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This paper provides a comprehensive assessment of the sliding and abrasive wear behaviour of WC–10Co4Cr
hardmetal coatings, representative of the existing state-of-the-art. A commercial feedstock powder with two
different particle size distributions was sprayed onto carbon steel substrates using two HVOF and two HVAF
spray processes.
Mild wear rates of b10-7 mm3/(Nm) and friction coefficients of ≈0.5 were obtained for all samples in ball-on-
disk sliding wear tests at room temperature against Al2O3 counterparts.WC–10Co4Cr coatings definitely outper-
form a reference electrolytic hard chromium coating under these test conditions. Theirwearmechanisms include
extrusion and removal of the binder matrix, with the formation of a wavy surfacemorphology, and brittle crack-
ing. The balance of such phenomena is closely related to intra-lamellar features, and rather independent of those
properties (e.g. indentation fracture toughness, elastic modulus) which mainly reflect large-scale inter-lamellar
cohesion, as quantitatively confirmed by a principal component analysis. Intra-lamellar dissolution of WC into
the matrix indeed increases the incidence of brittle cracking, resulting in slightly higher wear rates. At 400 °C,
some of the hardmetal coatings fail because of the superposition between tensile residual stresses and thermal
expansion mismatch stresses (due to the difference between the thermal expansion coefficients of the steel
substrate and of the hardmetal coating). Those which do not fail, on account of lower residual stresses, exhibit
higher wear rates than at room temperature, due to oxidation of the WC grains.
The resistance of the coatings against abrasive wear, assessed by dry sand–rubber wheel testing, is related to
inter-lamellar cohesion, as proven by a principal component analysis of the collected dataset. Therefore, coatings
deposited from coarse feedstock powders suffer higherwear loss than those obtained from fine powders, as brit-
tle inter-lamellar detachment is caused by their weaker interparticle cohesion, witnessed by their systematically
lower fracture toughness as well.

© 2015 Elsevier B.V. All rights reserved.
1 . Introduction

Hardmetal coatings deposited by the high velocity oxy-fuel (HVOF)
spray process exhibit high density andmechanical strength. This results
from the high momentum of the feedstock powder particles at the mo-
ment of impact on the substrate [1] and from their significantly lower
temperature, much more suitable to hardmetal compositions than
that attained e.g. in atmospheric plasma spraying (APS) processes.
These coatings accordingly find a large variety of industrial applications
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for the protection of mechanical components against sliding and abra-
sive wear at various temperatures [2] and in different environments.
They are also listed among the most promising alternatives to hard
chromium electroplating [3], due to their technical advantages [3,4]
coupled to the lower environmental and lifecycle impact of the deposi-
tion process [5]. This is of particular interest as the chromium
electroplating technique is facing regulatory restrictions due to its envi-
ronmental and health hazardousness [6,7].

The properties of thermal spray hardmetal coatings, including their
wear resistance in different tribological conditions, may however vary
as a function of the feedstock powder properties, the spray process,
and the deposition parameters, as shown e.g. by a number of studies
on WC-based materials [8–12]. From these studies, it is inferred that
some of the most influential factors include the selection of the HVOF
spray process (among the many commercially available ones) [1,
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8–11], the process parameters [10,13], the properties of the carbide
(WC- or Cr3C2-based) and the binder phase, as well as the composition
and the properties of the feedstock powder (size of particles [13–15]
and of carbide grains [16–18]). Specifically, the need to heat powder
particles enough to achieve plastic deformation of the feedstock powder
particles at the moment of impact, and, consequently, good inter-
lamellar bonding must be balanced with the contrasting need to
prevent changes of the chemical and phase composition [19]. This
means a certain degree of decarburisation is unavoidable when using
the HVOF process.

In addition to the HVOF processes, the high velocity air-fuel (HVAF)
process was developed nearly in the same period of time [20]. Due to
low deposition efficiencies of the first generations of spray guns, this
process did not find wide distribution in the industry. Significant
constructive enhancements about 15 years ago increased the economic
effectiveness. Together with lower thermal load and the higher veloci-
ties of the feedstock powder particles, this spray process represents an
alternative to the HVOF spray processes. This broadens the range of
available choices by offering the possibility to deposit dense coatings
with excellent mechanical properties and high wear resistance [19].

Nowadays, the composition WC–10 wt.% Co–4 wt.% Cr (designated
asWC–10Co4Cr in the following) is one of themost important commer-
cially available ones and widely used for the preparation of coatings
having simultaneously high wear and corrosion resistance [12]. Inten-
sive studies on this composition have started at the end of 1990-ies
only [21] and were closely connected with the increasing use of
HVOF-sprayed coatings [12]. The ratio of cobalt to chromium in this
composition is 2:1 by volume and the nominal content of carbon is
5.27% [22]. WC, the η-phase (Co,Cr)3W3C, and a (Co,Cr,W) alloy binder
are expected to be in thermodynamic equilibrium. However, in the case
of higher carbon content, in equilibrium conditions a (Co,Cr,W)7C3

phase will appear instead of the η-phase [22,23]. In all cases, chromium
is contained both in themetallic binder and the hard phase [22–24]. An-
other important feature of chromium addition is a significant melting
point reduction compared to plain WC–Co [23]. In general, it seems
that WC–10Co4Cr is a good empirically derived and balanced formula-
tion for the preparation of simultaneous wear and corrosion resistant
coatings [22].

Under sliding and abrasive wear conditions, properly manufactured
WC-based hardmetal coatings exhibitmatrix abrasion, until unsupport-
ed WC grains are fractured and/or pulled out of the surface [25,26].
Micro-scale plastic deformation of the top surface has also been noted
after sliding wear testing in some studies [27–29]. In case of excessive
changes of phase composition, the coatings reportedly become very
brittle, with surface and sub-surface crack propagation dominating
their tribological behaviour in sliding and abrasive conditions [11,
16–18,30,31]. When particles are scarcely heated during spraying, by
contrast, inter-lamellar detachment is likely to occur [31].

Many of the cited papers, however, consider a limited set of coatings,
which do not allow a comprehensive assessment of different technolo-
gies and different feedstock powders. Even those which report about
systematic studies, such as the literature on the comparison between
HVOF- and HVAF-sprayed WC-based hardmetal coatings [11,32–34],
have limitations, such as the description of samples not belonging to
the state-of-the-art due to the use of older deposition technologies
and/or of non-optimal parameters, or the lack of a detailed investigation
of wear mechanisms. Little information is also available on the high-
temperature wear behaviour of WC-based hardmetal coatings (few
examples are given in [28,29,35,36]).

The present research therefore aims to provide a comprehensive
assessment of the tribological properties of HVOF- and HVAF-sprayed
WC–10Co4Cr hardmetal coatings obtained by the use of feedstock
powders with different particle size distributions. These coatings
provide a representative picture of the state-of-the-art. Focus is made
on the characterisation of the wear behaviour under dry sliding wear
(at room temperature and at 400 °C) and abrasive wear conditions.
2 . Experimental

2.1 . Sample manufacturing

One commercial powder composition (WC–10Co4Cr), with two
different particle size distributions suitable for the HVOF and HVAF
spray processes, was provided by one manufacturer and sprayed using
four different thermal spray techniques: a liquid-fuelled (paraffine)
JP-5000 HVOF spray process (Praxair-TAFA, Concord, NH, USA), a gas-
fuelled (propane) Diamond Jet 2700 HVOF spray process (Sulzer-
Metco,Wohlen, Switzerland), and theM2 andM3HVAF spray processes
(Uniquecoat Technologies llc., Oilville VA, USA). The latter differ both in
torch construction and in the employed fuels, respectively methane and
propane. A summary of all powders, processes and coatings employed in
this study, togetherwith their conventional designations used hereafter,
is provided in Table 1.

All coatingswere sprayed onto 100×50× 8mmplates of low-carbon
Domex 355 steel (chemical composition, in weight %: C b 0.10, Mn =
1.50, P b 0.025, S b 0.010, Fe = balance), which were grit-blasted before
deposition. The samples were mounted on a rotating sample holder; the
resulting coatings had a thickness of≈250–300 μm. Process parameters
for all deposition techniques had previously been optimised in order to
obtain dense coatings with high deposition efficiency.

