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Examination of the Wear Properties of
HVOF Sprayed Nanostructured and
Conventional WC-Co Cermets With Different
Binder Phase Contents
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There has been an increase in interest of late regarding the properties of thermally sprayed WC-Co cermets
with nanograin carbide particles. These powders have shown interesting properties in sintered components,
giving high values of hardness (2200-2300 VHN) and improved wear properties. The method used for the
processing for these materials—solution formation, spray drying and chemical conversion, rather than in-
troduction of WC as solid particles to a molten binder—allows the formation of sub-100 nm WC particles as
a hard second phase.

The work presented here examined the effect of composition on the microstructure and wear properties
of some nanostructured WC-Co materials. WC-Co cermets with 8, 10, 12, and 15% Co binder phase were
deposited using a Sulzer Metco hybrid DJ HVOF thermal spray system. Optimization of deposition condi-
tions was necessary because of the unique morphology of the powders (thick-shelled hollow spheres) to
produce dense consolidated deposits.

There is a higher degree of decarburization of the WC phase in the nanostructured materials compared
with the conventional WC-Co. This dissolution of the hard phase is also noted to increase on decreasing
binder phase content.

The nanostructured WC-Co coatings have a lower wear resistance compared with the conventional WC-
Co for abrasive wear and small particle erosion. The abrasive wear resistance of these nanostructured ma-
terials was found to increase on decreasing cobalt binder content. This trend in abrasive wear resistance is
consistent with studies on conventional sized cermets and is believed to be more dependent upon proportion
of binder phase content than degree of decarburization for the materials studied. The small particle erosion

resistance of the nanostructured coatings was found to increase on increasing cobalt content.

Keywords erosive wear, HVOF, nanostructured materials abra-
sive wear, WC-Co

1. Introduction

WC-Co powders with nanostructured WC grains (20-200
nm) have elicited great interest in recent years because of the
novel approach to production of these ultra fine-grained cer-
mets.!'?! The wear properties of these sintered parts have shown
greater resistance to abrasion and sliding wear compared with
components with WC crystals of conventional size (1-20
wm). 34

WC-Co cermet powders with WC sizes 1-10 um are com-
monly deposited by thermal spray processing as thick protective
films of the order of 100-500 pm. Traditionally, this has been
accomplished by air plasma spraying (APS), but more recently
by the high velocity oxygen fuel (HVOF) process. The HVOF
process possesses advantages over APS such as high particle
velocities and lower peak particle temperatures, producing a
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more densely consolidated deposit with reduced formation of
detrimental reaction products and correspondingly improved
wear properties.*]

HVOF deposited nanostructured cermets have been studied
by a number of researchers.[®”! However, these coatings have
shown larger wear loss in wear studies compared with WC-Co
coatings with conventional sized WC grains when deposited un-
der similar conditions.™®! This has been explained in terms of the
increased surface area of WC allowing greater degradation and
dissolution of this phase, and hence increased proportion of det-
rimental reaction products. It has been suggested that optimiza-
tion of spray parameters such that deposition of these materials
is achieved at lower temperatures may reduce the degree of deg-
radation of the WC, leading to improved properties. There has
been no specific answer however, to whether deposition param-
eter optimization is able to reduce the dissolution of the WC
while still retaining a densely consolidated deposit. The effect of
variations in the Co content on the properties of these materials
isunclear, and it is not known whether Co contents optimized for
conventional cermets should apply also to the nanostructured
materials.

This article presents work on four nanostructured WC-Co
cermets with different binder phase contents: 8, 10, 12 and 15
wt.% Co. HVOF deposited coatings of these materials were ex-
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Table 1 Materials Used in This Study

Table 2 Standard Deposition Parameters

Wt.% As-Received
Material Supplier Designation Cobalt Size Distribution (a)
Nanodyne N-8 8 —-103 + 18
Nanodyne N-10 10 -104+ 16
Nanodyne N-12 12 =74+ 19
Nanodyne N-15 15 -110+11
Sulzer Metco C-12 12 —45+5

(a) All Nanodyne-supplied materials were screened to 270 mesh prior to
deposition.

amined for the effect of binder phase content and also variations
in deposition parameter on microstructural development and
wear properties. The wear performance of these materials was
also compared with deposits produced from a conventional WC-
sized commercially available cermet.

