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a b s t r a c t

The microstructure, the micromechanical properties, the wear behaviour and the impact resistance of
WC–CoCr cermet coatings, deposited onto an aluminium alloy substrate by High Velocity Oxygen-Fuel
(HVOF) flame-spraying, were examined as a function of the coating thickness, which was varied between
50 �m and 150 �m by performing different numbers of scans of the HVOF torch in front of the substrate.
eywords:
igh Velocity Oxygen-Fuel (HVOF) spraying
luminium alloy
all-on-disk test
yclic impact test

The coatings became denser and significantly harder as the number of torch scans increased: the analysis
of single WC–CoCr splats by combined SEM and Focused Ion Beam (FIB) techniques enabled the interpre-
tation of the mechanisms underlying this phenomenon. In accordance to such densification, the sliding
wear resistance increased with the number of torch scans, as abrasive grooving and brittle failure mech-
anisms were progressively suppressed. The resistance to cyclic impact was also enhanced. In comparison

–CoC
ans s
ocused Ion Beam (FIB)
ickers microhardness

to anodised films, the WC
specifically, three torch sc

. Introduction

Light alloys (like Al alloys) are increasingly being used for vari-
us industrial applications. Their high strength-to-density ratio and
lastic modulus-to-density ratio are exploited in the production of
tiff and lightweight automotive and aeronautic components [1].
hey are also being proposed for plastic injection moulds, thanks
o their low density (lower weight of the mould) and high thermal
onductivity (more uniform temperature distribution on the mould
urfaces) [2,3]. The main drawback of Al alloys is their poor tribo-
ogical behaviour [2–5]: Al alloy components having to withstand
ontact conditions must necessarily be coated or surface-treated.
onsequently, protective coatings on Al alloys are a subject of con-
iderable technological interest.

Of the various surface treatments available for aluminium alloys,
he most common ones are certainly the anodisation treatments,
y which 10–50-�m thick Al2O3-based films (containing some
ydroxides as well) are grown on a component’s surface [6,7].
nodised films are generally produced in a sulphuric or chromic
cid bath at about 50 ◦C: above a very thin barrier layer, a thicker

ayer containing numerous, small columnar pores is formed; these
ores are usually sealed in order to confer protectiveness against
orrosive agents. Alternatively, hard anodising treatments, per-
ormed at low-temperature (≤5 ◦C) in sulphuric acid-based baths

∗ Corresponding author. Tel.: +39 06 72597168; fax: +39 06 2021351.
E-mail address: Massimiliano.barletta@uniroma2.it (M. Barletta).

043-1648/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.wear.2008.12.066
r coatings appeared much more resistant against wear and cyclic impact;
eem enough to produce a coating having suitable characteristics.

© 2009 Elsevier B.V. All rights reserved.

under high current density, produce a very hard and dense layer
(free of columnar pores), which needs no sealing and provides opti-
mized protection against wear [6,7].

Anodised films offer interesting characteristics; however, they
also imply some drawbacks. The intrinsic brittleness of these purely
ceramic films may induce cracking and delamination from the
substrate under severe operating conditions. The processing time
needed to produce quite thick anodised films (≥50 �m) can be quite
long (some hours), especially in the case of the low-temperature
hard anodising process [6]. Anodisation also requires careful sur-
face pre-treatment steps, including cleaning, etching and polishing,
which increase processing cost and time. The outcome of the anodi-
sation treatment is also dependent on the alloy composition [6–8];
specifically, some alloys yield anodised films having poor charac-
teristics.

Therefore, other coating technologies could be preferable
in some applications. Specifically, thermal spraying techniques
already enjoy a significant industrial diffusion in order to coat
steels and other metal substrates, thanks to their ability to produce
high-performance layers. With reference to the above-mentioned
drawbacks of anodisation treatments, thermal spraying techniques
are definitely less sensitive to the nature of the substrate, they
do not require complex surface pre-treatments (generally, surface

preparation for thermal spraying only involves de-greasing and
grit-blasting), they enable the deposition of quite thick layers
(≥100 �m) with satisfactory productivity, and are also very flexible
concerning the choice of the coating material [9–11]. Materials
providing the proper compromise between hardness and tough-

http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:Massimiliano.barletta@uniroma2.it
dx.doi.org/10.1016/j.wear.2008.12.066
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Table 1
HVOF-deposition parameters.

