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Abstract Wear leads to high material and energy losses in
various industries. The manufacturing of novel nano-car-
bide WC/CoCr powder feedstock materials promises a
further increase in the performance of thermally sprayed
wear protection coatings. A novel experimental powder
and a commercial ultra-fine carbide WC/CoCr reference
are thermally sprayed onto a 1.0038 substrate by High
Velocity Air Fuel (HVAF) spraying. The specimens are
metallographically prepared and analyzed by means of
light microscopy (LM) and scanning electron microscopy
(SEM). Vickers Hardness testing is conducted by micro-
indentation, and the porosities are determined by optical
image analysis. X-ray diffractometry (XRD) analysis is
used to investigate the phase retention. Fine nanocrystalline
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WC structures are preserved in the dense coatings. A sig-
nificant effect of powder type on the porosity of the coating
was found. No systematic relationships could be identified
between the coating structure and the two parameter set-
tings. It was possible to influence decarburization via both
the powder type and the selected parameters. The resulting
experimental and commercial nanostructured WC/CoCr
coatings exhibit high, narrow hardness values with medians
of 1.400 < HV0.3 < 1.470. The novel nanostructured
coating can contribute to reduced wear and therefore
improve the efficient utilization of critical raw materials
like tungsten.

Keywords carbides - chrome replacement - HVAF -
nanomaterials - WC-Co-Cr

Introduction

Thermally sprayed WC/CoCr cemented carbide coatings
are a well-established form of wear protection in many
industrial applications. In the production of WC/CoCr
coatings by thermal spraying, the required raw materials
are a significant cost factor. Tungsten carbide powders are
predominantly obtained from tungsten metal powders.
Increased price and supply risks are forecast for tungsten in
a 2014 raw material risk assessment by the German Raw
Materials Agency (DERA) (Ref 1). A study conducted by
DERA in 2018 came to the same conclusion in regard to
cobalt (Ref 2). For these reasons, the need for new
resource-saving material concepts is growing. The use of
more wear-resistant coatings with a longer service life
would provide a possible solution for these challenges.
Other concepts to tackle this issue include the substitution
of WC or Co by other hard phases and binders. This does,


http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-023-01607-0&amp;domain=pdf
https://doi.org/10.1007/s11666-023-01607-0

J Therm Spray Tech (2023) 32:1772-1779

1773

however, in many cases come at a cost of coating perfor-
mance, e.g., higher wear rates of the substitute coatings. A
work by Bobzin et al. (Ref 3) conducted experiments on
the wear performance of HVOF sprayed WC/Co and
Cr3C,/NiCr coatings. After pin on disk tests against an
Al,O3 counter body, the wear rate of the Cr3C,/NiCr
coating was about 100 times higher than the WC/Co
system.

Generally, a decrease in carbide size leads to an increase
in hardness and a decrease in fracture toughness in
cemented carbides (Ref 4). Both hardness and fracture
toughness are important factors influencing the wear
behavior of a tribological system. In the recent past, a focus
of research was put on the development of sub-micron and
ultra-fine carbide WC/Co-based wear-resistant coatings. In
many cases, authors state that due to the small carbide size,
higher hardness values can be realized in such coating
systems than in coatings with coarser carbides while
maintaining sufficiently high resistance to crack propaga-
tion and brittle fracture (Ref 5-7). In addition, the small
carbide size has other positive influences on the tribologi-
cal system. For example, Yang et al. (Ref 8) indicate a
positive influence on the wear mechanism in sliding wear.
The corresponding tribological investigations were carried
out using an Al,O3 counter-body. According to Al-Mutairi
et al. (Ref 9), a critical factor in the fabrication of nanos-
tructured WC/Co-based coatings is their high-volume
specific surface area, which leads to a higher extent of
thermally induced phase transformations in the form of
decarburization. During decarburization, the oxidation and
high-temperature decomposition of tungsten carbide result
in a lower carbon content as well as WC phase content in
the coating compared to the feedstock. Decarburization
leads to the formation of W,C and complex #x-carbides,
e.g., CosW3C, as well as amorphization and embrittlement
of the binder matrix in accordance with numerous refer-
ences (Ref 9-11). Various studies have reported a negative
influence of the phases formed by decarburization on the
fracture toughness and tribological properties of the coat-
ing (Ref 12, 13). With the aim of minimizing carbide
growth and decarburization during the production of WC/
Co-based feedstock materials, a novel manufacturing route
using water-soluble raw materials has been developed in
the recent past (Ref 14). The experimental powder pre-
sented in this paper is a result of this effort.