As a term of comparison, two electroplated hard chromium layers
(both ≈300 μm thick) were deposited at an industrial facility onto
the same plates (subjected to a preliminary grinding process according
to the manufacturer's standard procedures), using a conventional
CrO3 + H2SO4 Fink's electroplating bath with proprietary additives.
2.2 . Microstructural characterisation

The cross-sectional microstructure of the coatings and of the feed-
stock powders was characterised by scanning electron microscopy
(SEM: Philips XL30 and Quanta-200, FEI, Eindhoven, NL) equipped
with energy-dispersive X-ray (EDX) microanalysis (DX-4 EDAX, USA
and Inca, Oxford Instruments Analytical, Abingdon, UK). Both the pow-
ders and the coated samples were cold-mounted in epoxy resin, ground
with diamond papers (up to 1200 mesh) and polished with diamond
slurries (6 μm and 3 μm) and colloidal silica suspension.

Image analysis was performed on SEM micrographs of the coating
cross-sections, obtainedusing a TM3000-TabletopMicroscope (HITACHI),
in order to determine the volume fraction of pores and of carbide grains
and the size of the latter in each sample. A specially developed image
thresholding algorithm utilising the Aphelion® image analysis software
was applied on 20 SEM pictures (7000× magnification) per sample.

The phase composition of the feedstock powders and of all coatings
was assessed byX-raydiffraction (XRD: Empyrean, PANAlytical, Almelo,
NL), performedwith Cu-Kα radiation in the 20°≤ 2θ≤ 120° range. The
integral intensities of the (100) peak of WC (IWC) and of the (101) peak
of W2C (IW2C) were assessed by pattern fitting using pseudo-Voigt
functions and the index of carbide retention (I), quantifying the reten-
tion of the WC phase against the formation of W2C, was computed as
I = IWC / (IWC + IW2C), according to the definition in [10].

In addition, both fractions of the feedstock powderwere analysed for
their total carbon content by the combustion method (WC 600, LECO
Corporation, St. Joseph, MI, USA) and for their magnetic saturation
(Sigmameter, Setaram, Saint-Cloud, France). The latter method allows
to obtain fast additional information about the state of cobalt in the
hardmetal composition, in combination with XRD results, and it is
described in more detail elsewhere [22].

Themicrohardness of the coatings wasmeasured on polished cross-
sections by Vickers indentation according to the standard ASTM E-384-
10.Measurements were carried out using a Vickers indenter (Shimadzu
Microhardness Tester) at three different loads of 100 gf (≈1 N), 300 gf
(≈3 N) and 500 gf (≈5 N), with a dwell time of 15 s. For each load, 20



Table 1
List of powders, deposition techniques and resulting coatings used in this study, together with their conventional designations.

Powder material Deposition process (designation)

Composition (wt.%) Commercial designation Size (μm) Ref. code HVAF M3 a)

(P1)
HVOF JP5000 b)

(P2)
HVOF DJ2700 c)

(P3)
HVAF M2 d)

(P4)

WC–Co–Cr 86-10-4 AMPERIT®e) 558.059 −30 + 5 W1 P1W1 P2W1 P3W1 P4W1
AMPERIT®e) 558.074 −45 + 15 W2 P1W2 P2W2 P3W2 P4W2

a) M3-HVAF torch, Uniquecoat, Oilville, Virginia, USA.
b) JP5000 torch, Praxair-Tafa, Concord, NH, USA.
c) Diamond Jet 2700, Sulzer-Metco, Wohlen, Switzerland.
d) M2-HVAF torch, Uniquecoat, Oilville, Virginia, USA.
e) H.C. Starck GmbH, Laufenburg, Germany.
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impressions, evenly distributed in a half circle through the entire test
panel, were made on each coating cross-section.

Indentation fracture toughness (IFT)was also assessed by performing
indentations into the polished cross-sections of the coatings using a
Vickers-shaped indenter (12 indents, Mitutoyo AVK C1). A high peak
load of 5 kgf (≈49 N, load period 10 s)was employed in order to induce
crack propagation from the indent corners. Fracture toughness was de-
termined by measuring crack lengths on optical micrographs (200×
magnification, 2560 × 1920 pixel resolution) using ImageJ [37]. Only
cracks parallel to the substrate starting at the left and right tip of in-
dents, respectively, were considered (Fig. 1), according to the method
described in [38]. The critical stress intensity (KIC) was calculated ac-
cording to Niihara et al. [39] based on the Palmqvist crack model.

The Young's modulus has been measured with the surface acoustic
wave method (LAwave®), the details of sample preparation and mea-
surement technique are given elsewhere [40,41].

In order to determine the thermal expansion coefficient of the
WC–10Co4Cr coating and of the steel substrate, optical dilatometer
measurements (Horizontal Optical Dilatometer Misura® ODLT, Expert
System Solutions, Modena, Italy) were performed on 50 × 5 × 0.3 mm
specimens obtained from sample P2W1 by metallographic cutting and
grinding with SiC papers. Measurements were carried out in air at
a heating rate of 5 °C/min up to 400 °C. Two heating cycles were
performed and the thermal expansion coefficient values were
obtained from the second cycle, in order to avoid artefacts due e.g.
to the release of residual stresses, in accordance with the procedure
described in [42].

2.3. Wear testing

Rotating ball-on-disk tests (High-Temperature Tribometer, CSM
Instruments, Peseux, Switzerland) were performed according to
Fig. 1. Optical micrograph of a cracked Vickers indentation employed for fract
the ASTM G99 standard on ground and polished coating surfaces
(Ra ≈ 0.02 μm). The stationary counterparts were sintered Al2O3

spheres (nominal hardness HV≈ 1900) of 6 mm diameter. Test condi-
tions include normal load of 10 N, relative sliding speed of 0.10 m/s,
wear track radius of 7 mm and an overall sliding distance of 5000 m.
Tests were performed both at room temperature (temperature≈ 25 °C,
relative humidity ≈ 60%) and at 400 °C. In the latter case, the sam-
ples were induction heated from the base plate of the tribometer
and their temperature was monitored by a thermocouple in contact
with their rear surface. The samples were heated for 1 h up to 400
°C and they were allowed for additional 30 min to stabilise in iso-
thermal conditions. At least two tests were performed for each
coating.

The friction coefficient was monitored during the test using a load
cell attached to the ball holding arm. The volume losses of samples
and counterparts were assessed by optical confocal profilometry
(Conscan profilometer, CSM Instruments) of wear tracks and by optical
microscopy measurement of worn cap diameters, respectively. Data
were normalised over sliding distance and normal load in order to
obtain the wear rates.

Moreover, the morphology of the wear scars on the samples was
studied by SEM. The phase composition of the debris clusters attached
to the wear scar and of the loose debris particles laying outside the
wear scar was assessed bymicro-Raman spectroscopy (LabRam, Horiba
Jobin-Yvon, Villeneuve d'Ascq, France) using a 632.81 nm-wavelength
He:Ne laser radiation focused through 50× and 100× objectives. Some
representative samples of loose debris particles were also collected on
a Cu grid for observation by transmission electron microscope (TEM:
JEM 2010, Jeol, Tokyo, Japan), equipped with EDX microanalysis detec-
tor (INCA).