WC–10%Co–4%Cr Ni

Barrel length (mm) 152.4 101.6
O2 flux (Sm3/s) 1.456 × 10−2 1.416 × 10−2

Kerosene flux (Sm3/s) 6.3 × 10−6 5.3 × 10−6

Carrier gas flux (Sm3/s) 1.8 × 10−4 1.7 × 10−4

Feeder plate speed (1/s) 5.5 4.5
Stand-off distance (mm) 380 355
Combustion chamber pressure (bar) 6.76 6.27
G. Bolelli et al. / W

ess can therefore be selected [11,12]. Particularly, HVOF-sprayed
C-based cermets (e.g. WC–Co, WC–CoCr) have been shown to

ossess excellent tribological properties [13–16]; indeed, they
ombine very high hardness with satisfactory toughness [11,17],
s Co-based metal matrixes possesses ductility and excellent
ettability toward the carbide grains.

Accordingly, WC-based coatings on steel substrates have already
een technically validated as an alternative to hard chrome plating,
articularly for the most severe operating conditions [13,14,16,18].
he nature of the substrate (for instance, steel vs. aluminium),
enerally speaking, can affect the outcome of every coating pro-
ess, but, in the case of thermal spraying techniques, this influence
s not too large, so that it may be reasonably conjectured that
VOF-sprayed WC-based coatings can also offer good tribologi-
al properties when deposited onto Al substrates [2], even though
ome differences, in comparison to the traditional steel substrates,
re likely to exist. Research studies concerning WC-based HVOF-
prayed coatings on light alloys (Al alloys or Mg alloys) are therefore
eing carried out [2–4,19–22], but they are still not very numerous.
ne very important aspect, which has not been explicitly con-

idered yet in the above-mentioned studies, is the effect of the
oating thickness on its properties, in particular on the tribological
erformance: this issue is particularly critical when dealing with
oft substrates, as Al alloys are. Generally speaking, if a coating is
ery thin, a significant share of the stress distribution produced
y the contact with a rigid counterbody has to be born by the
ubstrate [23,24]: in these conditions, light alloys could deform
lastically due to their high ductility. If the coating is much harder
nd less ductile, premature failure of the coating itself or of the
oating–substrate interface becomes possible. On the other hand,
owever, the production of a thinner coating is clearly more eco-
omical: as the torch has to perform fewer scans in front of the
ubstrate, the processing time is decreased, and lower amounts of
as and powder are consumed. The best compromise should there-
ore be sought for.

The aim of this research was therefore to assess the effect of the
hickness on the micromechanical properties and the tribological
ehaviour of WC–CoCr coatings deposited on an Al alloy substrate
y HVOF-spraying using different numbers of torch scans (from 2
o 5). The effect of adding a thin HVOF-sprayed Ni-based bond coat
single torch scan, in order not to increase the overall processing
ime excessively) was also considered in this paper. The perfor-

ances of the WC–CoCr coatings were compared to those of two
inds of anodised films: a protective anodised film, produced by
he ordinary process in a sulphuric acid-based bath and sealed in
Ni2+, F−-containing aqueous solution, and a hard-anodised film,
roduced by the low-temperature treatment.

. Experimental

WC–10%Co–4%Cr coatings were produced by depositing a com-
ercially available spray powder (Praxair 1350VM, agglomerated

nd sintered, −45 + 15 �m nominal particle size distribution) onto
luminium alloy 6082-T6 plates of (80 mm × 80 mm × 8 mm) size,
sing the Praxair-Tafa JP5000 HVOF torch, operated with the param-
ters listed in Table 1. The plates were previously grit-blasted
o Ra ≈ 6 �m using a manual vacuum-operated Norblast blasting

achine, with 500 �m angular alumina grits (Metcolite-C, Sulzer
etco). Coatings with increasingly large thickness were produced

y performing a total of 2, 3, 4 and 5 complete torch scans in front
f the substrate, respectively. On half of the plates, a Ni bond coat

powder: Praxair 1166F, −53 + 20 �m nominal particle size distribu-
ion) was HVOF-deposited in a single torch scan, using deposition
arameters also listed in Table 1.

Single WC–CoCr splats were also collected onto ground
luminium and carbon steel plates, using the same deposi-
Torch traverse speed (mm/s) 500 500
Interpass spacing (mm) 3 3
Substrate temperature (◦C) <150 <150

tion parameters as in Table 1 but with much greater traverse
speed.

For comparative purpose, part of the plates were polished to
Ra ≈ 0.02 �m and anodised using two different processes, represen-
tative of the industrial state-of-the-art in anodisation treatments: a
conventional process, performed at 50 ◦C in a sulphuric acid-based
bath and followed by a sealing treatment in a Ni2+, F−-containing
aqueous solution, and a hard anodisation process performed at 2 ◦C
in a sulphuric acid-based bath. Both processes were carried out in
an industrial plant using proprietary parameters; the thickness of
the resulting films was close to 50 �m.

