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 A B S T R A C T 

The influence of the cermet fraction in cermet/ metal composite coatings 
developed by High-Velocity Oxyfuel Flame (HVOF) spraying on their 
tribological behaviour was studied. Five series of coatings, each one 
containing different proportion of cermet-metal components, prepared by 
premixing commercially available feedstocks of NiCrFeBSiC metallic and 
WC-Co/Cr cermet powders were deposited on AISI 304 stainless steel 
substrate. The microstructure of as-sprayed coatings was characterized by 
partial decomposition of the WC particles, lamellar morphology and 
micro-porosity among the solidified splats. Tribological behavior was 
studied under sliding friction conditions using a Si3N4 ball as counterbody 
and the friction coefficient and volume loss were determined as a function 
of the cermet fraction. Microscopic examinations of the wear tracks and 
relevant cross sections identified the wear mechanisms involved. Coatings 
containing only the metallic phase were worn out through a combination 
of ploughing, micro-cracking and splat exfoliation, whilst those containing 
only the cermet phase primarily by micro-cracking at the individual splat 
scale. The wear mechanisms of the composite coatings were strongly 
affected by their randomly stratified structure. In-depth cracks almost 
perpendicular to the coating/ substrate interface occurring at the wear 
track boundaries resulted in cermet trans-splat fracture. 
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1. INTRODUCTION 
 
The term “cemented carbides” is used to 
describe a subgroup of cermets, where a ceramic 
phase of hard carbide particles, such as WC, TiC, 
Cr3C2, etc., in percentages of the order of 80-90 
%, is bound together by a metal binder phase, 
typically Co, Ni, Mo or a mixture of them. Their 

high hardness and wear resistance under 
unlubricated conditions induced by the ceramic 
phase has established them as the materials of 
choice in applications under harsh conditions, 
like hard metal cutting, rock drilling, etc [1]. 
 
Their excellent properties as sintered monolithic 
anti-wear components have rendered cermets 
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also attractive as coatings of metallic parts of 
tribosystems operating under sliding, abrasion 
and erosion conditions under high temperature 
and corrosive atmospheres [2]. Thermal 
spraying is the principal deposition technique to 
obtain such coatings, with thickness in the range 
of 200-400 m. However, the main drawbacks of 
thermal-sprayed coatings were their high 
porosity [3], common characteristic of all 
ceramic coatings elaborated by thermal 
spraying, and especially in the case of carbide 
cermets, the decarburization/ dissociation of the 
carbide particles due to the high temperatures 
developed during deposition. The issue of high 
porosity was tackled in a satisfactory way in the 
one hand by applying High Velocity Oxy-Fuel 
(HVOF) spraying and in the other hand by 
employing powder feedstocks of sub-micron and 
nano-size [4-8]. In HVOF spraying, oxygen and 
fuel gas are mixed and burnt in a combustion 
chamber at high flow-rates and pressures up to 
12 bar, producing a high-speed jet. Feedstock 
particles are accelerated with high velocities and 
relatively low temperature compared to other 
thermal spray processes such as atmospheric or 
vacuum plasma spraying. The coatings obtained 
exhibit high density and superior bond strength 
to the metallic substrate [9,10]. The industrially 
relevant potential of HVOF has been 
demonstrated by the development of not only 
coatings but also for the spray-forming of free-
standing, solid, carbide-based components of 
varying thickness [11]. Recently, HVAF and LPG-
fueled HVOF, where oxygen was replaced by 
compressed air [12-14] and fuel gas by LPG [15], 
respectively, were proposed as alternatives to 
the traditional HVOF technique. Despite the 
lower temperature developed in HVOF, the 
second drawback mentioned above, i.e. carbide 
decarburization, is not completely eliminated. In 
fact, the use of nano-size powder feedstocks 
favors carbide particles decomposition due to 
the inherent higher surface area-to-volume ratio 
of carbide grains in such powders [8]. 
 
