-on-disk tests, both at
room temperature and at 300 °C, and were analyzed by
the FIB technique, both in the as-deposited condition and
after tribological testing.

The results indicate that the hardness of the interlayer
is of primary importance: a relatively soft interlayer, like
the Ni-50%Cr one, does not improve the sliding wear
behavior of the DLC-based film. However, the toughness
of the interlayer is also very important: at room temper-
ature, the hard but very brittle Al,03-13%TiO, interlayer
fails under severe contact conditions, thus leading to
complete removal of the film. Consequently, at room
temperature, the hard and tough WC-17%Co cermet
interlayer offers the best performance; indeed, it can bear
the contact stress distribution with no perceivable micro-
structural alteration and, consequently, it succeeds in
preventing any cracking and spallation phenomena of the
thin film.

At 300 °C, the presence of a hard interlayer is even
more important, because the load-carrying capability of
the steel substrate is further impaired, so that full delam-
ination of the coating soon occurs. Contrarily to the room
temperature conditions, the best performing interlayer at
300 °C is the Al,O3-13%TiO, one; indeed, brittle fracture
of the interlayer seems largely reduced. By contrast, the
WC-17%Co interlayer suffers a microstructural alteration,
because of the combined effect of the severe contact stress
and of the high temperature. Therefore, it partly loses its
load-carrying ability and it cannot prevent the delamina-
tion of the film, although delamination occurs later than
on the bare steel substrate.

It is also noted that, at 300 °C, the sp”/sp® ratio of the
DLC top layer decreases and its intrinsic tribological
properties are slightly degraded.

The corrosion behavior of the duplex systems was also
investigated: as the polished APS interlayers show a sig-
nificant amount of open, interconnected pores, the thin
film is unable to fill and close them completely (although it
can enter part of them), so that it cannot act as a physical
barrier against the penetration of external corrosive
agents. By contrast, the DLC top layer is almost free of
any large defect when deposited onto smooth surfaces, as

Table 3 Corrosion current density (Zcorr pAIcmz) and corrosion potential (E ., mV) of thin film-coated and uncoated

samples

C40 DLC on C40 NiCr DLC on NiCr AL, 05-TiO, DLC on Al,0;3-TiO, WC-Co DLC on WC-Co
Lo 87.5 0.982 66.4 17.6 37.5 23.9 3.82 0.274
Ecorr —564 —547 —374 —410 —531 —483 -215 —314
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the polished C40 and WC-Co ones. In this case, the film
offers an excellent barrier against the outer environment
and enhances the corrosion resistance of the system sig-
nificantly. Therefore, the thin film/WC-Co system displays
the lowest corrosion current density, thanks to the com-
bined action of the defect-free film and of the corrosion-
resistant interlayer.
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