The phase composition of the HVOF-sprayed WC–CoCr coat-
ings was characterised by X-ray diffraction (XRD), using Cu K�1
radiation (X’Pert Pro, PANAlytical, Eindhoven, The Netherlands),
and their microstructure was observed by scanning electron
microscopy (SEM, XL30 and Quanta-200, FEI, Eindhoven, The
Netherlands) on cross-sections, prepared by cold-mounting in
resin, grinding using SiC papers (up to 2500 mesh) and polishing
using diamond slurries (up to 0.5 �m).

The Vickers microhardness (Micro-Combi Tester, CSM Instru-
ments, Peseux, Switzerland) of the WC–CoCr coatings was
measured on the polished cross-sections using an indentation
load of 1 N (20 indentations per sample, performed in the mid-
dle of the coating thickness). Unidirectional dry sliding tribological
tests were performed in ball-on-disk configuration, using a pin-on-
disk tribometer (High-Temperature Pin-on-Disk Tribometer, CSM
Instruments) equipped with sintered WC–6%Co spherical pins,
3 mm diameter. Test conditions included 10 N normal load, 0.20 m/s
relative sliding speed, 5000 m overall sliding distance, 5 mm wear
track radius; tests were run at (21 ± 2) ◦C temperature and (56 ± 2)%
relative humidity. These very severe contact conditions (the maxi-
mum hertzian contact pressure which would be produced on a flat
steel sample would be of about 2600 MPa) were chosen after some
preliminary tests, in order to be able to produce a detectable wear
scar on the cermet-coated samples. The WC–CoCr coatings were
manually polished to Ra ≈ 0.02 �m using diamond papers (very
smooth surface finishes are typically required for thermally sprayed
WC–CoCr coatings intended for sliding wear applications, an exam-
ple being provided in ref. [16]) and ultrasonically degreased in
acetone before tribological testing. The wear rate of the samples was
measured by optical confocal profilometry (Conscan Profilometer,
CSM Instruments); the friction coefficient was monitored during
the test by a load cell. The wear scar morphology was studied by
SEM. The same tribological test was also performed on the anodised
films, for reference.

Cyclic impact tests were performed on WC–CoCr coatings and
on anodised films: a quenched and tempered C100KU steel ball
(39 mm diameter), connected to an overall weight of 12 N, was

cyclically raised and released from a height of 90 mm (impact
energy 1.08 J), dropping onto the sample surface (45 impacts/min).
The total number of impacts was set at 1000. Under these impact
conditions, the resulting contact stress distribution significantly
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ffects the substrate and causes visible plastic deformation of the
oated system, so that the ability of the coating to conform to
he substrate deformation and to resist cracking and spallation
henomena is effectively probed. The surfaces and polished cross-
ections of the samples were inspected by SEM and by optical
icroscopy.
In order to get a better insight into the deposition mechanisms

f HVOF-sprayed WC–CoCr coatings onto an Al alloy substrate in
omparison to those on a steel substrate, the single splats collected
n ground Al and steel surfaces were observed by SEM and sec-
ioned in situ by Focused Ion Beam (FIB) technique, using a dual
eam machine (StrataTM DB235, FEI) combining a high-resolution
IB column equipped with a Ga Liquid Metal Ion Source (LMIS) and
SEM column equipped with Schottky Field Emission Gun (SFEG)

lectron source. The section was produced using an ion beam cur-
ent of 7 nA and subsequently polished using an ion beam current
f 300 pA.

. Results

.1. Microstructural and micromechanical characterization

The XRD patterns of all HVOF-sprayed coatings exhibit no per-
eivable differences in the type and amount of phases, regardless
f the thickness and of the presence or absence of the Ni bond coat
Fig. 1). Moreover, peaks relating to Al and/or to Ni could not be
etected in any case, probably due to the low penetration depth of
he X-rays into the cermet coating.

SEM micrographs indicate that the WC–CoCr coatings do not dis-
lay a very large porosity (Fig. 2). Their porosity, however, seems
o be affected by the number of torch scans; indeed, image anal-
sis indicates that the porosity values decrease as the number of
orch scans increases (Table 2). Specifically, the most remarkable
ariations occur from 2 to 3 scans and from 3 to 4 scans, whereas
he thickest coatings (4 and 5 scans) display quite similar porosity.
he Ni bond coat deposited by a single torch scan appears very thin

nd inhomogeneous (Fig. 3); its presence does not affect the previ-
usly noted relation between porosity and number of torch scans
Table 2).

All of the as-deposited coatings have an average roughness
a ≈ 3.6 �m.