2. Experimental Procedure

2.1 Materials

The composition and particle size of the four nanostructured
(N-8, N-10, N-12, and N-15) and one conventional (C-12) WC-
Co cermet powders used in this study are presented in Table 1.
The nanostructured materials were produced by a spray dry and
conversion process and were received from Nanodyne Inc.
(New Brunswick, NJ). A small variation in the particle size dis-
tributions for the powders was noted: the size distributions were
found to be larger than generally used as HVOF cuts for these
types of cermets. However, all of the Nanodyne-supplied pow-
ders were screened using a 270-mesh screen prior to use. The
conventional cermet powder was produced by spray drying and
sintering.

2.2 HVOF Deposition

Deposition of the four materials was carried out under
equivalent conditions using a Sulzer Metco (Westbury, NY)
Diamond Jet Hybrid DJ2700 HVOF torch. Propylene was used
as a fuel gas utilizing a DJ2700 aircap. The deposition param-
eters are presented in Table 2. These conditions are those rec-
ommended by Sulzer Metco for a conventional sized WC-12Co
cermet.”]

Deposition was onto flat carbon steel substrates rotated on a
carousel at a traverse speed of the torch across the substrate of
approximately 1 m/s. The standoff distance for the spraying was
230 mm. Four high-pressure air jets were used to produce addi-
tional cooling of the substrates. Coatings of 250 um thick were
produced for microscopic examination. In addition, coatings of
approximately 750 um thick were deposited for wear analysis.

2.3 Parameter Optimization

A separate study for parameter optimization was also carried
out on the N-15 nanostructured material to attempt to improve
the abrasive and erosive wear properties of this class of material.
Diagnostic measurements of the velocity and temperature of the
particles in flight was used to obtain parameters that achieved
velocities equivalent to the standard conditions presented in
Table 2, but with lower average particle temperatures. This ap-
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Pressure Flow Rate
Spray Parameter KPa psi L/min scfh FMR
Fuel gas (propylene) 690 100 83 176 40
Oxygen 1034 150 275 578 40
Air 690 100 404 857 48
Nitrogen 690 100 13 28
Powder feed rate .. 45-50 g/min

Table 3 Parameter Optimization Conditions for the N-15
Material

Fuel-Rich  Standard  Oxygen-Rich

Gas Parameter N-15FR N-15 N-150R
Oxygen (0,)

Pressure, KPa/psi 1034/150 1034/150 1034/150

Flow, L/min 240 275 275

Flow, scth 505 578 578

Flow, FMR 35 40 40
Propylene (C;Hy)

Pressure, KPa/psi 690/100 690/100 690/100

Flow, L/min 85 85 75

Flow, scth 176 176 154

Flow, FMR 40 40 35
Air

Pressure, KPa/psi 758/110 690/100 758/110

Flow, L/min 490 405 490

Flow, scth 1040 857 1040

Flow, FMR 58-60 48 58-60
Percent O, stoichiometry (a) 0.64 0.73 0.83

(a) Percent stoichiometry is calculated as fuel-to-oxygen ratio. No account is
taken of the supplementary air injected into the flame.

proach was taken in an attempt to reduce the degree of decarbur-
ization of the WC hard phase while achieving similar coating
densities. A Tecnar DPV 2000 in-flight particle diagnostic sys-
tem was used for the parametric study. Measurements of average
particle temperature and velocities were taken at 125 mm (~5
in.) and 230 mm (~9 in.) from the torch nozzle exit. Data were
averaged over 1500-2000 particles. Table 3 presents the three
conditions reached following this study. The geometric setup for
this deposition was equivalent to that described above for the Co
content study.