HVOF is particularly suitable for the deposition 
of WC-based cermet HVOF coatings, since is 
designed to retain a larger fraction of WC in the 
coating. The hypersonic velocity of the flame 
shortens the powder-flame interaction time and 
together with lower flame temperature limit WC 
decomposition [16]. However, its decomposition 
to substoichiometric W2C and metallic W and the 
WC reaction with the metal binder to -phase 

Me-W-C, both deteriorating the coatings 
hardness values and consequently their anti-
wear performance, have been frequently 
reported [2,16-24]. Recent studies, addressing 
this issue are focused on the optimization of the 
deposition process parameters (e.g. spray 
distance, oxygen and flue flow rates) via Taguchi 
analysis using as a criterion the coating hardness 
values achieved [25,26] 
 
Studies on the tribological performance of WC-
based cermets concern abrasion, sliding friction 
and fretting wear testing [4,5,8-10,12,15,19,21-
28] according to the ASTM G65, G99 and D6037 
specifications, respectively. Relevant research 
findings demonstrated high wear resistance 
comparable to that of sintered cermets [9]; thus 
these coatings are the most widely considered as 
being capable of replacing hard chromium 
electrodeposits on a variety of industrial 
components, especially in automotive 
applications [3,15,27]. Such coatings often 
operate in corrosive environments, where the 
chemical passivity of the metal binder is a 
demand to avoid coatings total failure through 
electrochemical reactions or pitting. Relevant 
works concern the comparative study of 
influence of various types of binders, as Ni, Co, 
or Ni-Cr, Co-Cr mixtures [4,5,13,17] in 
percentages lower than 20 %, on the anti-
corrosive resistance of WC-based cermet 
coatings, each one inhibiting different corrosion 
type. Especially, alloys of the Ni-Cr system 
exhibit excellent corrosion resistance in aqueous 
environment, as well as high temperature wear 
resistance and can be directly deposited as 
dense and well-adhered coatings onto steel 
substrates by HVOF spraying [29-33]. 
 
In order to exploit the beneficial presence of a 
deformable phase in achieving enhanced 
damage tolerance of anti-wear carbide-based 
coatings, recent studies are focused on the 
behavior of composite cermet / metal coatings, 
in which the metallic phase participates not as 
binder metal, but as a distinct matrix of the 
product in percentages higher than 20 %. 
Various such composite coatings systems have 
been studied. Particular examples include 
functionally graded WC-Co/ NiAl HVOF coatings 
exhibiting better ductility and toughness 
conferred by the metallic splats to the cermet 
systems [34], as well as composite WC-Co/ 
NiCrFeSiB coatings deposited from mechanically 
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alloyed feedstock powders to enhance 
homogeneity of cermet dispersion in the ductile 
metallic phase [35]. 
 
The objective of this study was to evaluate the 
wear micro-mechanisms taking place during 
surface mechanical loading of ceramic-metal, 
randomly stratified coatings. In this perspective, 
two representative wear tests were selected, 
namely sliding and cavitation erosion. 
Composite HVOF coatings were deposited onto 
stainless steel substrate, by premixing WC-Co/Cr 
and NiCrFeBSiC commercial powders in various 
percentages. The present, first part of the work 
addresses the sliding wear behavior of such 
coatings, whereas the relevant cavitation 
erosion studies are reported in the second part. 
 
 

2. EXPERIMENTAL PROCEDURE 
 

2.1 Materials and deposition 
 

Five series of coatings, each one containing 
different fractions of the cermet component, were 
deposited onto AISI 304 stainless steel substrates 
(60705 coupons) via HVOF thermal spraying. 
The feedstock powders were prepared by 
premixing in a ball mill two commercially 
available powders: a self-fluxing NiCrFeBSiC 
metallic and a WC-Co/Cr cermet one, purchased 
from Sulzer Metco, Winterthur Switzerland. Their 
characteristics are listed in Table 1. 
 
Table 1. Characteristics of the feedstock powders 
employed, as provided by the supplier. 

 Feedstock 
powder No 1 

Feedstock 
powder No 2 

Commercial 
name: 

Diamalloy 2001 WOKA 3651 

Nature: Metallic Cermet 

Chemical 
Composition: 

Ni, 17 % Cr, 4 % 
Fe, 4 % Si, 3,5 % 
B, 1 % C 

WC, 10 % Co, 4 % 
Cr 

Particle size 
range: 

-45 + 15 μm -53 + 20 μm 

Morphology: 

Globular, 
produced via 
condensation of 
steam (gas 
atomisation) 

Globular 
(agglomerated 
sintered) 

 

The cermet powder fraction in the five mixtures 
was 0, 25, 50, 75 and 100 %vol. to obtain 
coatings with the corresponding nominal 
compositions. The respective coatings are 
denoted herein as: 0 % WC-Co/Cr (metallic), 25 

% WC-Co/Cr, 50 % WC-Co/Cr and 75 % WC-
Co/Cr (composite), and 100 % WC-Co/Cr 
(cermet). Deposition was realized in the 
facilities of the company Pyrogenesis, Greece. 
The values of the spraying parameters were in-
house optimized to ensure minimal WC 
decarburization. 
 