WC/CoCr coatings are commonly applied by High
Velocity Oxygen Fuel spraying (HVOF). Compared to,
e.g., plasma spraying processes, the relatively low particle
temperatures and high particle velocities in HVOF result in
coatings with lower decarburization and an increased
coating density. The high wvelocity air fuel spraying
(HVAF) process is a new complementary variant to the
HVOF process. While the HVOF process uses pure oxygen

as the oxidant for combustion, the HVAF process uses
compressed air. According to Jacobs et al. (Ref 15), com-
pared to the HVOF process, the HVAF process provides an
even lower degree of oxidation and decomposition during
the application of WC/Co-based coatings. As the works of
Bobzin and Verstak et al. (Ref 16, 17) also conclude, in
comparison with HVOF spraying, HVAF spraying of
hardmetals offers a considerably lower degree of oxidation
and decarburization of the feedstock at porosities of less
than 1%. While the HVAF spraying of conventional hard
metals has drawn some attention in the literature, still far
fewer publications in comparison with HVOF spraying of
conventional WC/Co feedstock can be found. Conse-
quently, the literature on HVAF spraying of nanostructured
WC/Co feedstock is even more scarce. Since the HVAF
process appears to be suitable for the processing of
nanostructured WC/Co, it is investigated in this work. The
overall aim of the present work is the manufacturing of
dense coatings with a high WC phase retention.

Experimental Procedure
Feedstock Materials

In this work, an experimental 80WC/14Co6Cr powder with
carbide sizes in the nano-scale of @wc ~ 50 nm is
investigated. For the synthesis of this powder, a new
manufacturing route using water-soluble raw materials was
used, as reported by Karhu et al. (Ref 14). Since the
experimental powder contains Cr3C,, the WC content was
slightly lowered in order to ensure good manufacturability.
For a reference feedstock, the commercial 86WC/10Co04Cr
powder Amperit 507.059 from Hoganids (Diisseldorf, Ger-
many) is chosen. The carbide sizes in this commercial
powder extend into the ultra-fine scale of Owc ~ 200-
400 nm with a particle size distribution of d10/d50/
d90 = 11 pm/18 pm/29 pm and an apparent bulk density
of p = 5.8 glem®.

HVAF Spraying

The substrates used for HVAF spraying are made of
unalloyed structural steel (1.0038) and are cut to dimen-
sions of 120 x 50 x 8 mm>. Before spraying, all sub-
strates are grit-blasted with corundum F16 at a pressure of
p = 0.6 MPa and then cleaned with ethanol and com-
pressed air. An AK-07 spray gun from Kermetico Inc.,
Benicia, California, USA, is used for thermal spraying.
Propane and compressed air are used as fuel and oxidant,
respectively. A Laval nozzle with a high length of
1 =275 mm is used. Since the open jet is eventually
slowing down, higher particle velocities can be achieved
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compared to shorter nozzles when the distance between
combustion chamber and substrate is kept constant. With
the goal of a coating thickness of s = 150 pm, three rep-
etitions with ten passes per repetition are carried out for
each sample. Between the individual repetition, the sam-
ples are cooled to 7' < 50 °C with compressed air.

The parameters used are listed in Table 1. With
parameter set 0, promising results have already been
obtained in (Ref 16) for HVAF spraying of conventional
86WC/10Co4Cr coatings on the same equipment. For
parameter set 1, a comparable spray distance is used. With
the aim of increasing the productivity of the spraying
process, compared to parameter set 0, the robot speed is
increased from vy = 900 mm/s to v; = 1,000 mm/s and the
powder feed rate from mgy = 40 g/min to m; = 50 g/min.
Previous experience showed that these changes have no
significant effect on the coating quality. Since the hydrogen
flow affects the particle temperature, it is assumed that
higher hydrogen flows result in a more pronounced
decarburization. Compared to the study conducted in (Ref
16), finer carbides are used in this work. The increased
volume-specific surface area of the carbides leads to a
higher susceptibility for decarburization. For parameter set
1, the hydrogen flow is therefore reduced from HF, = 41
SLPM to HF, = 12 SLPM, in order to realize a lower heat
input into the particles during the process.