Abrasion wear behaviour of the coatings was evaluated using a
modified version of the ASTM G65 dry sand–rubber-wheel (DSRW)
ure toughness measurement, with indication of horizontal crack lengths.
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abrasion wear test, where five samples were tested simultaneously.
Blocky-shaped dry quartz sand (SiO2) with a grain size ranging from
0.1 to 0.6 mm was used as the abrasive. The flow rate of the abrasive
was 25 g/min. Sample surfaces were ground using 1200 grit SiC paper
(Ra ≈ 8 μm) before testing. During the test, the samples were pressed
with a normal load of 23 N against a rotating rubber wheel with a
surface speed of 1.64 m/s. The test lasted for 60 min for an overall
wear distance of 5904 m. The samples were weighed every 12 min
using an analytical scale with 0.001 g accuracy, in order to determine
their mass loss, which was converted to volume loss using density
values. Specifically, the density of each hardmetal coating was com-
puted based on its volume fraction of pores and carbide grains deter-
mined by image analysis (Section 2.2), using ρWC = 15.7 g/cm3 as
the density of WC and ρbinder = 8.6 g/cm3 [43] as the density of the
binder matrix (in the absence of precise data, the latter value was as-
sumed to be approximately equal to that of a Stellite® alloy). Some of
the coatings contained significant amounts of W2C, which has a
higher density (17.2 g/cm3) thanWC. However, the error for the con-
version into volume loss made by neglecting these amounts of W2C
has been estimated to be smaller than the error of the measurement.
The density of electrolytic hard chromium was assumed to be
ρEHC = 7.2 g/cm3 [44].

Worn surfaces were also observed by SEM (XL40, FEI).

2.4 . Residual stress measurements

Residual stresses were measured by X-ray diffraction (X'Pert
PRO diffractometer, PANAlytical, Almelo, NL: Cu-Kα radiation) on
as-deposited samples P1W1, P2W1, P3W1 and P4W1 (Table 1).

Measurements were performed according to the sin2ψmethod in
ω-tilt configuration. A line focus source with parallel beam set-up,
comprising an X-ray mirror on the incident beam path and a gas-
proportional detector with parallel plate collimator on the diffracted
beam path, was employed in order to minimise errors due to sample
positioning in the vertical direction [45,46].

The (211) peak ofWC, located at 2θ≈ 117.3°, was acquiredwith a 2θ
scan range of 4°. Measurements were performed at symmetric positive
as well as pseudo-negative ψ angles corresponding to sin2ψ values of 0,
0.1,…, 0.4, and theywere repeated at three different sample orientation
angles (φ) of 0°, 45° and 90°, where φ=0° and φ= 90° correspond to
the directions parallel to the major and minor side of the rectangular
samples, respectively. The interplanar spacing dφ,ψ

(211) was therefore
obtained at each ψ,φ position and the corresponding lattice strain was
computed as εφ,ψ(211) = (dφ,ψ(211) − d0

(211))/d0(211), where d0
(211) is the un-

stressed interplanar spacing. According to [47], assuming a plane stress
condition, the sin2ψ equation can bewritten for the threeφ orientations
to yield the following relations (1.1 to 1.3):

ε 211ð Þ
0� ;ψ ¼ 1

2
S 211ð Þ
2 σ11sin

2ψþ S 211ð Þ
1 σ11 þ σ22ð Þ ð1:1Þ

ε 211ð Þ
90� ;ψ ¼ 1

2
S 211ð Þ
2 σ22sin

2ψþ S 211ð Þ
1 σ11 þ σ22ð Þ ð1:2Þ

ε 211ð Þ
45� ;ψ ¼ 1

2
S 211ð Þ
2

σ11 þ σ22

2
þ τ12

� �
sin2ψþ S 211ð Þ

1 σ11 þ σ22ð Þ ð1:3Þ

The normal stress components σ11 and σ22 are therefore obtained
from the slopes of the linear plots of εφ,ψ(211) vs. sin2ψ for φ = 0° and
φ=90°, respectively (Eqs. (1.1) and (1.2)). Using these values together
with the slope of the plot for φ=45°, the in-plane shear stress compo-
nent τ12 is then obtained according to Eq. (1.3).

The elastic constants of WC along the (211) direction are 1
2 S

211ð Þ
2 =

2.44 ∗ 10−6MPa−1 and S1
(211)=−4.10∗ 10−7MPa−1, respectively [48].

The unstressed lattice spacing d0
(211) is not known a priori: it is pos-

sible to replace its value by the interplanar spacing measured at ψ=0°,
i.e. assuming d0(211)≈ dφ,ψ = 0°
(211) , with a limited error (not greater than 1%

[49]). The result, however, is further refined by an iterative procedure.
By setting ψ = 0° in Eqs. (1.1) to (1.3), it follows:

d 211ð Þ
φ;ψ¼0�−d 211ð Þ

0

d 211ð Þ
0

¼ ε 211ð Þ
φ;ψ¼0� ¼ S 211ð Þ

1 σ11 þ σ22ð Þ→d 211ð Þ
0

¼
d 211ð Þ
φ;ψ¼0�

1þ S 211ð Þ
1 σ11 þ σ22ð Þ

ð2Þ

The values of σ11, σ22 and τ12 first obtained in the hypothesis that
d0
(211) ≈ dφ,ψ = 0°

(211) are therefore adjusted by re-calculating d0
(211) with

Eq. (2) until convergence is reached.
3 . Results and discussion

3.1 . Feedstock powder characterisation

The feedstock powders W1 and W2 appear very dense (Fig. 2A-D),
with small WC grains, producing a bright contrast in those SEM micro-
graphs, and some large dark grey areas. The diffraction peaks in XRD
pattern of the feedstock powders, presented together with those of
the coatings in Fig. 3, indicate the presence of at least one more phase,
apart from WC and metallic f.c.c.-Co. In order to determine the compo-
sition of the dark grey areas which are probably associated with this
phase, the result of the EDX microanalysis are displayed in Fig. 2E for
the areamarked in Fig. 2C. These dark areas, containing cobalt and chro-
mium as main components together with very little tungsten, most
probably correspond to a (Co,Cr,W)7C3 carbide. According to a short
summary of phase formation for the WC–10Co4Cr composition [22],
above the solubility limit of chromium in the binder at high carbon
content (Co,Cr,W)7C3 carbides can be formed. The results of the exper-
imental study of Zackrisson et al. [50] and a study on the effect of
chromium on phase equilibria in WC–Co hardmetals by Frisk and
Markström [23] have shown similar results. It should be mentioned
that the (Co,Cr,W)7C3 phase is difficult to distinguish from the f.c.c.-Co
and from the η-phase (M6C) in the X-ray diffraction pattern. The posi-
tion of the two main diffraction peaks of Cr7C3 (respectively located at
2θ = 44.2° and 2θ = 42.5° according to the JCPDF 36-1482 file) are
very close to those of f.c.c.-Co (2θ = 44.2°, JCPDF 15-806) and of the
η-phase (2θ = 42.4°, JCPDF 27-1125), and some peak shift due to Co
and W substituting for Cr in the M7C3 lattice may further enhance the
overlapping. Such dark areas were found also in the cross-sections of
other commercial agglomerated and sintered WC–10Co4Cr feedstock
powders, published elsewhere [51–53].

The total carbon contentwas 5.45wt.% and 5.44wt.% for theW1 and
W2 powders, respectively. Both values are significantly higher than the
nominal content of 5.27 wt.% in the composition WC–10Co4Cr. This is
an additional indication of the existence of (Co,Cr,W)7C3 in the feed-
stock powder. All feedstock powders produced by sintering and
crushing, studied earlier [22], had a total carbon content below the
nominal carbon content, and thus contained the η-phase instead.

The magnetic saturation was 7.5 μTm3/kg and 8.1 μTm3/kg for the
W1 and W2 powders, respectively. These values are of the same
order of magnitude as those measured on sintered and crushed feed-
stock powders with a carbon content below the nominal one [22].
When the carbon content is above the nominal value, cobalt is large-
ly contained in the (Co,Cr,W)7C3 phase as discussed previously,
whereas it enters the η-phase when the carbon content is below
the nominal value: in both cases, therefore, only a limited amount
of metallic cobalt is left in the matrix. In addition, the magnetic satu-
ration of this metallic cobalt might be decreased by some dissolved
chromium.



Fig. 2. SEM micrographs of the cross-section of the W1 (A,C) and W2 (B,D) feedstock powders, with EDX microanalysis (E) acquired on the area marked in panel C.
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3.2. Coating microstructures

All coatings have thicknesses of 250–300 μm, as expected
(Section 2.1). They exhibit macroscopically dense microstructures
(Fig. 4A,C,E,G) with low porosity detectable at these magnifications. At
greater magnifications, some pores (producing black contrast in
backscattered electron imaging mode) become visible (Fig. 4B,D,F,H).
Specifically, image analysis showed (Table 2) that the fine feedstock
powder results in less porous coatings (W1-series) than the coarse
one (W2-series), although the scatter of the experimental data is
quite large.