Prior to deposition the substrate surface was 
sand-blasted to remove surface impurities and 
achieve surface roughness promoting the 
mechanical anchorage of the coatings onto the 
metallic substrate.  
 
The average roughness (Rα) of the as-sprayed 
coatings was measured 8.0±0.5 m. Since this 
value is relatively high, the specimens prior to 
tribological testing were polished to a roughness 
level of 1.0±0.2 m. 
 
2.2 Tribological testing and examination 

techniques 
 
Sliding friction tests were performed in dry air 
(25%RH, 20 °C) using a ball-on-disc apparatus 
(Centre Suiss d' Electronique et de 
Microtechnique, CSEM). A silicon nitride (Si3N4) 
ball of 6 mm in diameter was used as a 
counterbody. Specimens of all series were tested 
under 10 N normal load, 200 mm.s−1 sliding 
speed and for a total sliding distance of 10000 
m. Silicon nitride was employed since, an 
alumina ball, used as counterbody in 
preliminary tests under the same conditions, 
was worn much faster than the systems under 
study to be employed as a reference material. 
During testing the friction coefficient was 
recorded as a function of sliding distance. The 
total wear volume was calculated by measuring 
with a stylus profilometer (Taylor–Hobson) the 
track cross-sectional area at ten different 
locations along the wear track and by 
multiplying the average track area by the 
circumference of the slide cycle. 
 
The crystallographic phases of the coatings were 
identified by X-ray diffraction (XRD). XRD 
patterns were recorded with a Siemens D500 
diffractometer, with auto-divergent slit and 
graphite monochromator, using CuKa radiation 
and a scanning speed of 2 °.min-1. Vickers 
microhardness measurements were carried out 
on a SHIMADZU-M apparatus, applying a load of 
0.3 kg. The measurements were performed on 
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cross-sections of the coatings to provide an 
estimate of the effect of the cermet addition on 
the coatings mechanical properties. Twenty such 
measurements were performed for each 
composition. Microstructure characterisations, 
as well as detailed analysis of the worn surfaces 
were conducted with the aid of an FEI XL40 
SFEG scanning electron microscope (SEM) 
equipped with an energy dispersive X-ray 
spectrometry (EDS) detector for elemental 
analysis. Prior to microhardness measurements 
and SEM observations of the cross-sections of 
the worn specimens, special attention was paid 
for the metallographic preparation, in order to 
avoid insertion of secondary defects. First, the 
specimens were carefully sectioned using 
diamond and SiC cutting wheels, for the cermet 
coating and the metallic substrate, respectively. 
The cross-sections were cold mounted under 
vacuum using an impregnation resin suitable for 
the observation of open pores and cracks. 
 
 
3. RESULTS AND DISCUSSION 
 
3.1 Microstructure evaluation 
 
The average coating thickness values were 
estimated by microscopy observations of cross-

sections and were found ~210, ~350 and ~280 
µm, for the metallic, cermet and composite 
coatings, respectively. In Fig. 1 such 
representative cross-sections of the five coating 
compositions are shown, under the same, low 
magnification to facilitate direct comparison. All 
the coatings appeared to have dense structures, 
low porosity and being macro-crack free. 
Moreover, in all cases the coatings’ inner surface 
followed closely the free surface of the sand-
blasted substrate, filling any gaps and achieving 
thus good adhesion to the substrate by 
anchorage mechanism [36]. Indeed, adhesion 
measurements performed according to ASTM 
C633-13 specification: “Standard Test Method 
for Adhesion or Cohesion Strength of Thermal 
Spray Coatings”, demonstrated adhesion 
strength values higher than 75 MPa. This is a 
threshold value beyond which adhesion for 
ceramic thermal sprayed coatings onto stainless 
steel substrates is considered to be very good 
[37]. The random solidification of the arriving 
molten particles onto the already solidified ones 
induced an erratic orientation of the surface 
splats, which resulted in the relevantly high (8.0 
± 0.5 m) average roughness measured on the 
as-sprayed coating. 