2.4 Microstructural Characterization

To study the material at its different levels of heterogeneity,
various microstructural characterization methods were applied.
For general phase composition, x-ray diffraction (XRD) was
taken of the powders and the top surface of the coatings. Cu Ka
radiation was used at 40 kW and 20 mA over a scanning range of
20-60° 26.

Light microscopy (LM) and scanning electron microscopy
(SEM) in the back-scattered electron mode (BSE) of the surfaces
of the powders and the cross sections of the coatings allowed
detailed examination of morphology prior to and after deposi-
tion of the cermets.

2.5 Wear Analysis

Abrasive wear of the coatings was carried out using an appa-
ratus set up to administer two-body abrasion. Sets of three 20
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Fig.1 XRD analysis from the as-received N-12 powder

mm x 20 mm samples were abraded against 120 grit SiC paper in
a counter-rotational motion on an auto-polisher. The rotational
speed of the abrasive wheel was 300 rpm and the counter speed
of the specimen holder was 70 rpm. A total pressure of 240 kPa
was applied for the three specimens. Water was introduced onto
the sheets at a rate of 760 mL/min. The abrasive sheets were
replaced every 30 s and the total testing time for each set of three
samples was 600 s.

ASTM G76-89 was used to test the cermet coatings for resis-
tance to small particle erosion. Compressed and filtered dry air
at a pressure of 50 psi fed 50 pum angular alumina media through
a 1.6 mm internal diameter nozzle. Erosion was normal to the
coating surface. The media was blasted at a velocity of 60 m/s
for 60 s onto as-sprayed surfaces of the coatings at a distance of
10 mm from the nozzle exit. The specimens were cleaned and
weighed following erosion.

3. Results and Discussion

3.1 As-Received Powders

XRD analysis of the N-12 powder is shown in Fig. 1. All
other powders exhibited equivalent phase composition, that of
predominantly WC and also a small proportion of Co metal.
SEM examination of the nanostructured powders revealed a hol-
low-sphere morphology with a number of the shells fragmented
(Fig. 2a), though a small proportion of the particles also exhib-
ited a solid sphere morphology. Higher magnification imaging
of'the shell surfaces highlighted discrete angular WC grains less
than 1 pm in size (Fig. 2b).

3.2 Diagnostic Parameter Optimization

It should be noted that the temperature effects on coating
properties are specific to this type of HVOF process and may
differ significantly for other HVOF combustion processes. Al-
though similar gas compositions may be used to produce equiva-
lent flame temperatures, different systems allow for critical
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Fig. 2 SEM images of the as-received N-15 powder. (a) The hollow
sphere morphology. (b) A high-magnification image of a particle sur-
face showing discrete WC grains less than 1 pm in size

variations in factors such as position of powder injection and
length of combustion region within the torch. Thus, the follow-
ing explanation is pertinent to the DJ hybrid coating system and
care must be taken before applying it to other HVOF coating
systems.

The fuel-rich and oxygen-rich parameters presented in Table
3 were used to give similar particle velocities while reducing
average particle temperatures. Data on flame temperatures for
given propylene-to-oxygen ratios suggest that changes in gas
chemistries as presented would not reduce particle temperatures
to any great degree.l'®! The average particle temperature reduc-
tion was thus achieved in part by an increase in the gas flow of
the supplementary air, causing a greater throughput of gas while
increasing the proportion of inert species (nitrogen) within the
combustion plume. The particle temperatures and velocities at
125 mm (~5 in.) and 230 mm (~9 in.) distance from the nozzle
exit are presented in Table 4 and show that the fuel-rich param-
eters gave average particle temperatures approximately 200 K
lower than the standard condition at a standoff distance of 125
mm. The oxygen-rich parameters gave particle temperatures 50-
100 K lower than the standard condition at 125 mm. The varia-
tion in particle temperatures between the three conditions was
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Fig.3 XRD analyses of HVOF deposits of the materials studied

