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The composition WC-(W,Cr),C-Ni is one of the standard compositions used for the preparation
of thermally sprayed coatings by high velocity oxy-fuel (HVOF) spraying. Surprisingly, this composition
has been poorly investigated in the past. Frequent use of commercial designations WC-‘CrC’-Ni,
WC-Cr3C,-Ni, and WC-NiCr indicates the insufficient knowledge about the phase compositions of these
powders and coatings. The properties of these coatings differ significantly from those of WC-Co and
WC-CoCr coatings. In this paper, the results of different series of experiments conducted on HVOF-
sprayed WC-(W,Cr),C-Ni coatings are compiled and their specific benefits pointed out. The focus of this
study is on the analysis of the microstructures and phase compositions of the feedstock powders and
coatings. Unlike WC-Co and Cr;C,-NiCr, WC-(W,Cr),C-Ni is not a simple binary hard phase—binder
metal composite. The phase (W,Cr),C with unknown physical and mechanical properties appears as a
second hard phase, which is inhomogeneously distributed in the feedstock powders and coatings. As
examples of coating properties, the oxidation resistance and dry sliding wear properties are compared

with those of WC-10% Co-4%Cr coatings.

Keywords dry sliding wear resistance, HVOF hardmetal
coatings, oxidation resistance, WC-CoCer,
WC-(W,Cr),C-Ni

1. Introduction

Feedstock powders and coatings made of the com-
mercially available composition WC-(W,Cr),C-Ni are
based on an invention for which a patent application was
filed in 1958 (Ref 1). As opposed to studies on WC-Co and
WC-CoCr coatings, studies on these coatings are rarely
found in the literature and most of them were performed
in Japan. Okada and Yamada investigated the effect of an
additional heat treatment on the coating properties
(Ref 2). Ishikawa et al. (Ref 3-5) studied the influence of a
gas shroud during HVOF-spraying on the microstructure,
phase composition, corrosion, and wear properties of the
coatings. Nakajima et al. investigated the rolling contact
fatigue of HVOF-sprayed coatings (Ref 6-8). The com-
position was also selected in a number of comparative
studies of different hardmetal coatings, e.g., by Toma
et al. (Ref 9), Henke et al. (Ref 10), Cho et al. (Ref 11),
and Kreye (Ref 12).

The phase composition of the coating in the patent
(Ref 1) is given as tungsten monocarbide (WC), a mixed
carbide (W,Cr,)C,, and nickel. In the comparative study
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published by Kreye (Ref 12), the phase composition
WC-25(WCr),C-5Ni is given. However, nowadays there
are confusing designations used in the literature for this
one and the same composition, e.g., WC-‘CrC-Ni (Ref 11),
WC-Cr-Ni (Ref 6-8), WC-NiCr (Ref 2), and WC-Cr;C,-Ni
(Ref 9). A phase ‘CrC’ with a chromium-to-carbon atomic
ratio of 1:1 does not exist in the Cr-C phase diagram. As
shown below, although Cr;C, sometimes appears in the
powders, it is not detected in the coatings. The lack of a
JCPDS standard card for the (W,Cr),C phase is one of the
probable reasons for the contradictory and confusing
designations used for this coating composition. The
(W,Cr),C phase has been described in the literature
(Ref 13, 14). Stecher et al. (Ref 13) found a linear
decrease in the lattice parameters a and ¢ with increasing
‘Cr,C content, as shown in Fig. 1. However, no data on
the physical and mechanical properties with varying
chromium content are available.

The WC-(W,Cr),C-Ni coatings are characterized by
extraordinary properties. Our investigations showed a
much superior oxidation resistance to that of other com-
mercial WC-based coatings (Ref 15). Good corrosion
resistance is another important property of this composi-
tion (Ref 16), although microcracks can accelerate attack
by corrosive solutions (Ref 11). Therefore, the composi-
tion WC-(W,Cr),C-Ni can bridge the gap between WC-Co
and Cr;C,-NiCr with regard to oxidation and corrosion
resistance (Ref 17). The coating shows excellent dry slid-
ing wear properties at 800 °C. At this temperature other
WC-based coatings cannot be applied at all (Ref 18).