In greater detail, the coatings deposited by the HVOF processes (P2-
and P3-series: Fig. 4D,F) differ from those deposited by HVAF processes
(P1- and P4-series: Fig. 4B,H). In the latter, due to the lowHVAF process
temperatures, the changes to the chemical and phase compositions
were minimal or absent, also all of the WC grains contained in the
feedstock powders (Fig. 2A–D), including the finest (sub-micrometric)
ones, are found in the coating (Fig. 4B,H) and they exhibit the same,
angular morphology. In the HVOF-sprayed coatings, due to the higher
process temperature a higher degree of melting andmore intensivemet-
allurgical reactions occur, accompanied with a more intense carbon loss.
This leads to the disappearance of the dark grey (Co,Cr,W)7C3 grains
(Fig. 4D,F). Moreover, qualitative inspection of the SEM micrographs
indicates that some of the finest carbide grains were partly lost and the
remaining ones exhibit more rounded edges, as a consequence of
decarburisation and/or of dissolution in themoltenmatrix (Fig. 4D,F). Ac-
cordingly, the matrix phase acquires a brighter backscattered electrons
contrast level in splats where WC dissolution was more pronounced.
The alteration of WC grains could however be restrained within accept-
able levels in all cases: the differences between the average WC sizes in
the various samples (as determined by image analysis, Section 2.2) are
indeed smaller than the experimental uncertainty (Table 2).



Fig. 3.XRD patterns of theW1 (A) andW2 (B) feedstock powders and of all corresponding
WC–CoCr coatings.
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The carbon loss of the HVOF-sprayed coatings (P2- and P3-series) is
however perceivable through XRD patterns. The diffraction peaks of
W2C appear (Fig. 3) and, at the same time, peaks of (Co,Cr,W)7C3

existing in the feedstock powder, as discussed in Section 3.1, disappear.
The main diffraction peak of W2C, located at 2θ ≈ 39.94°, is slightly
shifted from the theoretical position (2θ ≈ 39.57°, as listed in the
JCPDF 35-776 file): in accordance with [22,54], this means that the
W2C phase contains some Cr, formed as a result ofmetallurgical interac-
tions during the spray process. Namely, a (W,Cr)2C composition is
formed: from the peak positions and from the corresponding lattice
parameters, the Cr content, extrapolated from the graph given in [54]
according to the procedure previously outlined in [51], is approximately
9 mol%. This value is quite similar to the 6 mol% content reported for an
analogous HVOF-sprayed WC–10Co4Cr coating [51].

The HVAF-sprayed coatings (P1- and P4-series), by contrast, contain
no detectableW2C and retain the same phase composition of the corre-
sponding feedstock powders (Fig. 3), with peaks belonging to a f.c.c.
Co-based solid solution and to the (Co,Cr,W)7C3 carbide.

Diffraction peaks, however, are broader in the patterns of the HVAF-
sprayed coatings than in the patterns of the powders (Fig. 3), probably
because of the extensive plastic deformation of the particles upon
impact, so that the f.c.c.-Co phase peaks become nearly undetectable
in the former.

Assuming the XRD technique has a detection threshold of about 2%,
the index of WC retention is ≥98% for all HVAF-sprayed coatings,
whereas the values for the HVOF-sprayed coatings was between 54%
and 84% (Table 2). Specifically, the coatings deposited using the finer
feedstock powder (P2W1, P3W1) exhibit the lowest values of WC
retention. Finer powder particles are proposed to be more thoroughly
heated in the flame.

3.3 . Mechanical properties

Hardness (Fig. 5), indentation fracture toughness and elastic modu-
lus (Fig. 6A,B) data highlight important trends. On the one hand, whilst
the two HVOF processes produce similar results, the M3-HVAF process
produces harder, tougher coatings with higher elastic modulus than
the M2-HVAF process, which may be due to differences in torch archi-
tectures, in fuel gases and in other process conditions (Section 2.1).

Specifically, elastic modulus values have very low data scatter, as
testified by the standard deviation plotted as error bar in Fig. 6B.
The magnitude of the differences between the various samples can
therefore be quantitatively evaluated by direct comparison of the aver-
age values. Indentation fracture toughness data is more scattered
(Fig. 6A); therefore, in order to understandwhich samples have a statis-
tically meaningful difference, the Student's t-test is needed. The average
values of two data sets can be considered significantly different if the
probability (p) that the means are identical (i.e. the probability of the
“null hypothesis”), computed through a paired-sample Student's t-test
or a two-sample t-test depending on whether the two data sets have
different or identical variances (as determined through a preliminary
F-test), is p b 0.05. The results, plotted in the table associated to
Fig. 6A, confirm that, for most of the pairs of P1-series and P4-series
samples, the differences between the average KIC values are indeed
significant. Similar considerations hold for Vickers microhardness; the
overall p-values table can be found in the supplementary data provided
with the paper.

On the other hand, for each deposition process (P1–P4), the finer
feedstock powder (W1-series) produces coatings with slightly higher
toughness and elastic modulus than those obtained from the coarser
one (W2-series). Once again, this is obvious for elastic modulus data,
whilst the significance of the differences between pairs of KIC values is
confirmed by the Student's t-test (Fig. 6A). With each spray process,
the finer powder therefore provides better interparticle cohesion. The
finer powder particles probably exhibit better plastic flow behaviour
upon impact onto the substrate. Particles therefore spread out more
extensively, creating stronger interfaces with fewer defects.

It is also noted that the present indentation fracture toughness
values of ≈4–7 MPa ∗ m1/2 (Fig. 6) are consistent with literature
values computed for similar WC-based coatings using the same
equation [55–58].

Comparison of Vickers microhardness measurements at 300 gf and
500 gf load (with the aid of the p-values from Student's t-test provided
in the supplementary data) also reveals a decrease from the W1-series
to the W2-series sample, which is related to weaker long-range cohe-
sive strength. Large material volumes, including a number of splats,
are indeed affected at such indentation loads [59].

Microhardness at low loads, by contrast, is mainly affected by intra-
lamellar properties; therefore, the significantly higher HV0.1 values of
the HVOF-sprayed samples obtained from the fine feedstock powder
(P2W1, P3W1) compared to those obtained from the coarse one
(P2W2, P3W2) is probably related to the greater carbide dissolution
observed in the former (Section 3.2 and Table 2), which increases the
hardness and brittleness of the matrix phase. Accordingly, the HVAF-
sprayed samples, which never undergo measurable losses of WC
phase (Section 3.2 and Table 2), exhibit no significant change in HV0.1

values with coarsening of the feedstock powder (compare samples
P1W1 to P1W2 and P4W1 to P4W2: Fig. 5 and p-values table in the
supplementary data).

As the test load increases, microhardness starts being somewhat
affected by inter-lamellar cohesion as well. Stronger large-scale inter-
lamellar cohesion in the samples obtained from the fine feedstock pow-
der is therefore also proven by the fact that the distribution of hardness
data in the W1-series samples becomes narrower with increasing



Fig. 4. Cross-sectional SEM micrographs of samples P1W1 (A,B), P2W1 (C,D), P3W1 (E,F), and P4W1 (G,H).
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indentation load (Fig. 5A). In the coatings belonging to the W2-series,
by contrast, the distribution of experimentally measured hardness
values remains considerably broad from 100 gf to 500 gf (Fig. 5B).
Table 2
Index of carbide retention (I) of all hardmetal coatings; porosity, volume fractions of
matrix and of WC grains and average size of the latter, assessed by image analysis on
SEM micrographs (Section 2.2); and resulting values of computed density (Section 2.3).