Table 4 Particle Temperatures and Velocities for the
N-15 Material as a Function of Stoichiometric Ratio

Stoichio-

X Particle Particle
metric Temperature K Velocity, m/s
Param- Ratio, Fuel/
eter Oxygen 125 mm 230 mm 125mm 230 mm
N-15FR 0.64 2207 +147 2163 +£190 630+ 123 534+ 145
N-15 0.73 2390+ 176 2278 +£185 638+ 103 553 +128

N-150R 0.83 2329 +£122 2239+177 621+£99 522 +107

less at the substrate standoff distance (~230 mm). By monitoring
the particle temperatures from the nozzle exit to the substrate,
the maximum temperatures experienced generally are between
100 and 150 mm from the nozzle. Thus, the values presented at
125 mm are among the highest temperatures experienced by the
particles in flight.

3.3 As-Deposited Coatings

The phase composition of the as-sprayed coatings differed
significantly from that of the powders. Fig. 3 shows the coating
XRD analyses for the four nanostructured cermets and in all
cases, the presence of W,C and W phases is clearly seen. Careful
examination of the traces also reveals small diffuse humps at
approximately 40° 26, which is known to be evidence of amor-
phization of the metallic Co phase.['''?! The proportion of WC
transformed to W,C and W is significantly higher for all of the
nanostructured cermets compared with the conventional coat-
ing.
The XRD analyses presented in Fig. 4 show the effect of
varying the deposition parameters on the degradation of the WC
phase. There is clearly a decrease in the decomposition of the
WC phase and a corresponding decrease in the intensity of the
W,C and W peaks as the ratio of fuel to oxygen is increased.
However, the highest degree of decomposition is seen for the
N-15 condition. This is because this coating experiences the
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Fig. 4 XRD analyses of N-15 deposited using different spray param-
eters: (a-c) are from coatings deposited at the N-150R, N-15, and
N-15FR conditions, respectively.

highest overall particle temperatures during flight (see Table 4).
Thus, it is clear that for these parameters, the temperature of the
particles during deposition plays a more significant role than the
oxygen-to-fuel ratio. The proportion of nanocrystalline/
amorphous material in the deposit is also reduced on changing
from a standard condition to either a more fuel-rich or oxygen-
rich condition. From the diagnostic data, this corresponds to a
reduction in maximum particle temperature on moving away
from the standard condition. This would suggest that the propor-
tion of amorphization of the metallic Co phase is more highly
dependent upon the temperature the particles experience than
the proportion of dissolution of W and C into the metal during
spraying.

Journal of Thermal Spray Technology



Fig.5 (a,b) LM images of cross sections of the HVOF deposited N-8
and N-15 materials, respectively. Note the higher proportion of elon-
gated pores within the N-8 coating.

Table 5 Mechanical Property Data for the Coatings Studied

10um

Fig. 6 (a,b) Low- and high-magnification SEM images, respectively,
of a polished cross section of the N-12 sample

Abrasion Resistance, SPE Resistance,
Specimen Microhardness, HV 5, Surface Roughness, R, mm? - min/mm? x 10~° mm? - min/mm?® x 10°
N-8 1130 £ 116 29+0.3 9.66 = 0.39 4.050 +£0.21
N-10 1105 £98 26+04 9.27+£0.29 4.060 + 0.09
N-12 1098 + 122 2.6+0.3 8.64 £0.54 4.118 +£0.35
N-15 1100 + 78 23+02 7.87+0.34 4719 £0.22
N-150R 1056 + 134 29+04 6.73 +£0.31
N-15FR 1088 £ 112 2.7+0.3 6.60 = 0.45
C-12 1068 + 37 4.0+0.6 22.21 +0.50 6.635+0.31

SPE, small particle erosion.