In this paper the results of different experimental series
conducted on HVOF-sprayed WC-(W,Cr),C-Ni coatings
are compiled and their specific benefits pointed out. The
focus of this study is on the analysis of the microstructures
and phase compositions of feedstock powders produced by
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Fig. 1 Changes in lattice parameters a and ¢ as a function of
chromium content in W,C after Stecher [13]

various techniques and coatings sprayed using different
HVOF systems. As examples of coating properties, the
oxidation resistance and dry sliding wear properties are
compared with those of WC-10% Co-4%Cr coatings. The
real phase composition WC-(W,Cr),C-Ni is used
throughout this paper for the designation of all powders
and coatings.

2. Experimental

Commercial WC-(W,Cr),C-Ni feedstock powders
prepared by agglomeration & sintering (a & s) and sin-
tering & crushing (s & c) were used in all experimental
series described below. The particle size distributions of
the feedstock powders were selected according to the
requirements of the HVOF systems used. In all cases the
coatings were deposited on to grit-blasted substrate
surfaces with optimized parameter sets. Spraying was
performed with four different HVOF systems: JP-5000
(Praxair, USA), K2 (GTV mbH, Germany), DJH 2700
(SulzerMetco AG, Switzerland), and TopGun (UTP,
Germany).

From the feedstock powder characteristics studied, the
cross sections investigated by scanning electron micros-
copy (SEM) and the phase compositions investigated by
X-ray diffraction (XRD) are the focuses of this paper.

Detailed studies on the influence of the feedstock
powder on coating microstructure and phase composition
were performed with coatings sprayed by kerosene-fuelled
JP-5000 and K2 systems. In these cases coatings were
sprayed on to mild steel substrates of dimension
60 x 100 mm. From the results obtained, the phase com-
positions and microstructures obtained from the metallo-
graphic cross-sections studied by SEM and the hardness
values are highlighted in this paper.

In the oxidation experiments, coatings sprayed by
ethene-fuelled DJH 2700 and TopGun systems from an
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a & s powder with optimized spray parameter sets were
used. The coatings were deposited onto a 45 x 20 mm
surface of a 6 mm thick oxidation-resistant steel substrate
(1.4021, X20Cr13). The oxidation experiments were per-
formed in a tube furnace in streaming air with a flow rate
of 10 I/h. The heating rate was 2 K/min. The experiments
were carried out using different combinations of temper-
ature (350-900 °C) and time (2-128 h). More detailed
information on these experiments are given in a paper by
Berger et al. (Ref 15).

WC-(W,Cr),C-Ni coatings were also part of a system-
atic comparative study of HVOF-sprayed hardmetal
coatings under dry sliding conditions up to 800 °C
(Ref 18-21). These tests were performed at the Federal
Institute for Materials Research and Testing (BAM) in
Berlin, Germany, according to DIN 50324 (ASTM G-99)
with a BAM-designed high-temperature tribometer.
Coatings were deposited on one planar surface of the steel
(1.3910, Invar, Ni36) test specimen by an ethene-fuelled
DJH 2700 system using an a & s feedstock powder. For all
coatings, the minimum as-sprayed thickness was approxi-
mately 250 um. Sintered alumina (99.7%) bodies were
used as the counterparts. A normal force of 10 N was
applied and the sliding distance was 5,000 m. Experiments
were performed at 23, 400, 600, and 800 °C in air with
sliding speeds of 0.1, 0.3, 1, and 3 m/s.