 

 
Fig. 1. SEM micrographs of characteristic cross sections of the coatings examined: (a) 0 % WC-Co/Cr, (b) 100 % 
WC-Co/Cr, (c) 25WC-Co/Cr, (d) 50 WC-Co/Cr and (e) 75WC-Co/Cr. 
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Typical XRD spectra of the five coatings are 
compared in Fig. 2, where a total of five 
crystalline phases can be distinguished. The 
phases detected with XRD were identified and 
correlated to microstucture features of the 
coatings. Such typical features can be 
distinguished in representative SEM photographs 
of the 0 %, 100 % and 50 % WC-Co/Cr coatings, 
shown in Figs. 3a, 3b and 3c, respectively. 
 

Fig. 2. X-ray diffraction spectra of the composite coatings 
examined. Labels correspond to the locus of main 
reference peaks of: fcc (Ni) 1, WC 2, W2C 3 and W 4. 
 
The predominant phase detected in the 0% WC-
Co/Cr coating (bottom spectrum), marked as 1, 
corresponded to face-centered cubic Ni solid 
solution (-Ni). The characteristic broadening of 
the diffraction peak around 2 of 44° is 
indicative of partial amorphization or nano-
crystalline phases within the coating, attributed 
to the inherently high splat cooling rate of the 
HVOF process [20,29,33]. Other distinct 
crystalline phases among the elements Cr, Fe, Si, 
B and C, contained in the metallic feedstock, 
were not detected. However, from the SEM 
observations and the relevant local EDS 
elemental microanalysis (Fig. 3a), it is evident 
that the coating consisted of a -Ni (light grey 
color), within which Cr-rich precipitates (dark 
grey color) were highly and homogeneously 
dispersed. The latter were of spherical-like 
morphology, having a diameter less than 2 µm. 

Similar microstructure was observed in previous 
microstructural studies on HVOF sprayed Ni-
50Cr coatings [31]. 
 
In the case of the 100 % WC-Co/Cr coating (top 
spectrum, Fig. 2), the major phases identified 
were those of WC and W2C, marked as 3 and 4 
respectively, whilst W, marked as 5, was also 
present in minor quantity. The existence of W2C 
and W has been frequently observed in such 
coatings, attributed to in-flight decarburization 
of WC. This phenomenon has been extensively 
discussed in the relevant literature [2,16-24] 
and various decarburization mechanisms have 
been proposed, such as thermal-only 
decomposition, reaction with oxygen, or carbide 
dissolution within the metallic binder [17]. The 
extent of decarburization has been correlated to 
the ratio of partial pressures of CO/CO2 in the 
spraying atmosphere and the granulometry of 
the feedstock powder [7]. 
 
The respective microstructure shown in Fig. 3b, 
was characterized in the one hand by sporadic 
elliptic interlamellar micro-porosity at the splat-
to-splat boundaries and in the other hand by two 
distinct regions of approximately equal fraction 
but of different chemical composition, as shown 
in the respective EDS spectra. Spherical-like 
particles, of 2.5 µm maximum size, consisting of 
tungsten carbides (denoted by only the W peak, 
since C is below the detection limit and does not 
appear in the EDS spectra), were highly 
dispersed within a Co-Cr-W matrix. These 
observations are in agreement with the top 
spectrum in Fig. 2.  
 
As expected, the composite coatings’ spectra 
exhibited all five phases described above (Fig. 
2). Microscopic observation of composite 
coatings revealed similar microstructure 
features for all the cermet fractions. Distinct 
metallic and cermet splats can be clearly 
distinguished in Fig. 3c that corresponds to the 
50 % WC-Co/Cr coating. 
 
The area spanned by all microhardness 
measurements performed on cross-sections of 
the coatings is shown in Fig. 4. Even though the 
effective microhardness values exhibited 
increased scattering with increasing cermet 
fraction, the general trend was that the average 
effective microhardness also increased with 
increasing cermet fraction. The minimum values 
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for the three composite coatings were 
approximately constant and equal to ~720 HV0.3, 
coinciding with that of the pure metallic coating 
(0 % WC-Co/Cr). In contrast, their maximum 
microhardness values increased almost linearly 
with cermet content from 890 to 1200 HV0.3, 
whilst the maximum value measured was 1420 
HV0.3, corresponding to 100 % WC-Co/Cr. A 
similar behavior has been observed in a previous 
study, where a linear decrease of hardness with 
increasing metal binder content was reported for 
various monolithic cermet systems. In that work, 
hardness values for monolithic WC-Co cermets 
were found to decrease from 1450 to 880 HV10 
with an increase of the metal binder from 10 to 
32 % [38]. 
 