Powder and Coating Characterization
As preparation for the investigations, cross sections were

cut out of the coated specimens using a precision cutting
machine. The cross sections were then hot-embedded in

epoxy resin and prepared by grinding and polishing. Final
polishing was performed with a 1-um diamond suspension.

To investigate the coating structure and thickness,
optical microscope images with 200 x magnification were
taken of the metallographically prepared cross sections.
The open-source software ImagelJ is used for image pro-
cessing and determination of the coating thickness and
porosity. The porosity was determined using a stitched
image of the dimensions Aggen = 35,000 x 100 umz.
Objects with an area A of 1 um® <A < 50 um? are
included in the measurement. Smaller or larger objects are
assigned to other components such as impurities or artifacts
by sample preparation. To determine the coating thickness,
10 individual measurements were taken at a distance of
d > 500 pm and averaged. Furthermore, the morphology
of the powders and the coating structure of the cross sec-
tions were analyzed by scanning electron microscope
(SEM) using backscattered electrons (BSE). The micro-
Vickers hardness was determined in the cross sections with
a load of m = 300 g at an indentation time of = 15 s. The
indentation load of m = 300 g ensures an adequate distance
of indented area to surface and interface, respectively. The
hardness values reported are based on n = 30 individual
measurements. The phases contained in the coatings were
examined by x-ray diffraction (XRD) in a range from
20° < 20 < 80° using a Cu-K,, radiation source. For that
purpose, an XRD 3000 by GE Energy Germany, Ratingen,
Germany, was employed. For the phase recognition, pdf
cards from the pdf-2 software by ICDD, Philadelphia,
USA, were available.

Table 1 Overview of the parameters for HVAF process, chemical composition and nomenclature of the examined samples

Parameter Unit Parameter set

0 1
Stand-off distance mm 175 180
Robot velocity mm/s 900 1,000
Propane pressure bar 5.55 5.55
Air pressure bar 6.28 6.28
Nitrogen flow SLPM 18 18
Hydrogen flow SLPM 41 12
Powder feed g/min 40 50

Powder Chemical composition Particle size distribution d10/d90, pm Apparent density, g/cm3 Parameter set
0 1

Chemical composition and nomenclature

VTT-experimental 80WC/14Co6Cr 12.1/43.3 4.0 Exp0 Expl

Amperit 507.059 86WC/10C0o4Cr 11.0/29.0 5.8 Amp0 Ampl
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Fig. 1 BSE-SEM analysis of
the experimental 8OWC/
14Co6Cr nano-carbide powder
on the left and the commercial
ultrafine 86WC/10Co4Cr
carbide powder on the right side

Fig. 2 Optical microscopic images of the coatings applied by HVAF using the experimental 80WC/14Co6Cr nano-carbide powder for Exp0 and
Expl and the commercial ultra-fine 86 WC/10C04Cr carbide powder for Amp0O and Ampl

Results and Discussion
Characterization of the Spray Powders
Figure 1 shows SEM images of the two powders at

2,000 x magnification. Figure 1(a) shows the experimen-
tal powder, Fig. 1(b) the commercial reference. The

experimental powder exhibits an approximately spherical
shape with an irregular surface. For the fabrication of the
reference powder, agglomeration and sintering were used,
which resulted in a spherical powder morphology typical
for this production route. Compared to the reference
powder, the open porosity varies more between the indi-
vidual particles of the experimental powder. Large open
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pores in the experimental feedstock become evident when
comparing Fig. 1(c) and (d). This observation is in line
with the apparent densities in Table 1. In addition to that,
there is a higher amount of smaller particles in the exper-
imental powder. Some finer particles with a diameter
d < 2 pm adhere to the larger sintered particles. A sinter-
ing neck between those particles can be identified in
Fig. 1(c). The proportion of loose fine particles in the
experimental powder can be easily removed by further
post-processing steps, e.g., sieving, if necessary.