3. Results and Discussion

3.1 Microstructures and Phase Compositions
of Feedstock Powders

Commercial WC-(W,Cr),C-Ni powders made using
various techniques, e.g., agglomeration & sintering (a & s),
sintering & crushing (s & c¢), and agglomeration & plasma
densification, are available. Figure 2 shows SEM micro-
graphs of the cross sections of one s & ¢ and two a & s
WC-(W,Cr),C-Ni powders, selected as characteristic
examples. The powder particles of the s & ¢ powders are
dense, while the particles of the a & s powders are porous.
As can be derived from the different grayscales, all pow-
ders are characterized by the appearance of at least three
phases, which have in part inhomogeneous distributions.
The diffraction patterns of these selected powders are
illustrated in Fig. 3. WC was identified as the main con-
stituent, and metallic nickel was found to be present in all
these powders. Peaks of the (W,Cr),C phase could be
detected in the diffraction patterns of the s & c powder
and one a & s powder (see line b in Fig. 3). This a & s
powder also contained alloyed Cr,Cs, with peaks shifted in
comparison to those of the JCPDS standard. The other a
& s powder (see line ¢ in Fig. 3) contained Cr3C, as a
second carbide phase, but no (W,Cr),C. No chromium
carbides were found in the s & ¢ powder.

EDX mapping provided more insight into the distri-
bution of the phases. As an example, the element maps for
tungsten, chromium, and nickel are shown for the s & ¢
powder in Fig. 4. Areas with WC and Ni were found to
coexist with large areas consisting of (W,Cr),C.
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Fig. 2 SEM (BSE) images of feedstock powder cross-sections:
(a) sintered & crushed, (b) agglomerated & sintered, producer 1,
and (c) agglomerated & sintered, producer 2

Based on the linear dependence of the lattice param-
eters a and ¢ on the chromium content (see Fig. 1), it was
found that in all powders containing the (W,Cr),C phase,
the ‘Cr,C’ content varied in a wide range of 10-70 mol per
cent. The lattice parameters of this phase for the powders
shown in Fig. 2 are compiled in Table 1. Due to the
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Fig. 3 Diffraction patterns of the WC-(W,Cr),C-Ni powders:
sintered & crushed (line a) and agglomerated & sintered powders
from producers 1 (line b) and 2 (line c)

varying tungsten and chromium contents, the grayscale of
this phase in relation to the other phases can vary signif-
icantly in the SEM micrographs.

One can speculate that fine WC, Cr;C, and Ni powders
are the starting materials for feedstock powder prepara-
tion. Sintering of the starting materials is accompanied by
several metallurgical reactions. As a result of these reac-
tions, Cr;C, is depleted and (W,Cr),C is formed. There-
fore, the amounts of these two phases in the feedstock
powder depend on the completeness of the reactions
during sintering. Cr;C; is presumably an intermediate
reaction product.

Therefore, WC-(W,Cr),C-Ni feedstock powders do not
represent classic hardmetal composites such as plain WC-
Co and Cr3;C,-NiCr, where one type of hard carbide par-
ticles is embedded in a metal binder matrix (Ref 22).
Here, at least two hard phases were present as a rule. It is
understandable that the behavior and metallurgical pro-
cesses occurring during spraying of this composition will
be totally different from those of plain WC-Co feedstock
powders (Ref 23, 24). Currently no conclusions on the
dependence of processability and coating properties on
feedstock powder phase composition can be made.

3.2 Microstructures, Phase Compositions, and
Hardness Levels of As-Sprayed Coatings

The SEM micrographs given in Fig. 5 to illustrate the
microstructures of WC-(W,Cr),C-Ni coatings show two
different magnifications of the cross sections of coatings
sprayed with a JP-5000 system from the s & ¢ powder (see
cross sectionin Fig. 2a and the XRD patternin Fig. 3,line a)
and the a & s powders (see cross section in Fig. 2¢ and the
XRD pattern in Fig. 3, line c¢). In general, the microstruc-
tures appeared to be even more complex than those which
the WC-Co and WC-CoCr coatings are known to have.
Bright particles in the micrographs corresponded to WC.
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Fig. 4 EDX mappings of the cross section of an s & ¢ powder: (a) BSE image, (b) distribution of tungsten, (c) distribution of chromium,

and (d) distribution of nickel

The WC content in the coating prepared from the s & ¢
powder (see Fig. 5a and b) was significantly lower than that
in the coating prepared from the a & s powder (see Fig. 5c
and d). In addition, the WC particles were more heteroge-
neously distributed in the coating prepared from the s & ¢
powder. This is in good agreement with the microstructures
of the corresponding powders.