The model of Lee and Gurland [39], commonly 
applied to cermets, states that higher effective 

hardness values are achieved with smaller inter-
carbide spacing, or, in other words, lower metal 
binder “mean free path”. The term “contiguity” 
was defined to describe the percentage surface 
area of a carbide grain in contact with other 
carbide grains; the higher the contiguity, the 
higher is the effective hardness. There are 
several process approaches to alter this “mean 
free path”. For example, in a case of Cr3C2–NiCr 
thermal spray coatings, constraint of the metal 
binder between the carbides was induced by 
prolonged post-deposition heat treatment. 
This process led to precipitation and 
development of secondary carbides and was 
found to elevate their effective hardness [40]. 
In another study concerning WC-12Co coatings 
[18], the distance between individual WC 
grains was affected by varying the plasma 
power. 

 

 
Fig. 3. SEM micrographs and local EDS micro-analysis of representative microstructure features detected in: 
(a) 0 % WC-Co/Cr, (b) 100 % WC-Co/Cr and (c) 50 % WC-Co/Cr coatings. 
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The same microhardness trend observed in the 
present work can be correlated to a similar 
contiguity of the composite coatings at the splat 
level. An increase of the cermet fraction increases 
the probability of a cermet splat to be surrounded 
by similar hard cermet ones, rather than from 
softer metallic ones. Therefore, the hardness 
values measured on the metal binder are higher 
due to the constraints to its plastic deformation. In 
the case of cermet fraction decrease, the 
probability for a cermet splat to be surrounded by 
metallic ones is higher. The plastic deformation of 
the metal binder is less constrained, resulting in 
higher “mean free path” length and, consequently 
lower hardness values measured. 
 

 
Fig. 4. Effective microhardness range of the coatings, 
as a function of their cermet content. 

 
3.2 Tribological behavior 
 
The dependence of the steady-state friction 
coefficient on the cermet fraction is shown in 
Fig. 5a. Its values increased from 0.48 in the case 
of the 0 % WC-Co/Cr coatings, up to 0.68 in the 
case of 50 % WC-Co/Cr coatings. For higher 
cermet content values it decreased again down 
to a minimum value of 0.44 for 100 % WC-Co/Cr 
coatings. Such a behavior is indicative of 
differences in the wear mechanisms, strongly 
dependent on the cermet fraction, to be 
discussed in detail in the next section. 
 
The total volume loss after 10000 m sliding 
versus the cermet fraction is shown in Fig. 5b. 
The almost linear reduction of the volume loss 
resulted in a respective linear decrease of the 
wear coefficient values from 2.96×10-5 to 
3.62×10-6 mm3N-1m-1, as calculated from the 
Lancaster formula (1) below [38]: 

Fs

V
k


    (1) 

Where: V, the wear volume in mm3 
 s, the sliding distance in m 

F, the normal load applied in N 
 
Similar trends of a linear decrease of the wear 
loss with the WC content in the metallic matrix 
were observed in block-on-disc testing of 
powder metallurgy monolithic cermets [38], as 
well as of powder welding composite coatings 
[41]. Even though the two studies above 
examined different carbide fraction ranges from 
the present study, the similarity of the general 
trends observed advocates for a generic 
mechanism of the carbides intervention on the 
wear micro-mechanisms taking place during 
sliding friction of mixed carbide/ metallic matrix 
systems. 
 

 
Fig. 5. Sliding friction characteristics of the coatings, 
as a function of their cermet content: (a) Mean 
friction coefficient and (b) Mean wear volume loss. 
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Table 2. Representative literature values of sliding friction and wear coefficients for WC-based HVOF cermet 
coatings. 