Sample Porosity
(vol.%)

Carbides
(vol.%)

Carbide
size (μm)

Binder
(vol.%)

Density
(g/cm3)

Index of WC
retention (I)

P1W1 0.7 ± 0.5 54.9 ± 9.0 0.7 ± 0.1 44.4 ± 8.9 12.4 N98%
P1W2 2.1 ± 1.7 51.3 ± 7.0 0.8 ± 0.1 46.6 ± 6.6 12.1 N98%
P2W1 3.9 ± 1.9 49.5 ± 4.7 0.6 ± 0.1 46.6 ± 4.7 11.8 60%
P2W2 4.1 ± 1.8 47.3 ± 5.9 0.6 ± 0.1 48.6 ± 5.5 11.6 84%
P3W1 2.0 ± 0.9 63.3 ± 9.5 0.8 ± 0.2 34.7 ± 9.3 12.9 54%
P3W2 7.3 ± 3.3 57.8 ± 8.5 0.8 ± 0.1 34.9 ± 7.7 12.1 83%
P4W1 1.1 ± 1.0 72.9 ± 2.9 1.2 ± 0.2 26.0 ± 2.5 13.7 N98%
P4W2 1.8 ± 1.6 67.4 ± 3.3 1.1 ± 0.2 30.8 ± 2.2 13.2 N98%
This is mostly due to the presence of a comparatively higher amount
of defects (resulting in increasing inter-lamellar sliding at higher
loads) and to greater local variability (e.g. particles with different
flattening and/or melting degrees) in the coatings of the W2-series,
compared to the ones obtained from the finer powder W1.

3.4 . Ball-on-disk testing

3.4.1 . Room temperature behaviour
At room temperature, the slidingwear rates of allWC–10Co4Cr coat-

ings (Fig. 7) are below 10−7 mm3/(Nm), i.e. they correspond to a mild
wear regime [60]. Under the present experimental conditions, they
are orders of magnitude lower than those of electroplated hard chromi-
um references. The differences between the various WC–10Co4Cr coat-
ings are small and often negligible within experimental error, as the
probability of the “null hypothesis” from the Student's t-test is p N 0.05
for many of the data pairs (see the related table in Fig. 7). Most of the
statistically significant differences concern samples P2W1 and,
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Fig. 5. Vickers microhardness results: boxplot representation of the distribution of 20
hardness values per coating following ASTM E-384-10, for samples belonging to the
W1- (A) and W2- (B) series.
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particularly, P3W1. They indeed exhibit slightly higher wear rates than
all other samples, which can be interpreted based on the following anal-
ysis of wear mechanisms.

The WC–10Co4Cr coatings exhibit a combination of two concurrent
wear mechanisms:
A

Fig. 6. (A) Indentation fracture toughness (KIC) and (B) elasticmodulus values of all coatings, w
assumed to have significantly different average values and are highlighted in grey colour, whe
(i) Near-surface plastic deformation, leading to the formation of
rough “waves” (Fig. 8, label 1) consisting of lips of material ex-
truded out of the surface (Fig. 9C,D). Friction between themating
bodies induces a shear stress on the coating surface, directly on
the contact area with the counterpart, which causes out-of-
plane plastic flow of the metal matrix at an angle of approxi-
mately 45° with respect to the pristine surface plane. The WC
grains, due to their fine size (micrometric and sub-micrometric,
see Section 3.1), are dragged together with the matrix into
these “wavy” extrusions. These “waves” have a micrometric
length scale, hence the plastic flow phenomena probably occur
at the intra-lamellar level.

(ii) Brittle cracking, which leads to the detachment of small portions
of material from the coating surface (Fig. 8, label 2). This mecha-
nism is probably mainly responsible for the largest part of the
wear loss. The size of cracks and of the resulting voids left on
the coating surfaces, ranging mostly from few micrometres to
few tens of micrometres (Fig. 9A,B), is usually smaller than the
size of splats formed from the feedstock powder particles. Crack-
ing during sliding contact, under the present test conditions,
is therefore taking place at the intra-lamellar level, i.e. inside
individual lamellae.

Both mechanisms occur simultaneously for all coatings: e.g., see Fig.
9A and 9D showing two different details of the sameworn surface. Their
respective contributions to the wear loss, however, differ in the various
samples. As they both take place at intra-lamellar level (which is
probably due to the small size of the contacting asperities on themating
bodies), their relative incidence is primarily determined by intra-
lamellar properties. As a result, crack formation and propagation are
more likely to occur on coatings which have been embrittled at the
intra-lamellar scale by carbide dissolution and by carbon deficiency,
such as samples P2W1 and P3W1 (see Section 3.2 and Table 2). Coating
properties at the inter-lamellar level (i.e. on a larger length scale) have
comparatively lower relevance. This is supported by the fact that the
wear rates of the coatings sprayed with the M2-HVAF process (P4W1,
P4W2) are lower than those of samples P2W1 and P3W1 and compara-
ble to those of all other WC–10Co4Cr coatings, although their inter-
B

ith correspondingmatrixes of p-values from Student's t-test. Sample pairs with p b 0.05 are
reas those with p ≥ 0.05 may have identical averages and are highlighted in white colour.



Fig. 7.Wear rates and friction coefficients obtained byball-on-disk dry slidingwear tests at room temperature (RT) and at 400 °C.Matrixes ofp-values fromStudent's t-test are provided for
wear rate data at room temperature and at 400 °C. Sample pairs with p b 0.05 are assumed to have significantly different average values and are highlighted in grey colour, whereas those
with p ≥ 0.05 may have identical averages and are highlighted in white colour.
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lamellar cohesion is poorer, as discussed in Section 3.3 based on hard-
ness and toughness measurements (Figs. 5 and 6).

These qualitative considerations are statistically supported by
principal component analysis (PCA). The PCA method devises a set of
n orthogonal vectors (the principal components), which represent a
Fig. 8. SEMmicrographs of thewear scars on samples P1W1 (A) and P2W2 (B). Label 1=
plastically deformed “wavy” features; label 2 = areas with evidence of brittle cracking.
basis for the n-dimensional space constituted by a set of m measure-
ments of n distinct variables. Of the infinite available orthogonal bases,
PCA computes the one which best describes the variance of the data
set. Namely, the first principal component accounts for the highest
possible fraction of the overall variance of the data set, the second one
accounts for the highest fraction of the remaining variance, etc. Each
principal component is therefore a linear combination of the original
variables.

In the present case, the selected variables are porosity and carbide
content (from image analysis), index of carbide retention (from XRD
peak fitting), Vickers microhardness measured with 100 gf (HV0.1)
and 500 gf loads (HV0.5), indentation fracture toughness (KIC), elastic
modulus (E), and sliding wear rate at room temperature. They provide
a (m = 8) × (n = 8) matrix of experimental observations.

By applying the PCA method, a set of orthogonal principal compo-
nents is devised, where the first and second ones alone account for
about 80% of the variance of the data set (see the Pareto chart in
Fig. 10A), whilst all components from the 5th to the 8th are basically in-
significant. The following analysis will therefore focus on the first and
second principal components only. The contributions of the original
variables to these components are plotted as vectors in Fig. 10B, to-
gether with the coordinates of each data point (i.e. of each of the eight
WC–CoCr coatings) in the new reference system. The amount of
carbides (measured both by the index of carbide retention and by the
carbide content) and the microhardness at low load (HV0.1) are the
variables which correlate best with the sliding wear rate.

The index of carbide retention and the sliding wear rate indeed
provide nearly opposite contributions to the 1st and 2nd principal com-
ponents, whichmeans a decrease in carbide retention translates almost
directly into an increase in sliding wear rate, in accordance with the
previous discussion. Similar considerations hold for the carbide content,
although carbide retention and carbide content are not coincident
(Fig. 10B), which probably comes from their different measurement
methods (XRD peak fitting vs. image analysis).