Fig. 2. SEM micrographs of the cross-sections of the WC–CoCr coatings, HVOF
Fig. 1. Comparison between the XRD patterns of WC–CoCr coatings having different
thickness (a) and deposited with or without Ni bond coat (b).
In order to obtain additional information on the deposition
mechanisms of WC–CoCr particles onto different substrates, the
SEM + FIB analysis of single splats deposited on Al substrates
was conducted. Upon impact, the HVOF-sprayed WC–CoCr parti-

-sprayed onto Al substrates using 2 (a), 3 (b), 4 (c) and 5 (d) torch scans.
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Table 2
Thickness and porosity of the HVOF-sprayed WC–CoCr coatings, as determined by
image analysis.

Coating Porosity (%) Thickness (�m)

2 scans 3.2 ± 1.1 58.6 ± 9.6
3 scans 1.5 ± 0.8 79.2 ± 10.2
4 scans 0.8 ± 0.2 104.4 ± 12.0
5 scans 0.5 ± 0.2 136.8 ± 10.9
2 scans + bond coat 2.7 ± 1.1 47.5 ± 9.4
3
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scans + bond coat 2.6 ± 0.9 74.2 ± 8.0
scans + bond coat 0.7 ± 0.2 104.3 ± 11.6
scans + bond coat 0.4 ± 0.2 124.7 ± 11.7

les deform the soft aluminium substrate remarkably, penetrating
eeply into its surface (Fig. 4a). The cermet particles, therefore,
annot spread and flatten extensively, so that small defects and
ores remain inside the non-flattened particle, as highlighted by
IB sections (Fig. 4b, see circle).

By contrast, single splats collected on steel clearly show that par-
icles sprayed on a harder surface spread extensively, with minimal
ubstrate deformation (Fig. 4c and d), and do not retain as many
efects as the particles directly deposited onto the soft Al surface.

t is noted that similar, well-flattened splats are also recognizable
n top of the thicker WC–CoCr coatings (Fig. 5, the circle indicates
clearly recognizable flattened splat).

The Vickers microhardness of the coating increases with the
umber of scans (Fig. 6). Specifically, the largest increase in hard-
ess occurs from 2 to 3 torch scans, whereas, at higher number
f scans, the increase is less remarkable. The hardness of the 2-
can coating is significantly lower than the values reported in the
ertinent literature for analogous HVOF-sprayed WC–CoCr coatings
13,25], whereas the hardness of the coatings with 3 or more scans
pproaches or overcomes 1100HV0.1, which is comparable to good-
uality cermet coatings [13,25]. The presence or absence of the Ni
ond coat (samples with bond coat are identified by the label “bc”)
oes not affect the hardness of WC–CoCr layers significantly, except,
aybe, for the 2-scan coating.
.2. Sliding wear resistance

The wear rates measured after the ball-on-disk tests match the
ickers microhardness results (Fig. 7): the wear rate decreases as

ig. 3. SEM micrographs of the cross-sections of the WC–CoCr coatings, HVOF-sprayed on
(c) and 5 (d) torch scans.
7 (2009) 944–953 947

the coating thickness increases, the largest difference being the one
between 2 torch scans and 3 torch scans. Moreover, the 2 scan-
coating shows slightly lower wear rate when deposited on the Ni
bond coat (label “bc” in Fig. 7), consistently with its slightly higher
hardness.

SEM micrographs show some abrasive grooving (Fig. 8a)
and limited brittle fracture phenomena (Fig. 8a—circled area,
Fig. 8b—detail) in the 2-scan WC–CoCr coating, which features
lower hardness and higher defectiveness. By contrast, thicker coat-
ings do not exhibit perceivable grooving or fracture (Fig. 8c): wear
loss seems only due to the removal of the metal matrix between
the carbide grains (Fig. 8d), the typical wear mechanism of bulk
(sintered) cermets and of those HVOF-sprayed cermets where alter-
ation of the metal matrix has been kept to moderate levels during
deposition [26]. The wear rate of the hard anodised film, by con-
trast, is higher by three orders of magnitude; the conventional,
sealed anodised film was completely removed well before the end
of the 5000-m long test. Delamination of the cermet coating from
the substrate was never observed, even for the thinnest layers.

