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Interest in nanomaterials has increased in recent years. This is due to the potential improvement that size
reduction to nanometric scale could provide in properties like hardness, toughness, wear, and corrosion
resistance. The current study is focused on WC-Co cermets, materials that are extensively used in applica-
tions requiring wear resistance. Two coatings were sprayed by high-velocity oxyfuel using both conventional
and nanostructured cermets. Both materials were characterized by means of x-ray diffraction and scanning
electron microscopy to study their phases and morphology. Cross-sectional images and microhardness val-
ues are given for both coatings. Friction wear resistance of the coatings was studied by ball-on-disk (ASTM
G99-90), and abrasive wear resistance was quantified by rubber-wheel (ASTM G65-91). Finally, the corro-
sion resistance was studied by electrochemical techniques. Comparative results showed that the nanostruc-
tured coating has better properties than the conventional coating except in the dry abrasion wear test, where
the wear rates are very similar.

Keywords corrosion of high-velocity oxyfuel coatings, friction
and wear, nanostructured coatings, nanostructured
WC/Co coatings

1. Introduction

Lately, an increasing interest in nanostructured materials has
been observed, especially for WC-Co (Ref 1-3), Al2O3 (Ref 4,
5), Al2O3/TiO2 (Ref 6, 7), and PSZ (Ref 8) systems. Because the
most common application of nanostructured materials in the
thermal spray industry is for WC-based cermets, the amount of
work being done related to this material is increasing quickly.

The use of materials with reduced WC grain size has im-
proved some properties like hardness and toughness, and even
sliding (Ref 9) and abrasion (Ref 10) resistance, for both bulk
and sintered materials. However, for thermal spray coatings, in
which the spraying process and the properties of feedstock ma-
terials have a great importance, wear resistance is normally
lower than that of conventional coatings. This lack of perfor-
mance of thermally sprayed nanostructured coatings has been
attributed to their higher tendency to decarburization, as the sur-
face-to-volume ratio of the WC-nanosized grains is higher than
that of their conventional counterparts (Ref 1).

Considerable effort has been devoted to studying the effect of
the Co binder phase percentage on the properties of the coatings
(Ref 2), and mainly on the effect of spraying conditions (Ref 1,
11). In those studies, adhesion between splats and the level of
decarburization were found to have an important role in the mi-
crostructure and properties. Decarburization has an effect not

only on hardness but also on wear properties, as reported by
Qiao et al. (Ref 1), and, thus, spraying parameter optimization is
crucial.

It is well known that WC-Co coatings have a limited corro-
sion resistance in comparison with WC-CoCr or WC-Ni because
of the electrochemical properties of the cobalt itself (Ref 12).
However, using the same material, corrosion resistance can be
enhanced by reducing the porosity, avoiding cracks, and increas-
ing intersplat adhesion. For those reasons, if the use of nano-
structured feedstocks can produce these improvements in micro-
structure and bonding, then nanostructured coatings can be
expected to have better behavior on aggressive media. Unfortu-
nately, the use of some porous shell-like nanostructured feed-
stock particles can induce higher levels of porosity due to
heterogeneous melting (Ref 13), and unsuitable spraying condi-
tions can lead to excessive decarburization, causing weak inter-
splat boundaries (Ref 1). For those reasons, some authors (Ref 1,
11, 13) have made claims for process optimization (including
feedstock powders), whereas others have reported that modify-
ing the standard parameters is detrimental for some properties
(Ref 2).

The objective of this work was to study the properties of
nanostructured as well as conventional WC-12Co coatings that
were obtained under conventional powder-spraying conditions.
The reason for that is to establish the need for further optimiza-
tion of the spraying conditions for nanostructured powders.