The corresponding XRD patterns are given in Fig. 6.
The intensities of the different phases correlate well
with the information from the SEM micrographs shown
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Table 1 Lattice parameters a and c of the (W,Cr),C
phase for the feedstock powders and the coatings
sprayed by JP-5000 system

Lattice parameters
of the feedstock
powder, nm

Lattice parameters

Feedstock powder of coating, nm

s&c a=0.289; c=0.454
a & s, producer 1 a=0.288; c=0.454
a & s, producer 2

a=0.290; ¢=0.459
a=0.288; c=0.452
a=0.297; ¢c=0.470

Journal of Thermal Spray Technology



Fig. 5 SEM (SE) images of the cross sections of coatings sprayed by JP-5000: (a) and (b) sintered & crushed powder, (c) and (d)

agglomerated & sintered powder

in Fig. 5. The lower WC content in the coating prepared
from the s & ¢ powder corresponds well with the higher
(W,Cr),C content. Furthermore, Cr,03 could be detected
in the XRD patterns of this coating, as shown in Fig. 6
(line a).

The lattice parameters of the (W,Cr),C phase for the
coatings prepared by JP-5000 are also compiled in
Table 1. It appears that the chromium content of the
(W,Cr),C phase was lower in the coatings than in the
feedstock for the s & c powder and the a & s powder
from producer 1. The phase (W,Cr),C was not found in
the a & s powder from producer 2, whereas it was found in
the coating. This indicates that either the (W,Cr),C phase
can easily be formed or its tungsten/chromium ratio can
change as a result of the spray process.

The oxygen content of WC-(W,Cr),C-Ni coatings was
given as 1.72 mass% (Ref 16), significantly higher than
that of the other WC-based hardmetal coatings (0.12%
and 0.36% for WC-Co and WC-10Co4Cr, respectively).
Ishikawa et al. (Ref 5) found an oxygen content of up to
about 1.6 mass%, depending on the spray conditions. This
high oxygen uptake can be attributed to the higher chro-
mium content.

Journal of Thermal Spray Technology

Coating hardness is frequently measured. The hardness
values for the coatings sprayed with JP-5000 and K2 sys-
tems from feedstock powders described in this section
varied between 900 and 1150 HVO0.3. In the other exper-
imental series discussed below, the coating sprayed from
an a & s powder with the DJH 2700 system showed a
hardness of 970 HV0.3, while the hardness of a coating
sprayed with TopGun was measured to be 1250 HVO0.3.

Values in the literature for JP-5000-sprayed coatings
(Ref 11) are in the same range as the hardness values
(about 1000 HVO0.3) found by us, but much higher values
(up to 1650 HVO0.3) have also been reported (Ref 5).
Other HV0.3 hardness values for WC-(W,Cr),C-Ni coat-
ings reported in the literature (Ref 16, 25) are compiled
together with those of other selected WC-based coatings
in Table 2. The hardness values give a rather contradic-
tory picture regarding the ranking of the WC-(W,Cr),C-Ni
coatings compared with other WC-based coatings.

3.3 High Temperature Oxidation of the Coatings

Oxidation limits the application of thermally sprayed
coatings at high temperatures in air, especially in the case
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Fig. 6 XRD diffraction patterns of the coatings illustrated in
Fig. 5: sintered & crushed powder (line a) and agglomerated &
sintered powder from producer 2 (line b)

Table 2 Hardness values (HV0.3) from the literature
for selected WC-based coatings

Data taken Data taken
Composition from Ref. 16 from Ref. 25
WC-12%Co 1376 + 78 1250 £ 50
WC-10%Co4%Cr 1437 £ 90 1350 £ 50
WC-(W,Cr),C-Ni 1242 + 68 1300 £ 50

of WC-Co coatings having an application limit of
approximately 500 °C. A general increase in the applica-
tion limit has been expected to be achieved through
alloying with chromium (Ref 26), but as shown below,
this holds true only for WC-(W,Cr),C-Ni and not for
WC-10Co4Cr. The high oxidation resistance of the
WC-(W,Cr),C-Ni coatings was also confirmed by Ishikawa
et al. (Ref 5).