Coating Structure and Coating Thickness

Figure 2 shows optical micrographs of the cross sections of
the specimens. For both parameter sets, the coating pre-
pared with the experimental powder exhibits a significantly

Table 2 Coating thickness and porosity of the coatings applied by
HVAF using the experimental 80WC/14Co6Cr nano-carbide powder
for ExpO and Expl and the commercial ultra-fine 86WC/10C04Cr
carbide powder for Amp0 and Ampl

Specimen Coating thickness, pm Porosity, %
Exp0 164 £ 11 0.5
Expl 143 £5 0.4
Amp0 152+ 6 1.8
Ampl 163 £ 15 1.9

Fig. 3 BSE-SEM analysis of
the coatings applied by HVAF
using the experimental SOWC/
14Co6Cr nano-carbide powder
for ExpO and Expl and the
commercial ultra-fine 86WC/
10Co4Cr carbide powder for
Amp0 and Ampl
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lower porosity. A significant influence of the different
parameter sets on the porosity cannot be identified by
quantitative analysis with Image J. Challenges in the
porosity measurement apart from the measurement error
are defects such as cross section breakouts during prepa-
ration as well as the subjectivity of the commonly used
grayscale thresholding method. The first does especially
hold true for brittle materials such as the hard metal
feedstock used in this work. Even within standardized
procedures (Ref 18), there is significant margin of error.

The values for the coating thickness and porosity are
summarized in Table 2. The coating thicknesses are in a
similar range for all samples. Significant influences of the
different parameter sets or the powder type on the coating
thickness cannot be identified. Generally, a difference in
coating things and porosity would imply a difference in
deposition efficiency due to the parameter set or feedstock
used. However, in this work, the specimen is well within
standard deviations, i.e., even for higher coating thick-
nesses or lower porosities no significant conclusion can be
drawn.

Figure 3 shows SEM images of the coatings at
20,000 x magnification. The WC particles appear bright,
while the metallic co-matrix shows different gray tones.
According to Jacobs et al. (Ref 15), the different shades of
gray result from locally different chemical compositions of
the binder matrix. Lighter shades of gray indicate that a
higher proportion of the heavy element W is dissolved in
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the matrix. Darker areas indicate a high proportion of the
lighter elements Co and Cr. The appearance of W,C is
manifested by halos around the WC particles. These halos
are even brighter than the WC because they are richer in
the heavy element W.

The deviating gray tones of the binder matrix in Fig. 3
and brighter areas around the WC particles thus indicate
that some decarburization has occurred. The carbide sizes
of samples Exp0O and Exp1 are mainly in the range of a few
nanometers. Locally, strong deviations from these small
carbide sizes occur. For sample Amp0 and Ampl, the
carbide sizes reach from the sub-micron to the ultra-fine
range. The carbides in the reference coatings exhibit an
irregular and angular morphology. This indicates the WC
used here was crushed or milled down to the desired size.
The WC in the experimental powder, to the contrary, forms
roundly shaped carbides due to the chemical synthesis
route. The microstructures are dominated by areas of
nanoscaled WC particles. As Karhu et al. (Ref 14) have
concluded for this manufacturing route, the carbide size
herein is in a range of 10 nm < dwc 100 nm. Some local
variations in carbide content, i.e., coarse grains can be
observed in samples Exp0O and Expl.

Phase Analysis

Figure 4 shows the diffractograms of the four samples and
both feedstock powders. The dashed vertical lines indicate
the position of the main reference peaks of the pure phases.
For improved visualization, only reference peaks with an
intensity above [ = 10% are plotted as dashed vertical
lines. Comparing the samples to the feedstock powder
reveals a difference in «-Co phase. The Co(Cr) peak is
more pronounced for the experimental powder. After pro-
cessing the portion of o-Co is not significant anymore.
Some a-Co has reacted to form 5-carbides of the CosW;C
type. These could not be detected in either feedstock

powder. Apart from that, the samples are mainly composed
of WC, which is clear from the large peaks at 20 ~ 48°
(48.3° according to reference), 20 ~ 35.5° (35.6°) and
20 =~ 31.5° (31.5°). The peak at 20 =~ 40° lies between
the main intensity peaks of the W,C and W phases and thus
probably represents an overlapping peak of these two
phases. Compared with the WC peaks, this overlapped
peak has a low height. The height of the peaks is not
equivalent to the quantitative fraction of the respective
phase. However, a qualitative assessment of the phase
proportions based on the height of the peaks is possible.
Accordingly, the low peak at 20 ~ 40° indicates that a
small fraction of decarburization phases is present. This
decarburization peak is more pronounced for parameter set
0 than for parameter set 1. In addition, it can be seen that
slightly higher decarburization occurred for the samples
obtained from the experimental powder.