2. Experimental Procedure

The materials used were commercially available conven-
tional and nanostructured WC-Co powders that were produced
by an agglomeration method, with mean particle sizes of 35 and
23 µm, respectively, for conventional and nanostructured pow-
ders. More details on the composition and particle size (accord-
ing to the manufacturer) (H.C. Starck, Leverkusen, Germany;
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Inframat Corp., Farmington, CT) of these feedstock powders are
presented in Table 1. To avoid different behaviors during flight
in the spraying process, the selected powders had the same po-
rous morphology. They were sprayed on two types of UNS
G41350 steel coupons: flat substrates (100 × 20 × 5 mm); and
cylindrical substrates (� = 25.4 mm, height 25.4 mm). The sub-
strates were previously degreased with acetone and grit-blasted
with white corundum at 5.6 bar, 45°, using a blasting distance of
250 mm. The grit-blasted substrates had a roughness (Ra) be-
tween 4 and 5 µm.

All the samples were sprayed using a Sulzer Metco (West-
bury, NY) Diamond Jet Hybrid DJH 2700 high-velocity oxyfuel
(HVOF) spraying equipment. Propylene was used as the fuel
gas. Optimization of the spraying conditions was performed to
decrease the decarburization of the materials in the conventional
powder. The deposition parameters, recommended by Sulzer
Metco for conventional WC-Co powders are presented in Table
2. These parameters are said to be the optimum for conventional
powders to achieve a good combination of deposition efficiency
and properties, although, as was mentioned in the introduction,
some authors claim that these parameters might not be the best
for the nanostructured powder (Ref 1, 11, 13).

The nomenclature of the samples is C1 for conventional coat-
ings and N1 for nanostructured coatings. The characterization of
the samples included cross-sectional scanning electron micro-
scope (SEM) images and EDS phase analysis. The nanostruc-
tured coating was also studied by transmission electron micros-
copy (TEM). A more accurate phase analysis of the starting
powders and coatings was performed by x-ray diffraction
(XRD), including a semiquantitative analysis of the crystalline
phase by the Chung method (Ref 14, 15). Cross-sectional micro-
hardness measurements were performed by means of Vickers
indentation at load of 300g. The indentations were measured
with an optical microscope to increase measurement accuracy.
Quoted values are an average of 20 indentations for each coat-
ing. Image analysis software (Matrox Inspector, version 1.71,
Matrox, Dorval, Canada) was used to quantify the coating po-
rosity. The quoted values are an average of 10 areas measured at
the same magnification for each coating.

Two kinds of wear tests were performed to compare the wear
resistance of both conventional and nanostructured coatings. A
sliding wear test was performed using a ball on disk (BOD),
ASTM G99-90 (Ref 16), in three samples of each coating de-
posited onto cylindrical coupons. The test diameter was 16 mm,
the counterpart was a WC-Co ball, the sample relative velocity
was 131 rpm, with a total testing distance of 1000 m. Humidity
and temperature were kept below 20% and 25 °C, respectively.
Dry abrasive tests carried out using a rubber wheel (ASTM G65-
91 D) (Ref 17), with a rotating speed of 139 rpm, a load of 50 N,
and a SiO2 flux between 250 and 310 g/min. The duration of the
test was 30 min, and the material loss was measured by weight-
ing the samples every 1 min for 5 min, and then every 5 min until
the end of the test. Three samples of each coating were tested. A

theoretical density of 14 g/cm3 was used to transform the mass
into volume to express the wear rate in terms of material re-
moved.

The corrosion resistance of the samples was evaluated by
electrochemical measurements in 80 mL of an aerated and un-
stirred 3.4% NaCl solution. An Ag-AgCl, KCl-saturated elec-
trode, connected to the solution through a Luggin capillary, was
used as the reference electrode and a Pt-network was the auxil-
iary electrode. A working electrode of each coated sample was
fixed at the bottom of the electrochemical cell, exposing an area
of 1 cm2 to the solution.