According to SEM micrographs of coating cross sec-
tions after oxidation at 700 °C for 2 h in air, the oxide
scale thickness was different for the WC-10Co4Cr and
WC-(W,Cr),C-Ni coatings sprayed by TopGun from a & s
powders. The thickness of the WC-CoCr coating was
approximately 5-10 um, whereas the oxide scale on the
WC-(W,Cr),C-Ni coating was so thin that it could not be
measured. Therefore, it is more appropriate to study the
oxide scales by X-ray diffraction, where the patterns are
taken from the surface of the coatings. The patterns
for the as-sprayed condition and after oxidation at 700 °C
for 2 h in air are shown for the WC-CoCr coating in
Fig. 7a and for the WC-(W,Cr),C-Ni coating in Fig. 7b. In
the as-sprayed coatings for both compositions, due to
the spray conditions with the TopGun process (direct
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Fig. 7 (a) Diffraction patterns of the as-sprayed (TopGun)
WC-CoCr coating (line a) and after oxidation at 700 °C/2 h
(line b) (b) Diffraction patterns of the as-sprayed (TopGun)
WC-(W,Cr),C-Ni coating (line a) and after oxidation at 700 °C/
2 h (line b)

injection of the feedstock into the combustion chamber),
a lower amount of WC and a higher amount of the
(W,Cr),C phase were observed. After oxidation, the thin
oxide scale thickness is responsible for the fact that the
phases of the as-sprayed coating (WC, (W,Cr),C and Ni)
were still detectable in the diffraction pattern. WO5 and
NiWO, were the detectable constituents of the oxide
scale at this temperature. Due to the higher oxide scale
thickness of the WC-CoCr coating, only a few small peaks
of WC and (W,Cr),C were detectable. The oxide scale
consisted of WO3 and CoWO,.

Journal of Thermal Spray Technology
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Fig. 8 Optical micrograph of the WC-CoCr coating (thickness
of the hardmetal coating about 120 pm) with oxide scale, taken
from a tribological specimen after testing at 800 °C and 1 m/s
(total oxidation time about 90 min) in the area of the wear track
[18]

The differences in oxidation resistance of these two
compositions were also demonstrated through micro-
structural investigation of tribological samples after high-
temperature dry sliding testing. Figure 8 shows an optical
micrograph of the WC-CoCr coating with the oxide scale
formed, taken from a tribological specimen after testing at
800 °C and 1 m/s (total oxidation time about 90 min) in
the area of the wear track (Ref 18). The total coating
thickness inside the wear track after testing was about
400 pm, higher than the coating thickness after lapping of
about 250 pm. The coating and the oxide scale outside the
wear track had the same structures, but the oxide scale
thickness was about 400 um. This indicates an increase in
the coating volume by oxidation. In contrast, Fig. 9 shows
an SEM micrograph of the near-surface region of the WC-
(W,Cr),C-Ni coating outside the wear track after wear
testing at 800 °C and 0.1 m/s (total oxidation time about
14 h) (Ref 18). This micrograph again indicates that evi-
dence of the very thin oxide scale is difficult to provide by
metallographic preparation.

3.4 Tribological Studies

In this section, a few selected results for the WC-
(W.Cr),C-Ni and WC-10Co-4Cr coatings from a compar-
ative study of HVOF-sprayed hardmetal coatings paired
with sintered alumina for high-temperature dry sliding
experiments (Ref 18-21) are illustrated in Fig. 10 (total
volumetric wear coefficient) and Fig. 11 (coefficient of
friction). Under the test conditions, the wear of the sin-
tered Al,O3 counterparts was negligible compared with
that of the coatings. Results for self-mated pairs are
described elsewhere (Ref 18, 27).