Composition 
Sliding testing/ 

Counterbody/ Conditions 
Friction coefficient Wear Reference 

WC-12Co 
Ball-on-disc/ Sintered WC-Co 
ball/ 15 N, 0.10 m,s-1, 1000 m 

0.28 Non-measurable [7] 

WC-12Co 
Pin-on-disc/ Hardened steel 

disc/ 
49 N, 1 m.s-1, 4500 m 

0.52 30×10-6  mm3/N.m [15] 

WC-30Ni 
Ball-on-disc/ Si3N4 ball/ 

1,7 kg (16.67 N), 30 mm.s-1, 54 
m 300°C 

0.35 
9.42×10-3 mm3 

(1.05×10-5 
mm3/N.m) 

[12] 

WC-10Co-4Cr 
Pin-on-disc/ Hardened steel/ 

30 N, 0.5 m.s-1, 2500 m 
0.51 (conventional powder) 

0.33 (nano-size powder) 
3×10-3 gr 

2.2×10-3 gr 
[8] 

WC-10Co-4Cr 

Ball-on-disc/ Sintered Al2O3/ 
25 °C, 55%RH/ 400 °C/ 600 

°C/ 750 °C 
10 N, 0.1 m.s-1, 5000 m 

0.44/ 0.78/ 0.52/ 0.64 
6x10-8/ 7×10-8/ 
5×10-7/ 1.5×10-4 

mm3/N.m 
[22] 

WC-10Co-4Cr 
Ball-on-disc/ Sintered Al2O3/ 

70 N, 0.9 m.s-1, 1500 m,  
10 % RH 

0.45 
~95 mm3 (9.05×10-4 

mm3/N.m) 
[26] 

WC-10Co-4Cr 
Pin-on-disc/ Pin WC–6 wt% 
Co / 30 N, 0.10 m.s-1, 25 °C,  

50 % RH 
0.30 3.6x10-9 mm3/N.m [42] 

WC-10Co-4Cr 
Ball-on-disc/ Si3N4 ball 

10 N, 0.20 m.s−1, 10000 m 
0.44 

0.362 mm3, 
3.62×10-6 mm3/N.m 

This study 

 
The values of friction and wear coefficient 
determined in this study for the cermet coating 
(100 % WC-Co-Cr) are listed in Table 2, together 
with relevant values reported in the recent 
literature for representative WC-based HVOF 
cermet coatings and sliding conditions. The 
friction coefficient is in the same range with 
most literature values; these are of the same 
order irrespective of the tribosystem examined. 
The wear coefficient is of the same order of 
magnitude with some of the respective values 
reported, which are anyway characterized by 
high discrepancies among them, since the 
volume removal is strongly dependent on the 
particular testing conditions (counterbody, 
normal load, sliding distance). 
 

3.3 Wear mechanisms 
 
A typical SEM photograph spanning the whole 
width of the wear track for the 0 % WC-Co/Cr 
coating is shown in Fig. 6a. Within that, areas of 
different morphological characteristics, denoted 
as (b), (c), (d) and (e) were identified, 
delineating the activation of distinct wear micro-
mechanisms on the same contact area. Higher 
SEM magnifications on these areas (also shown 
in Figs. 6 b-e, respectively) were employed to 
further elucidate micro-phenomena associated 
to coating removal. Polishing lines along the 
sliding direction, together with micro-ploughing 

traces are clearly seen in Fig. 6b. These are 
indicative of typical abrasion wear, encountered 
when an elastic ceramic body (Si3N4) is sliding 
against an elastoplastic metallic surface (0% 
WC-Co/Cr coating). The examined metallic 
surface exhibited local oxidation areas verified 
via EDS micro-analysis as shown in Fig. 6c, 
indicative of the activation of a tribo-oxidation 
mechanism. SEM observations at the single-
splat-scale level revealed that the coating was 
worn out in the one hand through the normally 
expected material removal via debris creation 
and in the other hand by inter- as well as intra-
splat micro-cracking, as shown in Fig. 6d. A final 
“snapshot” of the intervention of micro-cracking 
at the wear mechanism is presented in Fig. 6e, 
where the propagation of cracks perpendicular 
to the sliding direction led to eventual splat 
exfoliation and consequently to relatively 
increased wear rates, as also observed 
previously [29]. 
 
In the case of 100 % WC-Co/Cr coating, 
magnification at the level of typical splats having 
remained in the wear track (Fig. 7) 
demonstrated that material removal occurred 
via steady-state wear debris creation, generated 
by micro-fragmentation of the metal binder 
matrix of surface splats. Intra-splat cracks 
propagating through the matrix and deflected at 
the carbide particle boundaries were clearly 
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seen, whereas entire-splat exfoliation areas 
were not observed. 
 