Open-circuit potential (EOC) and electrochemical impedance
(EIS) measurements were done using the EG&G Princeton Re-
search Potentiostat/Galvanostat (Princeton, NJ) and Solartron-
SI1255 systems (Solartron, Farnborough, Hampshire, UK) in a
corrosion cell based on the Avesta model with few modifica-
tions. The EIS tests were carried out by applying 5 mV (rms) to
the EOC value, starting from 50 to 10 kHz with 7 points/decade
once the EOC attained the steady-state condition (after 18 h of
immersion). A Pt electrode of small area, which was connected
to the reference via a capacitor of 10 µF to minimize the phase
shift at high frequencies (Ref 18), was used as the fourth elec-
trode. The experimental data were fitted using the software de-
veloped by Boukamp (Ref 19).

Open-circuit potential (EOC versus time) and polarization
curve (CP) measurements were done using an EG&G Parc-273.
Polarization experiments were carried out in a potential range
from –100 to +350 mV versus an EOC at 0.166 mV/s. All elec-
trochemical experiments were performed at room temperature.
A salt fog spray test (ASTM B117-90) (Ref 20) was carried out
with a 5% NaCl solution at 35 °C, 15 mm3/h of collected solu-
tion, and 1 bar.

3. Results and Discussion

3.1. Structural Characterization

3.1.1 Powders. Figure 1 shows SEM images of conven-
tional (Fig. 1a) and nanostructured (Fig. 1b) powders. There is
an evident size difference between WC grains. Conventional
WC grains have a mean size of 3 µm. According to the manu-
facturer, the nanostructured WC mean grain size should be be-
tween 50 and 500 nm. However, SEM images show WC grains
of >500 nm. As a result, this powder should be termed near-
nanostructured because true nanostructured materials are at
scales of <100 nm. The XRD study of the initial phases of the
materials showed no differences. They both were pure, contain-
ing only the desired phases: WC and Co. No traces of �-carbide
phases (W6Co6C, W3Co3C) were observed.

3.1.2 Coatings. The SEM cross-sectional images of the
conventional C1 (Fig. 2a) and nanostructured N1 (Fig. 2b) as-

Table 1 Feedstock powders used in this study

Coatings
Material
supplier Size distribution

Co,
wt.%

WC
grain size

Conventional H.C. Starck −45 ± 15 µm 12 1–4 µm
Nanostructured Inframat Corp. −45 ± 5 µm 12 50–500 nm

Table 2 Spray parameters used for conventional and
nanostructured powders

Spray parameter

Pressure Flow rate

bar psi L/min FMR

Oxygen (O2) 10.3 150 253 40
Propylene (C3H6) 6.9 100 77 40

Note: FMR, flow meter reading
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sprayed coatings are shown in Fig. 2. In the conventional struc-
ture C1, WC grains are clearly seen, whereas in the N1 coating
there is a finer dispersion of smaller carbides.

There is no apparent change in carbide size for C1 after the
spraying process, whereas in N1 it is difficult to quantify by
image analysis. However, according to other authors, backscat-
tered electron images show more dissolution of WC grains in the
N1 coating because there are large areas where the contrast of
the Co phase has been lightened due to the dissolution of WC
(Ref 21, 22). The degradation reactions that take place during
thermal spraying have been described (Ref 21) as:

2WC + O2 ↔ W2C + CO2 (Eq 1)

W2C + 1�2O2 ↔ W2(CO� (Eq 2)

W2�CO� ↔ 2W + CO (Eq 3)

These reactions take place mainly in WC grains that interact
with oxygen. In addition, WC grains can be degraded in an oxy-

gen-free atmosphere (i.e., those that are in the core of the par-
ticles), according to Eq 4:

2WC ↔ W2C + C (Eq 4)

According to some authors (Ref 21, 22), two types of W2C can
be formed. The first type takes place when WC grain decom-
poses following Eq 1 or Eq 4. The other mechanism takes place
during the solidification of the Co-rich matrix leading to the pre-
cipitation of the W2C phase in the boundaries of the WC grains.
The later W2C appears as globular fringes around the WC grains.
As a consequence of these degradation reactions, some C is dis-
solved in the matrix. Once dissolved in the liquid, some C dif-
fuses and reacts with the oxygen in the surface to form CO/CO2,
thus losing part of the C from the original powder. The retained
C in the matrix with some W present in the liquid enriches the Co
matrix to create amorphous and nanocrystalline regions. These
small crystallites were found to be <8 nm (Ref 22, 23).