3.3. Cyclic impact tests

After the cyclic impact test, none of the HVOF-coated samples
exhibits any apparent crack or defect along the coating–substrate
interface (Fig. 9a and b). Moreover, the WC–CoCr coatings deposited
with higher numbers of torch scans (≥3) do not undergo a large
overall impact damage: their two main degradation mechanisms
seem to be transverse cracking (Fig. 9a, arrow) and localised near-
surface delamination (Fig. 9a, circle), but the occurrence of both
phenomena is very limited (as shown by Fig. 9a itself). Accord-
ingly, in these coatings, no circumferential cracking occurs along
the periphery of the impact region (Fig. 9c) and only a very limited
amount of cracks can be recognised in the middle of that region
(Fig. 9d, label 1), together with some transfer material coming from
the steel ball (Fig. 9d, label 2).

The 2-scan coating also displays almost no transverse cracking,
but it suffers extensive near-surface damage, leading to the removal

of non-negligible amounts of material by delamination (Fig. 9b).

In comparison to the WC–CoCr layers (especially to those
deposited with more than 2 torch scans), the anodised films were
much more severely cracked: they showed evidence of delamina-
tion inside the impact area (overview in Fig. 10a, detail in Fig. 10b)

to Al substrates with Ni bond coat. Cermet layers were deposited using 2 (a), 3 (b),
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ig. 4. SEM micrographs of single WC–CoCr splats on Al and steel surfaces: (a) splat
c) splat on steel surface; (d) FIB section of the splat on steel surface.

nd also displayed many radial cracks extending out of the impact
rea (Fig. 10c).
. Discussion

Decarburization and carbide dissolution have been kept to a
ery moderate level during the HVOF-deposition of the present

ig. 5. SEM micrograph of the top surface of the HVOF-sprayed WC–CoCr coating (5
cans, no bond coat).
l surface; (b) FIB section of a splat on Al surface, highlighting small defects (circle);

WC–CoCr coatings; indeed, the diffraction peaks of W2C and
Co3W3C have very low intensity (Fig. 1). As suggested in [27], an
approximate “index of carbide retention” (Eq. (1)) can be defined
as

I = IWC

IWC + IW2C
(1)
where: IWC = intensity of the (1 0 0) peak of WC at 2� = 35.6◦; IW2C =
intensity of the (1 0 1) peak of W2C at 2� = 39.6◦.

All of the coatings have almost identical I values of (0.91 ± 0.01),
thus confirming the high level of WC retention; indeed, in ref.

Fig. 6. Vickers microhardness of WC–CoCr layers, measured in the middle of the
coating thickness. Note: bc = sample with Ni bond coat.
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ig. 7. Wear rates measured after ball-on-disk dry sliding tests. Note that the sealed
nodised layer was completely removed after less than 1000 m, exposing the sub-
trate to severe wear. Note: bc = sample with Ni bond coat.

27], typical values of I for HVOF-sprayed WC-based coatings are
eclared to be around 0.85. Retention of WC is generally desirable,

n order to optimise the tribological performance of the coating.
hen WC decomposes or dissolves into the matrix, indeed, two

nfavourable phenomena simultaneously occur: the hard phase
conferring wear resistance) is lost and the ductile metal matrix
providing toughness) is embrittled [28–30]. On the other hand,
owever, no WC decomposition may indicate insufficient particle
eating, resulting in defective coatings having poor interlamellar
ohesion [26]. In the present case, the low porosity, high hardness
nd excellent wear and impact resistance of the coatings deposited
ith three or more torch scans clearly indicate that a good compro-
ise between retention of the carbide phase and sufficient heating

f the powder particles was achieved during spraying.
Nonetheless, the above-mentioned properties vary quite con-
iderably with the number of torch scans; in particular, the largest
ifferences exist between coatings deposited with fewer scans. The
icrostructural analysis (Figs. 2 and 3 and Table 2), indeed, reveals

hat the coatings become denser as the number of torch scans
ncreases, the most remarkable improvements occurring at low

ig. 8. SEM micrographs of the ball-on-disk wear scars on WC–CoCr coatings: (a) 2-scan c
oating, general view; (d) 4-scan coating, detail.
7 (2009) 944–953 949

number of torch scans (from 2 to 3 and from 3 to 4). The densifica-
tion is accompanied by a progressive strengthening of the coating
material; accordingly, the Vickers microhardness increases with the
number of scans (Fig. 6): the largest increase occurs from 2 to 3,
whereas, at higher number of scans, the variation is less remarkable.