The wear micro-mechanisms observed in the 
case of composite coatings are a synergy of those 
of the two extreme cases of 0 % and 100 % WC-
Co/Cr coatings. Their contribution to the final 
macroscopic wear is correlated not only to the 
fraction of the two individual phases, but to the 
nature of contact between the surface exposed 
to wear and its underlayer as well. Indeed, the 
co-spraying of metallic and cermet particles 
resulted in the random deposition of metallic 
and cermet splats both along each particular 
layer, as well as across the whole coating 

thickness. In other words, the activation of a 
particular wear mechanism depends not only on 
the nature of the particular wear surface splats 
(metallic or cermet), but also on the nature of 
the sub-surface splats directly underneath them. 
For example, the wear micro-mechanisms of a 
surface cermet splat deposited onto a pre-
deposited metallic one (Fig. 8a), exhibited a 
steady-state wear though debris creation and 
fragmentation of the metallic matrix of the 
cermet splat. The decohesion of the metallic 
matrix led to pull-out of the tungsten carbides, 
as also observed previously [28], that remained 
on the worn surface during testing (Fig. 8b). 

 

 
Fig. 6. SEM top-view micrographs of the worn surface of the metallic coating and relevant wear micro-
mechanisms detected: (a) Typical view of the entire wear track width; (b) Polishing accompanied by micro-
ploughing; (c) Localized oxidation areas, verified by EDS microanalysis; (d) Inter- and intra-splat micro-cracking; 
(e) Micro-cracks perpendicular to the sliding direction, resulting in entire splat exfoliation. 
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Fig. 7. SEM top-view micrograph of the cermet 
coating’s worn surface, demonstrating micro-
fragmentation of a single splat. 

 

 
Fig. 8. SEM top-view micrographs of a detail of the worn 
surface of the 75 % WC-Co/Cr composite coating 
indicating: (a) Wear of a cermet splat revealing the 
underlying metallic one; (b) Magnification of relevant 
marked area in (a), showing decohesion of the metal 
binder and pull-out of tungsten carbides. 

In another case, depicted in Fig. 9a, both metallic 
and cermet splats were simultaneously exposed 
to sliding wear. The wear track area magnified in 
Fig. 9b, was characterized by the development of 
cracks primarily along the cermet/ metallic splat 
interfaces. The void observed at the centre of the 
photograph most likely occured due to carbide 
pull-out discussed above. In areas like the one 
magnified in Fig. 9c, where the cermet phase has 
been removed, cermet wear debris were trapped 
within the cavity formed. Finally in the case 
magnified in Fig. 9d, a metallic surface splat 
exposed to sliding is shown. Extensive plastic 
deformation that led to eventual splat in-depth 
cracking along the sliding direction is clearly 
observed. Such areas on the whole wear track 
were located only on protrusions of the coating 
asperities, where local stresses are 
concentrated. The development of such cracks 
can be explained from the sub-splat existence of 
a rigid cermet layer protrusion that could not be 
plastically deformed. Thus, progressive wear 
decrease of the metallic splat thickness 
culminated to a situation where the tensile 
stresses developed could not be sustained, 
resulting in splat cracking. 
 
SEM observations on composite coatings cross-
sections revealed subsurface coating damage as 
well. A cross-section of the specimen, the contact 
surface of which was presented in Fig. 9, is 
shown in Fig. 10a for direct comparison. 
Symmetric cracks were developed at the wear 
track boundaries at the contact surface and 
propagated perpendicularly to the coating/ 
substrate interface, throughout the entire 
coating thickness (Fig 10b). It is interesting to 
note that these cracks were not deflected around 
the boundaries of the cermet splats 
encountered, but propagated throughout their 
metallic matrix (Fig. 10c), practically splitting 
them and resulting in partial decohesion from 
the underlying metallic layer. This phenomenon 
was common for all composite coatings, 
irrespective of their cermet fraction, whereas it 
was not observed in the case of metallic 
coatings. However, the extensive fragmentation 
of the 100 % WC-Co/Cr coatings did not allow 
its verification there. Even though similar 
observations have been also recorded in the 
tribological study of a Detonation-Gun Al2O3 
coating [43], an underlying mechanism 
responsible for this behavior cannot be 
proposed with certainty, at this stage.
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Fig. 9. SEM top-view micrographs of the worn surface of the 50% WC-Co/Cr composite coating and relevant 
wear micro-mechanisms locally detected: (a) Typical view of the entire wear track width; (b) Characteristic 
cracks along the interfaces of cermet/ metallic splats both existing at the contact area; (c) Cermet removal and 
induced debris entrapment; (d) Plastic deformation and tensile cracking along the sliding direction of the 
metallic phase. 