Depending on the degree of decarburization, metallic tung-
sten can precipitate near the splat boundaries (Ref 1) where there
is a C depletion due to its reaction with oxygen. Also, depending

Fig. 1 SEM images of (a) conventional powder and (b) nanostructured
powder

Fig. 2 SEM cross-sectional images of (a) conventional C1 coating and
(b) nanostructured N1 coating
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on the degree of decarburization, the precipitation of �-phases
can take place as follows (Ref 21):

4Co + 4WC + O2 ↔ 2Co2W4C + 2CO (Eq 5)

3Co + 3WC + O2 ↔ Co3W3C + 2CO (Eq 6)

12Co + 12WC + 5O2 ↔ 2Co6W6C + 10CO (Eq 7)

This experimental observation has been confirmed by XRD
analysis, in which the nanostructured coating contains a higher
fraction of W2C.

Figure 3 shows the XRD analysis of the samples. There is an
amorphous zone at 2� angles between 35° and 48° for both coat-
ings, although the nanostructured sample has a higher fraction of
amorphous phase. Both powders suffer the typical decarburiza-
tion, but the extent of this reaction is lower for the conventional
powder. The nanostructured powder has a greater decarburiza-
tion caused by the large surface-to-volume ratio of the WC par-
ticles. Another reason for this higher decomposition could be the
agglomerated particle size. In addition to having sub-micron-
sized WC grains, the nanostructured powder has a finer agglom-
erate size distribution than the conventional one, causing the
powder to interact to a larger extent with the flame.

Trying to deeply characterize the decarburization ratio, the
Chung method (Ref 14, 15) was used. The crystalline phases of
each coating were quantified using the most intense peaks for
each phase. This method allows the calculation of the ratio be-
tween crystalline phases by taking the relative intensity of the
peaks and a k factor that depends on the ratio between the inten-
sity of each phase and a diffraction pattern, which was a charac-
teristic constant for each of the existing phases. Table 3 shows
the semiquantitative percentages of the three main phases of the
sprayed coatings.

These measurements provide evidence of the higher level of
decarburization of the N1 coatings, because there is a decrease
of about 15% in the sample WC content when using nanostruc-

tured powder. The W2C-to-WC ratio increases as decarburiza-
tion increases (Ref 24).

Porosity measured by image analysis was 2.3% ± 0.2% for
the conventional coating and 1.5% ± 0.2% for the nanostruc-
tured coating. The pores are randomly scattered throughout the
cross section. Pores can be found either in the amorphous matrix
or in the WC-matrix boundaries. Intersplat boundaries are not
pronounced, but some pores appear there. Despite spraying po-
rous feedstock materials, extensive microporosity regions were
not found, which in contrast with the results of Kear et al. (Ref
13). This microporosity was supposed to be caused by the het-
erogeneous melting of the porous feedstock particles. The pore
size of the samples is different, being bigger for the conventional
coating due to the bigger WC particle size.

The Vickers microhardness values of the samples are 1236 ±
238 and 1568 ± 93 HVN for the C1 and N1 coatings, respec-
tively. As expected, the values for the nanostructured material
are higher than those for the conventional material, and the dis-
persion of values is much lower for N1. The dissolution of WC
into the Co matrix increases the matrix hardness by the solid
solution of W and C into the Co. The resulting formation of the
hard W2C phase also increases the hardness of the coatings.
However, other factors such as intersplat bonding, microporos-
ity, and WC-matrix bonding should be taken into account. The
resulting microhardness values will be a balance of all these con-
tributions and can change along the coating. As the nanostruc-
tured coating has higher microhardness values, the solid solution
strengthening by W and C and the finer WC distribution are the
factors governing the microhardness of the coatings.