This peculiar phenomenon has not been observed nor discussed
in the literature yet; therefore, single splats were studied by SEM
and FIB in order to obtain an understanding of the deposition mech-
anisms of HVOF-sprayed cermet particles onto a soft aluminium
alloy substrate. These particles impinge in a semi-solid condition,
because most of the WC phase does not melt in the HVOF flame: this
has been suggested by previous literature works [31] and it is clearly
revealed, in the present case, by the low level of carbide dissolution;
moreover, numerical simulations have indicated that the tempera-
ture of the cermet particles during HVOF-spraying is typically well
below the melting point of the carbide phase, and that part of the
metal matrix could remain below the melting point as well [32].
The high-velocity impingement of these semi-solid particles exerts
a high pressure on the substrate [31]; consequently, the soft Al
substrate is plastically deformed, as clearly shown in Fig. 4a and
b. Analogous plastic deformation phenomena have already been
described in previous observations of single splats sprayed onto soft
substrates by the high-velocity oxygen-fuel or air-fuel processes
[19,33]. Perhaps, a further contribution to such deformation might
also come from localised melting of the substrate material at the
impact location, because of the heat input coming both from the gas
jet and from the molten particle [34,35], although this phenomenon
is more likely to occur during plasma spraying of very high melting
point material and has not yet been considered explicitly for the
HVOF-spraying process.

Consequently, the particles penetrate deeply into the substrate
surface, as noted in Section 3.1: they achieve an excellent bonding to
the substrate, but they cannot spread, so that they retain small pores
and defects. Because of this phenomenon, when spraying cermet
coatings on soft substrates by the HVOF technique, the first layers
can be expected to be somewhat porous. This indeed occurs in the

presently considered 2-scan coating.

The decrease in porosity as the coating thickness increases can
be justified by two reasons. First of all, as the torch scans again and
again in front of the substrate, the impact of new WC–CoCr parti-
cles peens the previously deposited layers intensively and densifies

oating, general view; (b) 2-scan coating, detail of area circled in panel A; (c) 4-scan
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ig. 9. SEM micrographs of the WC–CoCr layers subjected to the cyclic impact test:
nation; dotted lines indicate the rough coating-substrate interface); (b) 2-scan co

agnification surface view (dotted circle: impact area); (d) 3-scan cermet coating,

hem very effectively, because of the above-mentioned high impact
ressures [31]. In the pertinent literature, the occurrence of peen-

ng actions during HVOF-spraying has already been described, and
t has been shown to produce significant effects on characteristics
ike porosity and residual stresses [26,36,37]. This process explains

hy the underlying layers become denser as the coating thickness
ncreases; however, Figs. 2 and 3 clearly indicate that even the top-

ost layers of the thicker coatings are very dense, even though they
ave not undergone any peening action. Consequently, a second
henomenon should be taken into account: whereas the deposi-
ion of the first coating layers is affected by the low hardness of
he Al substrate (as described above), the newly incoming particles
ncounter a much harder surface, once a sufficiently large number
f torch scans has been performed. Their deposition and flatten-
ng mechanisms are therefore modified. WC–CoCr particles sprayed
nto the harder steel surface, indeed, flatten extensively and do not
etain any defect (Fig. 4c and d). Similar, well-flattened splats are
lso seen on top of the thicker WC–CoCr coatings (Fig. 5). The poros-
ty of the cermet coatings therefore decreases not only because the
nderlying coating layers are peened and densified by the deposi-
ion of a new layer, but also because the new layer is probably less
efective than the first layers.

Clearly, the effects of both phenomena (the peening action and
he flattening mechanism modification) are most remarkable at
ow number of torch scans; when several scans have already been
erformed, instead, the underlying layers have already undergone
uch peening and the flattening mechanism has already changed,

o that further improvement in density and strength are scarce.
The increase in hardness is definitely consistent with this inter-
retation. When the number of scans is low (2 scans), the material
ocated in the middle of the coating has not been intensively
eened yet, and it comes from layers containing intrinsic defects, as
xplained previously. By contrast, after several scans, the material
n the middle of the coating has undergone more peening cycles
scan coating, cross-section (arrow: transverse cracking; circle: near-surface delam-
, cross-section (circle: near-surface delamination); (c) 3-scan cermet coating, low
agnification surface view (1: transverse cracks, 2: transferred steel).

and also comes from layers which are intrinsically less defective,
because particles deposited onto previous WC–CoCr layers do not
retain defects.

The presence or absence of the Ni bond coat does not affect the
porosity or the hardness of the WC–CoCr layers significantly, except
(possibly) for the hardness of the 2-scan coating. This may be due
to the fact that the Ni bond coat, in spite of its large inhomogeneity
(it almost looks like individual splats, rather than a real homoge-
neous layer), provides a slightly harder underlayer, enabling better
spreading of the cermet splats; consequently, the 2-scan coating
on the Ni bond coat is somewhat harder than the one directly
deposited onto the Al substrate. Consistently, the former is also
slightly thinner than the latter (Table 2): presumably, the harder
Ni bond coat favours the rebounding of a larger fraction of the
semi-solid WC–CoCr particles, slightly impairing the deposition
efficiency.