For all temperatures, the total wear coefficients of
WC-(W,Cr),C-Ni coatings, illustrated in Fig. 10, were
nearly independent of sliding speed. Including the results

Journal of Thermal Spray Technology

Fig. 9 SEM micrograph (BSE mode) of a WC-(W,Cr),C-Ni
coating outside the wear track after wear testing at 800 °C and
0.1 m/s (total oxidation time about 14 h) [18]

obtained at the highest test temperature of 800 °C, the
total wear coefficients were about 107° mm*/Nm. The
total wear coefficients of WC-10Co-4Cr were found to be
below 107° mm*/Nm for most of the sliding speeds at
room temperature and at 400 °C. At 600 °C, the total
wear rate for WC-10Co-4Cr was about 10~° mm*/Nm.
The total wear coefficient of WC-10Co-4Cr increased
further at 800 °C. The reason for this behavior is the high
oxidation rate at temperatures of 700 °C and higher
(Ref 15, 18, 20, 21), illustrated by the micrograph shown in
Fig. 8. WC-(W,Cr),C-Ni coatings showed total wear
coefficients of about 107° mm’*/Nm at temperatures of
800 °C due to a low oxidation rate (see Fig. 9). The total
wear rate of 107° mm?®/Nm characterizes the borderline
between dry friction and mixed/boundary lubrication
(Ref 18). Therefore, this value characterizes wear couples
especially suitable for service under dry sliding conditions.
It should also be mentioned that despite the different
counterparts, the wear rates found in these experiments
are in good agreement with the results described by
Ishikawa et al. (Ref 5).

As shown in Fig. 11, the coefficients of friction of
WC-10Co-4Cr and WC-(W,Cr),C-Ni paired with alumina
were about 0.5 and higher up to temperatures of 400 °C.
Coefficients of friction down to 0.34 were measured at a
temperature of 600 °C with increasing sliding speeds. At a
test temperature of 800 °C, a coefficient of friction of
about 0.4 was measured for WC-(W,Cr),C-Ni coatings for
all sliding speeds.

4. Conclusions

Although the composition of WC-(W,Cr),C-Ni has
been known for about 50 years and commercial powders
of this composition are available, only a few investigations
have been carried out on it and properties of coatings
prepared from it so far.
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Fig. 10 Total volumetric wear coefficient of WC-CoCr and WC-(W,Cr),C-Ni coatings tested against sintered alumina (Ref 18, 20)
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Fig. 11 Dependence of the coefficient of friction on sliding speed and temperature for WC-CoCr and WC-(W,Cr),C-Ni coatings tested

against sintered alumina (Ref 18, 20)

Unlike WC-Co and Cr;C,-NiCr, WC-(W,Cr),C-Ni is
not a simple binary hard phase—binder metal compos-
ite. The (W,Cr),C phase is formed under certain cir-
cumstances during feedstock powder preparation. The
distribution of (W,Cr),C as the second hard phase is
often inhomogeneous in the coatings, obviously
depending on the method used to produce the feedstock
powder. The chromium content of this phase can vary
quickly and easily, but information about the changing
properties of the phase is missing from the literature.
Due to the chromium content, a higher oxygen uptake
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occurs during spraying compared with spraying of
WC-Co and WC-CoCr. It is also surprising that the
WC-(W,Cr),C-7%Ni composition can be sprayed with a
high deposition efficiency even though it has a much
lower metallic binder content than the other WC-based
compositions.

The higher number of crystallographic phases is also
responsible for the very complex coating microstructures.
Due to the presence of at least two hard phases, the
coating properties are not directly dependent on the WC
grain size in the coating, unlike for WC-Co coatings.

Journal of Thermal Spray Technology



The properties of WC-(W,Cr),C-Ni coatings differ
significantly from those of other commercially available
WC-based standard compositions such as WC-Co and
WC-CoCr. In particular, WC-(W,Cr),C-Ni coatings are
characterized by a significantly higher oxidation resistance
up to 900 °C. Consequently, this coating can be applied at
elevated temperatures. In unlubricated dry sliding wear
conditions, the coating is characterized by low wear rates
and low coefficients of friction in pairs with alumina.
Regarding coating hardness, contradictory data is pub-
lished in the literature.

The application potential of WC-(W,Cr),C-Ni coatings
has not yet been exhausted. More intensive work is
required to answer the open questions on coating phase
composition, microstructure, and properties.
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