Figure 4 shows a TEM image of the N1 sample, in which two
sizes of carbide WC crystals can be clearly seen. There are car-
bide WC crystals comprising sizes from 200 to 500 nm sur-
rounded by smaller carbides of 10 to 50 nm. This particle size
distribution was also seen in the starting powder. There are some
rounded grains (in the center of Fig. 4) that must have been cre-
ated after the deposition, as the starting powder was composed
by faceted WC grains. They are expected to be W2C grains be-
cause that morphology has been found by some researchers (Ref
21).

Figure 5 includes the diffraction pattern taken from the small
WC grains in the N1 sample dark field image, showing the typi-
cal ring morphology of nanostructured materials (Ref 22).

3.2 Wear Tests

3.2.1 Sliding Test. The sliding test was performed, and the
averages of the friction coefficients obtained from three tested
samples of each coating were 0.206 ± 0.03 for the N1 coating
and 0.294 ± 0.04 for the C1 coating. The plot for the sample that
gave the intermediate value is shown in Fig. 6, where it can be
seen that the C1 coating has a friction coefficient higher than that
of N1. This trend has been reported before by Zhu et al. (Ref 25),
who related the lower friction coefficient of nanostructured coat-
ings.

Fig. 3 XRD analysis of the nanostructured (N1) and conventional
(C1) coatings.

Table 3 Semiquantitative analysis of the crystalline
phases by the Chung method

Coatings WC, % W2C, % W, %

Conventional C1 89 8 3
Nanostructured N1 75 22 3
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The volume of material lost during the test was not possible
to detect by means of white light interferometry because the
wear path depth was below the resolution possible for this tech-
nique. In future work, the load and/or distance of the sliding test
will be increased to enlarge the wear path. However, the width of
the wear tracks studied using an SEM showed that the conven-
tional coating had an average width of 450 µm, which was about
two times that of the nanostructured coating (∼250 µm). Consid-
ering the work of several authors, there seems to be a trend for
increasing sliding wear resistance as microhardness increases.
However, other factors such as W2C content, WC grain size, and
Co content can modify the sliding wear resistance for a given
microhardness value (Ref 10, 26). Thus, the lower friction coef-
ficient and the thinner wear path of the N1 coating lead to the
conclusion that N1 has higher sliding wear resistance. Despite
having more W2C phase, the higher microhardness of the N1
coating seems to be the factor controlling wear resistance.

The study of the wear tracks after the BOD test corroborated
some previous data about the wear mechanism. Oxides formed
as the counterpart material (sintered WC-Co ball) slid over the
sample (Ref 27, 28). The oxidation appeared along the wear path
(dark areas), as can be seen in the secondary electrons (SE)-SEM
images of the wear track (Fig. 7). The oxides accumulate in the
fractured zones (removed splats by weak intersplat bonding) and
are indicated by white arrows in Fig. 7.

Qiao et al. (Ref 1) proposed three wear mechanisms. Two of
them have been seen in the studied samples: “wear of single WC
grains,” in which there is a preferential elimination of the Co
matrix in some zones (A in Fig. 8a) followed by a decrease in the
adhesion of WC grains due to the loss of matrix until WC grains
are finally pulled out; and “lifting of entire splats”, in which
large areas of material are pulled out due to weak intersplat
boundaries (B in Fig. 8a). The SEM images of the cross sections
of both samples showed that the nanostructured coating had
more lifted splat zones than the conventional coating due to the
higher decarburization level reached. Then, these depleted zones

are covered with a brittle oxide layer that breaks due to the ap-
plied load (Fig. 8a, b). At the same time, some WC grains break
due to the counterpart load. This effect is especially visible in the
conventional coatings, where small crushed WC grains remain
spread over the whole path (C in Fig. 8a).