These densification and strengthening phenomena are of sig-
nificant importance, as they have a direct, non-negligible influence
on the wear resistance of the coating. The 2-scan coating (which
has not been intensively peened yet), indeed, suffers both groov-
ing and brittle fracture wear. Brittle fracture is probably due to the
presence of weak points in this layer, which has not been densi-
fied by intensive peening yet. Near-surface cracks propagate from
these points and detach some material. Grooving is probably pro-
duced by debris particles being trapped between the sample and
the counterbody: because of the low hardness of the 2-scan coat-
ing, these particles may plastically deform it. Both phenomena are
progressively suppressed by the densification and strengthening
achieved with increasing number of torch passes, so that a remark-

able improvement is achieved when passing from 2 to 3 scans and
minor improvements are achieved when performing further scans
(Fig. 7). It is important to remark that, under the present ball-on-
disk test conditions, most of the hertzian contact stress distribution
is concentrated on the coating rather than on the substrate or on
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Fig. 10. Surface of the hard anodised layer after cyclic impact testing: (a) SEM micro-
g
r
p
o

t
i
r
t
[
8
c
o

raph, low magnification view; (b) SEM micrograph, high magnification view of
egion 1 in panel (a); (c) optical micrograph, high magnification view of region 2 in
anel (a) (dash-dot line: limit of the impact area; arrows: radial cracks propagating
ut of the impact area).

he interface, even for the thinnest 2-scan layer. Indeed, an approx-
mate estimation, which can be obtained by applying the Hertz’s
elations to a sphere-on-flat contact where the elastic properties of

he flat are those of the WC–CoCr layer (E ≈ 260 GPa [38], � ≈ 0.28
39]), indicates that the maximum sub-surface shear stress of about
95 MPa is located at a depth of about 19 �m. This test, therefore, is
apable of selectively probing the effects of the intrinsic properties
f the coating (its cohesion and strength) on the wear resistance;
7 (2009) 944–953 951

consequently, the densification effect, rather than the increase in
thickness, is dictating the previously noted improvements.

Moreover, the 2-scan coating shows slightly lower wear rate
when deposited on the Ni bond coat, consistently with its slightly
higher hardness. This result corroborates to the previous hypothe-
sis of a somewhat better spreading of WC–CoCr particles on the Ni
bond coat.

In any case, the wear rates shown in Fig. 7 are definitely low:
specifically, the wear rates of the coatings deposited with 3 or more
torch scans are around or below 1 × 10−8 mm3/(Nm). This value can
certainly be regarded as representative of a very mild wear regime,
if compared to literature data concerning cermet coatings (for
instance, refs. [26,40,41]) or bulk ceramics; specifically, for the latter
materials, mild wear is considered to take place at wear rates below
10−6 mm3/(Nm) [42]. The wear rate of the hard anodized film, by
contrast, is higher by three orders of magnitude; the conventional,
sealed anodized film was completely removed well before the end
of the 5000-m long test. As previously discussed, the chosen set
of spray parameters provided a good compromise between carbide
retention and particle heating, capable of optimising the tribologi-
cal performance of the coating [43].

The strength of the interfacial bonding between the coating and
the substrate and the overall mechanical behaviour of the coat-
ing + substrate system, which were not probed by the ball-on-disk
test, are instead of the utmost importance in determining the results
of cyclic impact test, which heavily affects the substrate, because of
the large ball diameter and the impact energy. The present results
reveal a good interfacial strength under localized contact condi-
tions, as the interface between the cermet layers and the aluminium
substrate is free of defects (Fig. 9a and b). The excellent interlock-
ing achieved by the cermet particles penetrating deeply into the
aluminium substrate (as shown by the FIB analysis, Fig. 4b) is the
most likely reason for the excellent interfacial bonding. Moreover,
the studies dealing with the behaviour of hard films on ductile sub-
strates, mentioned in the introduction [23,24], generally assume a
sharp, planar interface between the two elements; in the present
case, however, the interface between the WC–CoCr coating and the
aluminium substrate is extremely rough (Fig. 9a, see dotted lines).
The penetration of the cermet particles into the aluminium sur-
face (which has also been roughened by grit-blasting before the
deposition of the coatings), indeed, creates a sort of “graded” inter-
mediate region between the pure WC–CoCr coating and the pure
aluminium substrate, a few tens of microns thick (Fig. 9a, dotted
lines). This sort of “graded” region prevents the abrupt transition in
mechanical properties which would occur along a perfectly smooth
interface. The importance of accounting for the existence of such
“graded” region at the interface between a thermally sprayed coat-
ing and a very rough substrate surface has already been pointed out
in studies dealing with thermal barrier coatings [44].