Analogously,wear rate andHV0.1 have similar (though not identical)
contributions to both of the principal components. It was accordingly
observed in Section 3.3 that HV0.1 largely reflects intra-lamellar proper-
ties; in particular, it is affected by carbide dissolution. As the latter
increases, the intra-lamellar material grows harder but it also loses



Fig. 9. High magnification SEM micrographs of the wear scars of samples P2W2 (A) and P3W1 (B), showing details of brittle cracking regions, and of samples P1W2 (C) and P2W2
(D), showing details of plastically deformed “wavy” areas.
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toughness, thus becoming more prone to wear by micro-scale brittle
fracture (as mentioned previously), resulting in higher wear rates as
quantitatively shown by Fig. 10B. The relation between the sliding
wear rate and theHV0.5 value is less obvious, as the latter bears a greater
influence from inter-lamellar cohesion (see Section 3.3), which has no
significant role on sliding wear.
Fig. 10. Results of principal component analysis for sliding wear at room temperature: (A) Par
(dots) along the 1st and 2nd principal components.
The wear rate is indeed almost orthogonal to the elastic modulus
and to indentation fracture toughness. This leads to the following
considerations:

(i) The elastic modulusmeasured by the acoustic-wave propagation
technique and the indentation fracture toughness obtained by
eto chart, and (B) plot of the variable coefficients (vectors) and of the observation scores
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high-load indentation testing are closely related to one another
as they both primarily measure large-scale inter-lamellar cohe-
sion (as previously explained in Section 3.3);

(ii) Inter-lamellar properties are not influential on the sliding wear
behaviour, in accordance with the previous observations.

After plastic flow has occurred, the matrix is removed from the
extruded lips, so that WC grains are soon protruding on top of the
“waves”, as seen in Figs. 9C,D. Following an initial running-in period,
most of the contact is therefore borne by the WC grains alone. Due to
their hardness, their tendency to stick to the alumina counterpart is
low, so that no adhesion and no material transfer between the mating
bodies occurs, consistent with the smooth and quite clean wear surface
of the alumina counterpart (Fig. 11A,B). The latter undergoes mild
polishing wear at a rate of ≤10−8 mm3/(Nm), lower than that of all
WC–10Co4Cr coatings by up to one order of magnitude (in accordance
with previous studies on similar material pairings [51,61]). The
resulting friction coefficients are approximately 0.5 (Fig. 7): they are
not particularly low, but they indicate that no seizure occurs between
the contacting surfaces.

As the wear loss of both theWC–10Co4Cr coatings and the counter-
part is confined to a mild wear regime, very fine debris is produced,
consisting of aggregates of nanometric particles (Fig. 12A) with an
amorphous structure, as seen in high resolution TEM micrographs and
in the corresponding SAED patterns (Fig. 12B). The Raman spectrum
of this debris (Fig. 13) is similar to that of amorphous Co/W oxides
with high W content [62]. This Co-containing amorphous W oxide is
Fig. 11. Optical micrographs of the worn surface of the alumina ball after sliding at room
temperature against WC-CoCr samples P1W1 (A) and P3W2 (B).

Fig. 12. TEM micrographs of the loose wear debris collected outside the wear scar after
ball-on-disk sliding wear testing on sample P1W2 (A,B), with inset SAED pattern, and
EDX spectra acquired at the locations marked in panel A (D). Note that the EDX peak of
Cu is due to the contribution of the copper grid supporting the sample.



Fig. 13. Raman spectra of the loose wear debris collected outside the wear scar after ball-
on-disk sliding wear testing on sample P1W2.

Fig. 14. SEMmicrographs showing an overview (A) and a detail (B) of the wear scar pro-
duced after ball-on-disk testing on electroplated hard chromium at room temperature,
and optical micrograph of the corresponding wear scar on the Al2O3 ball (C).
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formed by comminution and tribo-oxidation of very small fragments of
coating material, coming either from the removal of the metal matrix
together with a fewWC grains during lip extrusion and “waves” forma-
tion (mechanism i), or from brittle cracking (mechanism ii). In [63],
amorphous W-based oxide was also reported as the main constituent
of the wear debris of bulk WC–Co in fretting contact against alumina.
Very little Al is found in the debris (Fig. 11C), as the wear loss of the
Al2O3 counterpart was previously shown to be one order of magnitude
lower than that of the coating.

In the case of electrolytic hard chromium coatings, by contrast, more
severewear occurs by abrasion (Fig. 14A) and adhesion (as indicated by
the small delaminations seen in Fig. 14B). Accordingly, the coating sticks
to the counterbody and builds a transfer layer onto it (Fig. 14C),
resulting in much higher friction coefficient than that produced by
WC–10Co4Cr under the same experimental conditions (Fig. 7). Debris
particles are also much bigger (Fig. 15A). They are partly crystalline
(Fig. 15B and SAED pattern in Fig. 15C) and, based on the low intensity
of the oxygen peak in the corresponding EDX spectra (Fig. 16A — note
that this peak is also partly overlapped by the Cr–L lines), they are prob-
ably not completely oxidised, i.e. they contain quite coarse fragments of
chromium. The presence of an oxidised fraction is however indicated by
the possibility to acquire well-defined Raman spectra (Fig. 16B).
Straightforward interpretation of these spectra is not easy: the broad
feature at ≈ 550 cm−1 can be ascribed to Cr(III) oxi-hydroxides [64],
but the main peak at ≈880 cm−1 may belong either to chromate
species [64] or to Cr2O3 nanoparticles with hydroxylated surfaces [65].
The possible release of chromates in the debris, as a result of wear and
tribo-oxidation of electroplated hard chromium in sliding contacts,
has not been examined in the literature up to now, and it cannot be
undoubtedly claimed based on the present results. Deeper investigation
on this topic is outside the aim of this work, but it should be carried out
in future research. If the finding of Cr(VI) in the debris is confirmed,
indeed, it would constitute another important health and safety issue
calling for the replacement of electroplated hard chromium.

3.4.2 . Behaviour at 400 °C
At 400 °C, the wear rates of WC–10Co4Cr coatings increase

by one order of magnitude and become somewhat higher than
10−7 mm3/(Nm) (Fig. 7), with the exception of samples P3W1 and
P3W2, which failed due to the development of a macroscopically
visible network of through-thickness cracks across their entire
surface (Fig. 17). The cracks, which propagate with a somewhat tor-
tuous path across the coating, often reaching down to the substrate
(Fig. 18B), were probably formed as the sample reached the test
temperature, before the sliding test was commenced, so that ball
and sample wear rates are not meaningful in this case.
3.4.2.1. Analysis of crack formation. The formation of cracks in the
samples deposited by the P3 process (namely, Diamond Jet 2700
HVOF spraying) is probably due to a number of superimposed factors,
including (a) precipitation of secondary carbides, (b) development of
thermal expansion mismatch stresses and (c) presence of residual
stresses, as explained below.
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(a) The microstructure of the HVAF-sprayed samples does not
change after high-temperature exposure (Fig. 18A,C). In the
HVOF-sprayed coatings, on the other hand, few secondary bright
(W-rich) phases appear in the form small, irregularly-shaped
precipitates, often located around some of the originalWC grains
(see circled areas in Fig. 18D). Most probably, W-based second-
ary carbides precipitated from the matrix, which contained W
and C because of the dissolution of WC during HVOF spraying,
as discussed in Section 3.2. Such precipitation has accordingly
been observed in some previous works, though at somewhat
higher temperatures [66,67]. This phenomenon alone, however,
cannot account for the appearance of cracks, which affects only
the samples deposited with one of the two HVOF processes.