3.2.2 Abrasive Wear Test. Previous studies on bulk mate-
rials (Ref 29) have reported that sintered nanostructured WC-Co
materials have higher abrasive resistance than their conventional
counterparts. However, this improved abrasive resistance is not
found in coatings deposited by HVOF spraying of nanostruc-
tured or conventional powders (Ref 2, 30, 31). Comparing nano-
structured with conventional coatings, the former has lower
wear resistance mainly due to the higher degree of decarburiza-
tion, which leads to some detrimental processes. When dissolu-
tion takes place, flaws such as microporosity, creation of brittle
W2C phase, increasing of the Co-rich matrix percentage, and
weak intersplat bonding are enhanced.

The measurements performed in this study showed that both
materials have the same abrasive wear resistance after 30 min of
testing, as can be seen in Fig. 9. The finer and more homoge-
neous distribution of WC particles and the reduction of the
binder free path for abrading media when using nanostructured
feedstock materials are the key factors for balancing the negative
effects of the higher content of the brittle W2C phase. Micro-
hardness is another factor that some authors may take into ac-
count, although the relationship between hardness and abrasive
wear resistance is not strong. However, as a result of the values
obtained in this work, it seems that the higher microhardness
(30% higher) obtained with nanostructured coatings should have
a strong influence in the wear mechanism.

3.3 Electrochemical Tests

In Fig. 10, the EOC plots for the studied samples and the steel
substrate are shown. There is an initial potential decay for all
samples due to the dissolution of oxides in the coating surface
and also due to the penetration of the electrolyte. The potential
stabilizes after 4 h of immersion for all of them. The EOC value
after 18 h is −0.39, −0.53, and −0.72 V, respectively, for N1, C1,
and steel.

The nanostructured coating provides a corrosion protection
to the substrate higher than the conventional one. The C1 sample
shows an EOC value that is closer to that of the steel. This sug-
gests that the electrolyte has probably reached the substrate-
coating interface after 18 h of immersion. The cross-sectional
SEM images of both samples after EOC tests showed that the C1
substrate-coating interface (Fig. 11a) was attacked. An EDS
analysis confirmed the presence of ferrous oxides not only in the
interface, but also in the coating surface. However, the N1
sample (Fig. 11b) withstood the electrolyte attack. There is no
oxide formation either in the interface or in the coating surface.
When the electrolyte reaches the interface, a coating detachment
can occur after some testing for some hours (Ref 32, 33).

All Tafel polarization curves recorded after EOC tests and im-
pedance measurements are shown in Fig. 12. There is a current
intensity decrease for the coatings in comparison with the steel
substrate, showing the higher resistance of the coatings. Again,
the N1 sample showed better corrosion protection for the sub-
strate in this environment.

Electrochemical impedance spectroscopy measurements

Fig. 4 TEM image of different sizes of WC grains in the nanostruc-
tured coating
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were performed after stabilizing the EOC and applying 5 mV
(rms) on the EOC value. The impedance data for the three evalu-
ated systems are shown in Fig. 13. The results are shown as the
Nyquist plot. The Nyquist plot allows the comparison of the ca-
pacitive semicircle of the samples. The bigger the capacitive
semicircle, the higher the corrosion resistance. The N1 sample
showed the highest capacitive semicircle, which means that it
has higher corrosion resistance than the C1 coating.

The surface area of nanosized WC grain materials is higher
than that of conventional materials, and the expected corrosion
resistance for nanostructured coatings would be higher than that
of conventional coatings, although several authors studying the
WC-Co system have detected a preferential degradation of the
Co matrix surrounding the WC grains (Ref 32). The N1 coating
has provided better protection of the substrate from corrosion
due to its nobler behavior and enhanced sealing properties,
which attributed to its lower porosity. All of these results indi-

cated that sealing properties have a strong role in corrosion re-
sistance.

A salt fog spray test was also carried out to quantify the cor-
rosion protection provided by N1 and C1 coatings. The C1
sample remained unaltered for 130 h, whereas the N1 sample
withstood 600 h of testing. These results corroborate those quali-
tative results obtained from electrochemical tests. There is an
increase of 350% in corrosion resistance for the N1 sample com-
pared with the C1 sample.