The damage found in the cermet coatings after cyclic impact
is due to two different mechanisms, as introduced in Section
3.3: transverse cracking and near-surface delamination. The lat-
ter phenomenon is probably related to the severe localised stress
concentrations which may arise at some asperities of the rough as-
deposited surface. If defects are present in those locations, cracks
can form and propagate in the near-surface region. Accordingly, the
delamination is more extensive in the defective 2-scan layer, where
weak interlamellar boundaries and pores are more numerous. This
mechanism is probably similar to the one leading to brittle fracture
wear during ball-on-disk sliding tests. The lower defectiveness of
the coatings deposited with several torch scans, by contrast, reduces

the possibility of delamination. Transverse cracks arise from a dif-
ferent process. Theoretical analyses and experimental observations
predict the formation of transverse cracks in hard and brittle lay-
ers deposited onto soft substrates during severe localised contacts.
Specifically, circumferential cracks are predicted to develop along
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he periphery of the impacted region and radial cracks in its middle
45]. The extent of such cracking in all of the present WC–CoCr coat-
ngs, however, is very limited; therefore, these layers would seem to
ehave in a ductile manner, conforming quite well to the substrate’s
eformation. The absence of a sharp interface and the presence
f the above-mentioned “graded” layer may play a role in helping
he coating’s compliance. By contrast, in a previous literature paper
46] where single impact tests (with a wide range of impact energy
alues) were performed on WC–CoCr cermet coatings deposited
nto a carbon steel substrate, significant circumferential crack-
ng was noted even at the lowest impact energy condition. The
resently considered WC–CoCr coatings deposited onto an alu-
inium alloy substrate would therefore seem to exhibit superior

ompliance than those deposited onto a steel substrate; indeed,
lthough the impact energy in the present test is about half of the
inimum impact energy employed in ref. [46], the present impacts

re repeated 1000 times. The reasons for this significantly differ-
nt behaviour may lie either in the different overall mechanical
esponse of the WC–CoCr/steel and WC–CoCr/aluminium systems,
r in the different deposition conditions employed in the present
aper and in ref. [46]. More detailed investigations on this sub-

ect are outside the aim of the present paper: future work will be
ntended to address the differences between the impact behaviour
f cermet coatings deposited onto aluminium and steel substrates.

Finally, it is very important to remark that the brittle anodized
lms are much less compliant than the WC–CoCr cermet layers;

ndeed, they undergo severe transverse cracking and extensive
ear-surface delamination.

. Conclusions

WC–CoCr cermet coatings were deposited onto AA 6082T6
lates by HVOF-spraying. The thickness of the coatings was var-

ed in the 50–150 �m range by performing a different number of
orch scans in front of the substrate.

This change was found to have a major influence on the coatings’
haracteristics. Thinner coatings are somewhat more defective,
ecause the flattening of cermet particles impacting onto the soft
l surface is restrained by the deformation of the surface itself, so

hat the particles retain small pores. Thicker coatings, deposited
y performing several torch scans, are denser because of two rea-
ons. First, as a new layer is deposited, the high velocity impact of
he particles peens the previously deposited material and densifies
t. Secondly, the new particles can flatten more efficiently, as they
mpact on a much harder surface (the previously deposited coating
ayers); therefore, the new coating layers are less defective than the
rst ones.

These microstructural changes have important consequences on
ll of the mechanical and functional properties of the coatings.
s the number of torch scans increases, indeed, the hardness of

he cermet coating improves, the sliding wear rate is significantly
ecreased, and less damage is found after cyclic impact testing.

n particular, the largest differences exist between the properties
f the coatings deposited using 2 and 3 torch scans: when the
umber of torch scans is low, the densification effects obtained by
erforming an additional scan are the most remarkable; further

mprovements are progressively less significant.
Although the extensive deformation of the Al substrate upon

mpingement of the HVOF-sprayed cermet particles is a source of
efectiveness, it results in an excellent interfacial adhesion between

he coating and the substrate; moreover, a sort of “graded” layer
a few tens of microns thick) between the cermet coating and the
luminium substrate is produced in this way. The cermet coatings
re therefore capable of sustaining cyclic impact conditions with
o interfacial cracking or delamination.

[

[

7 (2009) 944–953

The effect of a thin Ni bond coat was also checked: except for
the 2-scan cermet coating, such very thin and irregular bond coat
does not produce any major improvement in the microstructural,
mechanical and tribological characteristics of the cermets.
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