 

 
Fig. 10. SEM cross section of micrographs the 50 % WC-Co/Cr composite coating: (a) Typical view of the entire 
wear track width; (b) Crack propagation at the boundaries of the wear track, perpendicular to the coating/ 
substrate interface; (c) Magnification of relevant marked area in (b) indicating trans-cracking of a cermet splat. 
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An overall possible correlation of the 
quantitative results from the friction 
coefficient and wear loss measurements to the 
qualitative observations of the worn surfaces 
can be attempted. Even though the wear loss is 
linearly decreasing with increasing cermet 
content, the friction coefficient exhibits a 
maximum value at 50 % cermet content. The 
lower friction coefficient for the metallic-only 
coating could be attributed to the formation of 
an oxide tribo-layer (Fig. 6c) that facilitates 
sliding, whilst its higher wear rate is relevant 
to the second main wear micro-mechanism 
identified on the worn surface, that of entire 
splat removal. In the other hand, the almost 
equally low friction coefficient for the cermet-
only coating is due to its much higher 
hardness, whilst its significantly lower wear 
rate could be associated to the absence of 
massive material removal via entire splat 
exfoliation. A possible cause for the different 
tribological behavior of coatings with 
intermediate cermet content could be the 
intervention of wear debris layer remaining on 
the contact surface and modifying both sliding 
and wear micro-mechanisms. This debris layer 
consists of a mixture of metallic and carbide 
components occurring from the simultaneous 
wear of both phases. For coatings with 
composition close to that of the metallic-only 
one, the carbides particles in the debris act as 
a third abrasive body, destroying locally the 
oxide tribo-layer that acts as an in-situ 
lubricant. The main wear mechanism though, 
is still that of splat exfoliation. For coatings 
with composition close to that of the cermet-
only one, the debris mixture consists mainly of 
small size hard carbide particles that in this 
case act as “micro-bearings”, facilitating 
sliding. In parallel, the predominant wear 
mechanism has been shifted to that of splat 
micro-fragmentation and carbide only pull-out 
from the metallic binder, inducing much less 
material removal. 
 
 
4. CONCLUSION 
 
The sliding wear mechanisms of WC-Co/Cr / 
NiCrFeBSiC composite coatings developed by 
HVOF spraying onto AISI 304 stainless steel 
were studied as a function of the cermet content. 
Microstructure characterization of the as-
deposited coatings mainly revealed partial 

decomposition of the WC particles and 
maximum effective hardness values increasing 
almost linearly with the cermet content. The 
tribological behaviour was studied in a ball-on-
disc apparatus, using a Si3N4 ball as 
counterbody. The average friction coefficient 
was found to depend strongly on the cermet 
fraction, exhibiting a maximum value of 0.64, at 
50 % WC-Co/Cu content. The wear coefficient 
values were of the order of 10-5 mm3.N-1.m-1, 
decreasing almost linearly with increasing 
cermet fraction. Microscopic examinations of the 
wear tracks were employed to identify the wear 
mechanisms involved: 

 Pure metallic (0 % WC-Co/Cr) coatings 
were worn out through a synergy of micro-
ploughing, micro-cracking and splat 
exfoliation. 

 Micro-cracking of the metal binder at the 
individual splat scale leading to tungsten 
carbide particles pull-out, was identified as 
the dominant material removal mechanism 
in the case of cermet -only (100 % WC-
Co/Cr) coatings. 

 Co-spraying of metallic and cermet pre-
mixed particles resulting in random 
deposition of relevant splats along and 
across the coatings thickness induces local 
differentiations of the wear micro-
mechanisms associated to the nature -
metallic or cermet - of both the exposed as 
well as the sub-surface splats succession. In 
addition to micro-mechanisms identified on 
the worn surfaces, in-depth cracks 
perpendicular to the coating/ substrate 
interface were observed at the wear track 
boundaries, resulting in cermet trans-splat 
fracture. 

 Friction coefficient and wear rates variation 
with respect to the WC-Co/Cr content can 
be correlated to the material removal 
micro-mechanisms and the composition of 
the debris layer remaining at the surface 
contact during sliding. 

 
To further elucidate the wear behavior of 
randomly stratified metallic/ cermet thermal 
sprayed coatings, cavitation erosion tests were 
performed on the same as-deposited coatings. 
The relevant wear mechanisms are presented in 
the second part of this study. 
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