4. Conclusions

• From the microstructural and XRD studies, it can be con-
cluded that nanostructured coatings suffer more degrada-
tion in terms of decarburization and precipitation of W2C.

Fig. 5 Dark field TEM image of WC grains and the diffraction pattern of bright nanosized WC grains

Fig. 6 Evolution of friction coefficient with covered distance for C1
and N1 samples

Fig. 7 SEM overview of the wear track for the conventional coating
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The main reason for that is their larger surface-to-volume
ratio. Because the spraying conditions were the standard
conditions for the conventional powder, which were not op-
timized for the nanostructured powder, and also because
both feedstock materials had the same porous morphology,
the interaction of the particles with the flame only depends
on the particle size because the nanostructured powder is
finer and its degradation is higher. This effect has to be
added to the surface-to-volume ratio effect.

• The Chung method has proved to be an effective tool for the
quantification of the degree of decarburization endured by
the particles. It showed that the W2C-to-WC ratio increases
as the decomposition increases, which is in agreement with
that reported in the literature. The dissolution of WC grains
in the Co matrix leads to an enrichment in W and C content.
After the solidification of the splat, an amorphous W-C-Co
matrix is created, which can be identified by XRD analysis
by a hump in the region of 2� 35° to 48°.

• The TEM studies showed that the nanostructured coating
has two kinds of WC grains, called nanostructured WC
grains, of about 10 to 50 nm and near-nanostructured WC

grains of 200 to 500 nm. This was also observed in the ini-
tial powders by SEM. Some W2C grains can be seen in the
boundaries of the WC grains with the typical globular struc-
ture of the precipitated W2C phase.

• The key factors in the microhardness of the nanostructured
coating were the finer distribution of carbides in the matrix
and the hardening effect of W and C dissolution in the Co
matrix. As a result, the nanostructured coating showed
higher hardness (around 30%) and lower dispersion of the
obtained results compared with the conventional coating.

• The friction coefficient of the N1 coating was 30% lower
than that of the C1, and the wear path was also thinner. The
nanostructured coating showed better sliding wear behavior
than the conventional coating. The higher microhardness of
the nanostructured coating seems to be the factor control-
ling the sliding wear resistance.

• The higher level of the W2C phase in the nanostructured

Fig. 8 SEM images of wear tracks after the BOD test for (a) the con-
ventional coating and (b) the nanostructured coating

Fig. 9 Wear rate versus test time for conventional (C1) and nanostruc-
tured (N1) coatings

Fig. 10 EOC plots of the samples and steel substrate after 18 h of im-
mersion
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coating has weakened intersplat bonding, and thus more
splat debonding has occurred in the N1 samples. Brittle ox-
ide layers are created in detached areas. The typical mecha-
nism of the preferential wear of Co matrix followed by WC
grain detachment takes place in both coatings, although an
additional wear mechanism consisting on crushing WC
grains can be observed in the conventional coating.

• The nanostructured and conventional coatings have shown
the same abrasive wear resistance. The finer and more ho-
mogeneous distribution of WC particles and the reduction
of the binder free path for abrading media when using nano-
structured feedstock materials are the key factors for bal-
ancing the negative effects of the higher content in the
brittle W2C phase. In addition, it seems that the higher mi-
crohardness obtained with the nanostructured coating
should have a strong influence on the wear mechanism as
well.

• Electrochemical tests and salt fog spray test corroborate that
the nanostructured coating shows higher corrosion resis-
tance than the conventional coating. The N1 coating
showed a 3.5 times higher corrosion protection for the sub-

strate compared with that of the C1 coating in the salt fog
test. This superior performance is credited to its overall
sealing properties.

• Even though the properties of the nanostructured coating
sprayed under nonoptimized spraying conditions are better
than those for the conventional coating, an optimization of
the process might be required.
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