(b) In the temperature range from 30 °C to 400 °C, the thermal
expansion coefficient of WC–10Co4Cr is less than half of that of
the substrate (Table 3). The experimentallymeasured CTE values
listed in Table 3 are qualitatively in a good agreementwith those
measured for HVOF-sprayedWC–17wt.% Co by Thiele et al. [42].
As the sample reaches the test temperature of 400 °C, the coating
becomes subject to significant tensile stresses, an analytical esti-
mate of which can be obtained using the composite beam theory
as laid out e.g. in [68]. Specifically, two opposite normal forces
(FT) act on the coating and on the substrate due to thermal
expansion mismatch (Fig. 19), and a bending moment (MT)
arises to balance the normal forces torque. The thermal expan-
sion mismatch stresses on top of the coating layer (σy = h

T ) and
at the coating-substrate interface (σy = 0

T ) are therefore comput-
ed as the sum of the contributions due to the normal force and to
the bending moment:

σT
y¼h ¼ FT

bh
−ECκ h−δð Þ ð3:1Þ

σT
y¼0 ¼ FT

bh
−ECκδ ð3:2Þ

with:

δ ¼ ECh
2−ESH

2

2 EChþESHð Þ neutral axis position

κ = MT/Σ curvature of the coated system

Σ ¼ bhEC h2

3 −hδþ δ2
� �

þ bHES H2

3 þ Hδþ δ2
� �

flexural stiffness

MT ¼ FT Hþh
2 bending moment

FT ¼ b αS−αCð ÞΔT HhESEC
hECþHES

normal force

With reference to the diagram in Fig. 19: b=out-of-plane samplewidth
(=50 mm); h = coating thickness (≈0.35 mm, see Section 2.1); H =
substrate thickness (=8 mm); ΔT = temperature change = (400–20)
°C = 380 °C; αS, αC = thermal expansion coefficients of the substrate
and of the coating (from Table 3).
The elastic modulus of the steel substrate is ES=210 GPa, whereas that
of HVOF-sprayed WC–10Co4Cr coatings (EC), as shown in Fig. 5B, is
approximately comprised in the 250–300 GPa range; therefore,
from Eqs. (3.1) and (3.2) it follows: σy = h

T = 566–654 MPa,
σy = 0
T =574–665 MPa.

Since the thermal expansion coefficient is not strongly dependent on
themicrostructure of a coating, it can be quite confidently assumed that
the values in Table 3 and, therefore, the above thermal stress estimates
are representative of all WC–10Co4Cr coatings employed in this study.

(c) As the crack network only affects the samples deposited by
the Diamond Jet HVOF process, the thermal expansion mis-
match is not its only cause. Notably, in a previous study [28],
Fig. 15. TEM micrographs of the wear debris produced after ball-on-disk testing of the
electroplated hard chromium layer at room temperature (A: overview; B: detail) and cor-
responding selected area diffraction pattern acquired on the area shown in panel B (C).



Fig. 17. SEMmicrographs of the top surfaces of samples P3W1 (A) andP3W2 (B) after ball-
on-disk wear testing at 400 °C.

Fig. 16. EDX spectra (A) and Raman spectra (B) acquired on the wear debris produced by
ball-on-disk testing of electroplated hard chromium at room temperature.
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other WC–10Co4Cr coatings sprayed by Diamond Jet 2600
process, using hydrogen as fuel gas, onto carbon steel devel-
oped an analogous macro-crack network upon heating to
500 °C. The systematic recurrence of the phenomenon in coat-
ings deposited by this specific process suggests the occurrence
of some additional deposition-related factor. Decarburisation
during spraying and consequent high-temperature precipita-
tion of secondary phases during testing is also not a viable ex-
planation, as discussed in point a). The cause more reasonably
lies in the residual stress state of the coatings.

X-ray residual stress analysis was therefore performed on the sam-
ples deposited with fine powder feedstock (W1 series). The results
(Table 4) clearly show that, compared to the other coatings, sample
P3W1 is subject to significantly higher tensile residual stresses on its
top surface. Overall stress levels as high as 900–1000 MPa in the
samples deposited by the Diamond Jet HVOF process can therefore re-
sult from the superposition of their residual stresses, listed in Table 4,
with thermal expansion mismatch stresses previously estimated at
point (b). Such stress levels are obviously capable of inducing extensive
cracking of the P3-series coatings.

The JP5000-HVOF-sprayed coating (sample P2W1) is subjected to
comparatively lower tensile residual stresses on its top surface: this is
probably due to the higher impact velocity of particles sprayed by
liquid-fuelled HVOF processes, inducing greater peening effects which
partly balance the tensile quenching stress contribution [69].

In the HVAF process, stronger peening effects and less splat
quenching result in almost zero residual stress on the top surface.
The stress values of samples P1W1 and P4W1 as listed in Table 4
are indeed almost of the same order of magnitude of the accuracy
of the X-ray residual stress measurement technique, which is usually
of ≈ 20 MPa.

3.4.2.2. Analysis of wear mechanisms. All non-failed samples (P1, P2 and
P4 series) have quite similar wear rates at 400 °C; indeed, only few of
the p-values from Student's t-test are below the statistical significance
threshold of 0.05, and almost none falls below 0.01 (see the related
table in Fig. 7). Accordingly, all of their wear mechanisms are substan-
tially similar, and they differ remarkably from those appearing at
room temperature (Section 3.4.1). This is consistentwith the previously
reported order-of-magnitude increase inwear rates (Fig. 7). Specifically,
the wear scars bear evidence of more severe abrasive grooving
(Fig. 20A), affecting the WC grains as well (Fig. 20B,C).

The hardness of WC is reported to be nearly constant in the temper-
ature range up to 400 °C [70,71]. However, SEMmicrographs (Fig. 21A)
and AFMmaps (Fig. 21B) acquired outside the wear scar show that WC
grains not covered with the metallic binder developed oxide protru-
sions consisting of WO3 (see Raman spectrum in Fig. 21C), whilst the
matrix remained relatively unaffected. Due to its specific volume
beingmuch larger than that ofWC,WO3 adheres poorly to the underly-
ing carbide grain and grows with significant defects [72], so it is expect-
ed to be easily removed during sliding. Permanent removal of the WO3



Fig. 18. SEMmicrographs of thepolished cross-sections of samples P1W2(A: low-magnification, C: highmagnification) and P3W1 (B: low-magnification,D: highmagnification) after ball-
on-disk wear testing at 400 °C. The circles in panel D indicate areas with visible precipitates around the WC grains.
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scale and ongoing fast oxidation of WC grains are therefore plausible
causes for the observed abrasive grooving.

The carbide grains therefore become unable to prevent the coat-
ing from sticking to the alumina counterbody. Evidence of adhesive
wear is indeed found, withmaterial being torn out of the coating sur-
face (Fig. 20D), and a transfer layer is built up on the counterpart
(Fig. 22). Adhesive wear and the consequent onset of self-mated
contact between the coating and the transfer layer account for
the high friction coefficient recorded at this temperature (usually
around 1, Fig. 7).

Friction induces tensile stresses on the coating surface, behind the
contact region: the coupling of this stress to the thermal expansion
mismatch stress discussed in Section 3.4.2.1 results in transverse
microcracking across the entire wear scar (Fig. 20B,C: see arrows).
Consistent observations were reported by the authors in a previous
study [29]. Such cracks were not found in the wear scars of HVOF-
sprayed WC–FeCrAl coatings tested at the same temperature in that
study [29], in spite of its thermal expansion coefficient [29] being
practically identical to that of the present WC–10Co4Cr samples. This
indicates that some form of high-temperature brittleness also contrib-
utes to making WC–10Co4Cr unable to withstand the combined action
of these stresses.
Table 3
Coefficient of thermal expansion of WC–CoCr and of the Domex 355 steel substrate as a
function of temperature, from optical dilatometer measurements.

Temperature range [°C] CTE [∗10−6 °C−1]

WC–CoCr Domex 355 steel

30–100 6.59 12.59
30–200 6.72 13.27
30–300 6.81 13.82
30–400 6.90 14.23
3.5 . Dry sand–rubber wheel testing

Volume losses after dry sand–rubber wheel testing were computed
frommass losses using the density values listed in Table 2, as described
in Section 2.3. The ranking of the various WC–10Co4Cr coatings in this
test (Fig. 23) is different from sliding wear conditions at room temper-
ature and clearly depends on the feedstock powder particle size. Name-
ly, the coatings obtained from the coarse feedstock powder (W2-series)
experience somewhat larger volume losses than those obtained from
the fine powder (W1-series).

The factors underlying this behaviour can be interpreted with
the aid of PCA results. In addition to the abrasive volume loss (Fig. 23),
the chosen variables, as in Section 3.4.1, are porosity, carbide content,
FT

FT

MT

Final configura�on (T = T0 + ΔT)

0
δ H

Fig. 19. Schematics of thermal stress build-up in the coating–substrate system.