In the magnified view on the right of Fig. 4, these dif-
ferences can be observed. Especially in the coating ExpO
slightly higher formation of decarburization products can
be noted. Hence, Amp0 exhibited the lowest degree of
decarburization. Nevertheless, the overall differences
between the diffractograms are small.

Hardness of the Coatings

Figure 5 shows a boxplot of the hardness values deter-
mined for the samples. Overall, the individual measure-
ments are in a similar range, although slightly increased
hardness values can be achieved with the reference coat-
ings. The averaged microhardness of the specimens pre-
pared from the experimental powders Exp0O is
1,414 £ 70 HVO0.3 and Exp 1 1,383 &£ 87 HVO0.3, that of
the reference specimens with Amp0 is 1,460 £+ 103 HV0.3
and for Ampl 1,427 &+ 74 HV0.3. The averaged hardness
values of Exp0O and Expl are thus slightly lower than those
of Amp0 and Ampl, but still lie in a comparable range. A
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carbide powder AmpP and the corresponding coatings applied by HVAF at different parameter sets for Exp0O, Expl, Amp0, Ampl
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Fig. 5 Boxplot representation of the hardness values of the coatings
applied by HVAF using the experimental 80WC/14Co6Cr nano-
carbide powder for ExpO and Expl and the commercial ultra-fine
86WC/10C04Cr carbide powder for Amp0O and Ampl

possible reason for the slightly lower hardness of the
experimental 80WC/14Co6Cr powder compared to the
commercial 86WC/10Co4Cr powder is the lower WC
content.

As expected, an increased standard deviation can be
observed due to the high overall hardness. In addition to
that the thermal spray process yields an inhomogeneous
microstructure which is very much dominated a lamella
structure and splat boundaries. The inhomogeneities that
originate from the spraying process too, result in an
increased measurement scatter. An in-depth investigation
of processing and wear behavior of HVOF and HVAF
sprayed commercial WC/CoCr feedstock was conducted by
Bocelli et al. (Ref 19). Therein, a median Vickers hardness
of HV0.3 < 1.250 or less was measured for the HVAF
sprayed coatings. The significantly higher hardness
observed in the present work is expected to result from the
nanostructured feedstock powder.

Conclusions

It has been demonstrated that the experimental WC/CoCr
powder has the potential to substitute currently used
commercial powders. The investigated coating properties
of Exp0O and Expl are comparable to those of AmpO and
Ampl or exceed them.

The results can be summarized as follows:

e For both powders, successful coating application was
possible with the selected parameter sets.

e The coatings produced from the experimental WC/
CoCr powder exhibited lower porosity than the refer-
ence coatings, with comparable hardness and coating
thickness.

@ Springer

e The majority of the carbides in the coatings produced
from the experimental powder have a size in the range
of a few nanometers and are thus far smaller than the
carbides in the reference coating. The homogeneity of
the ExpO and Expl coatings is reduced by local
deviations in carbide size and content.

e The XRD measurement results suggest that a small
number of decarburization-formed phases are present in
all coatings. The diffractograms suggest a slightly
higher decarburization for the experimental powder.

Verification of the reproducibility of the results made in
this study is still ongoing. Future work includes the man-
ufacturing of bimodal WC/CoCr by mixing the nanos-
tructured powders with conventional micron-scale carbide
WC/CoCr, as well as investigations of the tribological
properties of the coating. If the higher decarburization in
the experimental powder has a significant impact on the
tribological properties, the development of an optimized
parameter set for an even lower decarburization is needed.
In addition, the influence of the local variations in carbide
size and content on the tribological properties should be
investigated.
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