Table 4
Residual stresses in W1-series samples, measured by X-ray diffraction using equation set
(1) (Section 2.4).
Direction 1 is parallel to the long side of the 100× 50mm rectangular plates; direction 2 is
parallel to the short side.

Sample σ11 [MPa] σ22 [MPa] τ12 [MPa]

P1W1 (HVAF) 91 2 44
P2W1 (HVOF) 57 148 9
P3W1 (HVOF) 328 282 23
P4W1 (HVAF) −23 59 −61
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index of carbide retention (Table 2), HV0.1, HV0.5 (Fig. 5), elasticmodulus
and KIC (Fig. 6). Once again, focus can be placed on the first and second
principal components only, as they jointly account for around 80% of
the overall variance (Pareto chart in Fig. 24A). The contributions of
the different variables to such components (Fig. 24B) depict a complete-
ly opposite situation, as compared to the sliding wear results in
Section 3.4.1. The abrasive volume loss is poorly related or even almost
orthogonal (i.e. unrelated) to the variables (index of carbide retention,
carbide content, HV0.1) which were the most influential on the sliding
wear rate. Instead, it is closely connected to parameters which measure
long-range inter-lamellar cohesion (elastic modulus and indentation
fracture toughness) and microstructural defectiveness (porosity).

It is therefore concluded that intra-lamellar properties, which con-
trolled the slidingwear behaviour, are largely irrelevant for the abrasive
wear resistance. The latter benefits the most from high coating density
and strong inter-lamellar cohesion.

This behaviour is explained by the twomain wearmechanisms con-
trolling the dry particle abrasion of these materials, identified by SEM
micrographs of the wear scars (representative overviews in Fig. 25A,
B). On one hand, the binder matrix is abraded until the unsupported
WC grains are cracked and pulled out of the surface, as observed e.g.
in Fig. 25C. On the other hand, larger portions of material are detached
from the surface by brittle fracture (see circled areas in Fig. 25A,B; detail
Fig. 20. SEMmicrographs ofwear scars after ball-on-disk tests at 400 °C: overview of sample P1W
delaminations on sample P1W1 (D).
in Fig. 25D). Similar mechanisms of matrix abrasion and brittle fracture
were also reported in various previous studies [30,73–75]. Brittle
fracture, which is clearly responsible for the greater part of the wear
loss, appears more frequently for coatings deposited from the coarse
feedstock powders (compare Fig. 25B to Fig. 25A).

The size of these delaminated regions, ranging from some tens of
micrometres up to≈100 μm, matches with the expected size of lamel-
lae obtained by deformation and flattening of the impacting feedstock
powder particles. It is therefore inferred that brittle removal of entire
lamellae is taking place (as previously reported in [75]); namely, the
resistance to dry particle abrasion largely depends on inter-lamellar
cohesion, differently from ball-on-disk dry sliding wear (which is pri-
marily controlled by intra-lamellar features such as carbide dissolution
and carbon deficiency, Section 3.4.1) and consistently with the previous
PCA results (Fig. 24). The abrasive grits employed in the rubber wheel
test are indeed much larger than the surface asperities coming in
contact under dry sliding conditions. When they are pressed against
the coating surface, they can stress many lamellae at the same time
and cause the detachment of the most weakly bonded ones. This phe-
nomenon therefore occurs more frequently in coatings obtained from
the coarse feedstock powder (W2-series) on account of their poorer
inter-lamellar bonding, previously inferred from porosity (Section 3.2),
modulus and fracture toughness (Section 3.3) measurements.

4 . Conclusions

The systematic investigations performed in this study, including
the characterisation of the tribological properties of HVOF- and HVAF-
sprayed WC–10Co4Cr coatings under sliding and abrasive wear condi-
tions, and the related statistical analyses of the resulting data lead to
the following conclusions:

• Different from other types of carbon-deficient sintered and crushed
feedstock powders [22], the one used in this study exhibits a carbon
1 (A), detail of cracks (arrows) on samples P1W1 (B) and P2W1 (C) anddetail of adhesive



Fig. 21. SEMmicrograph (A), AFMmap (B) and Raman spectrum (C) acquired on the sur-
face of sample P1W1 after ball-on-disk testing at 400 °C, outside the wear scar. All Raman
peaks labelled in panel (C) are ascribed to WO3 according to [62].

Fig. 22. Optical micrograph of the wear scar on the Al2O3 counterpart after ball-on-disk
testing against sample P4W2 at 400 °C.

Fig. 23. Volume losses of all samples after dry sand–rubber wheel testing.
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content above the nominal value. This leads to the formation of (Co,Cr,
W)7C3 which exists as large grains in the powder and is found in the
HVAF coatings as well, due to low carbon loss in this process. It is
not found in the HVOF coatings due to more intensive metallurgical
reactions and higher carbon loss.

• All HVOF- and HVAF spray processes used in this study are capable of
producing denseWC–10Co4Cr coatings. The former cause higher car-
bon loss, and thus lower WC content in the coatings. In all deposition
processes, the finer feedstock powder produces denser and harder
coatings, with higher indentation fracture toughness and higher
elastic modulus than the coarse one.

• At room temperature, the dry slidingwear behaviour ofWC–10Co4Cr
coatings is dominated by two concurrent mechanisms: ductile flow,
which causes the formation of “wavy” lips with protrudingWC grains,
and brittle fracture, which causes direct detachment of small portions
of material from the coating surface.

The relative incidence of the twomechanisms is mainly controlled by
intra-lamellar features, such as decarburisation. This is probably relat-
ed to the small size of the contacting asperities, which matches with
the intra-lamellar length scale. HVOF-sprayed coatings obtained
from fine feedstock powders, being somewhat more decarburised,
therefore suffer slightly higher wear loss due to the increased inci-
dence of brittle fracture phenomena.
In all cases, anyway, both the coatings and the alumina counterpart
are in a mild wear regime. Friction coefficients are roughly around
0.5, with no adhesion between the mating bodies. The nanometric
size of the wear debris is also consistent with very mild wear process.

• At 400 °C, WC grains at the coating surface are oxidised toWO3. More
severe abrasive grooving takes place, and adhesion to the counterpart
also occurs. Wear rates increase by one order of magnitude and the
friction coefficient is roughly doubled to ≈1.

• At 400 °C, tensile stresses due to thermal expansion mismatch with
the substrate can sometimes cause complete failure of the coating



Fig. 24. Results of principal component analysis for abrasivewear testing: (A) Pareto chart, and (B) plot of the variable coefficients (vectors) and of the observation scores (dots) along the
1st and 2nd principal components.

Fig. 25. SEMmicrographs of wear scars produced by dry sand–rubber wheel testing: overviews of samples P1W1 (A) and P4W2 (B) and details of samples P1W1 (C) and P3W1 (D). The
circles indicate lamellar detachments.

142 G. Bolelli et al. / Surface & Coatings Technology 265 (2015) 125–144



143G. Bolelli et al. / Surface & Coatings Technology 265 (2015) 125–144
by brittle cracking, if they are coupled to pre-existing tensile residual
stresses after deposition. Spraying processes capable of inducing
lower residual stresses are therefore favoured in this case, as they
can restrain or prevent this phenomenon. In any case, cracking across
the wear scar is observed even in non-failed samples, indicating a
dangerously high tensile stress level in all coatings.

• The dry particle abrasion behaviour is mainly controlled by inter-
lamellar cohesion. Coatings obtained from coarse feedstock powders
have weaker cohesion, which is also witnessed by lower elastic
modulus, lower indentation fracture toughness and higher porosity
compared to the corresponding coatings obtained from fine feedstock
powders, and therefore suffer more severe abrasive wear due to the
increased incidence of inter-lamellar detachment phenomena.

• It is concluded that bothHVOF- andHVAF-spraying processes are able
to produce coatings with satisfactory tribological properties, which
are deemed to be suitable for industrial applications. The selection of
the deposition process and of the feedstock powder should be made
depending on the specific application, as distinct tribological condi-
tions may probe different coating properties, as shown above.

• At room temperature, under both abrasive and sliding wear condi-
tions, all of the tested WC–10Co4Cr coatings are more wear resistant
than reference electroplated hard chromium.
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