Figure 5 shows LM images of cross sections of the N-8 and
N-15 sprayed coatings, respectively. Distinct layered splat
morphology is seen for both coatings with variations in con-
trast within splats. There is a distinct difference in the degree of
porosity within the two coatings; the N-8 exhibits significant
elongated pores parallel to the substrate. The N-15 coating
shows a much greater degree of consolidation with fewer pores
visible. These elongated pores are believed to result from insuf-
ficient melting and flattening of the hollow porous spheres on
impingement. The larger average particle sizes noted for the
nanostructured powders may be responsible for this phenom-
enon.

The splat morphology observed in the LM study is seen in
more detail in the BSE images of a cross section of the N-12
sprayed coating (Fig. 6a,b). There is distinct layering of the
structure as well as variations in contrast within individual lay-
ers. It has been reported!'®! that the layers of different con-
trast within the matrix regions are areas of varying W content,
the W having dissolved from the WC particles during spray-
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ing. The higher magnification BSE image clearly shows distinct
heavier atomic number particles within a matrix, although
these particles are too fine for their exact morphology to be
discerned.

The microhardness values for the coatings studied are pre-
sented in Table 5. There is no clear relationship between the
microhardness of the nanostructured deposits and Co content.
All of the coatings deposited under standard conditions exhib-
ited hardnesses between approximately 1100 and 1200 values of
hardness (VHN). These values are similar to the hardness values
of the conventional WC coating. Lower hardnesses were found
for the fuel-rich and oxygen-rich deposited coatings.

The surface roughness values presented in Table 5 show a
greater smoothness for the nanostructured deposits compared
with the conventional WC-sized cermet. This is likely to be due
in part to the much finer average WC size of the nanostructured
materials. There is also a reduction in roughness on increasing
Co content consistent with a greater proportion of the molten
metallic Co-rich phase.
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Fig.7 Abrasion resistance for the sprayed deposits studied
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(mmZ.min/mm?) (x10%

N8 N-10 N-12 N-15 G12

Fig. 8 Small-particle erosion data for the sprayed coatings studied

3.4 Abrasion Resistance

Table 5 and Fig. 7 present abrasion resistance data for the
four nanostructured cermet coatings as well as a conventional
WC sized coating. Included here also are data for the abrasion
resistance for the parameter optimization study. The values were
averaged from three specimens for each material. A clear trend
can be seen with increased abrasion resistance on decreasing Co
content. The most resistant nanostructured coating (N-8), how-
ever, exhibits approximately half the resistance of the conven-
tional material. An equivalent trend of increased abrasion resis-
tance on decreasing Co content was found by the authors to
occur for conventional WC sized cermets deposited by
HVOF.['Y] This phenomenon is believed to be the result of an
increased proportion of hard WC particles within the coating.
However, from the phase analysis of the XRD data, it is clear
that there also is an increased proportion of hard, brittle W,C
within the sprayed coating.

The abrasion resistance data for the oxygen- and fuel-rich
conditions N-150R and N-150R are also presented in Table 5
and graphically in Fig. 7. A reduced resistance is seen for both
conditions compared with the coating produced using standard
conditions.
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3.5 Small Particle Erosion

The effect of small particle erosion on the four nanostruc-
tured cermet coatings as well as a conventional WC sized coat-
ing is presented in Table 5 as well as the graph in Fig. 8. There is
a general trend of decreasing erosion resistance on decreasing
Co. The erosion resistance of the conventional coating was
found to be superior to all of the nanostructured coatings. It has
been shown for conventional sized WC cermets!'™ that the small
particle erosion resistance of HVOF deposited WC-Co cermets
increases with reduced binder phase content (corresponding to a
decreased binder mean free path). Higher Co contents increase
the possibility of the eroding media contacting isolated binder
phase areas causing a higher rate of material removal. However,
for the nanostructured materials, there has been a clear increase
in porosity as shown by the LM images in Fig. 5 as well as
greater degradation of the WC phase within the lower Co con-
tent deposits. These factors are likely to play a significant role
in reducing the small-particle erosion resistance of these
materials.

The increased dissolution of the WC phase, both with a
smaller average WC size, and also as the Co content is de-
creased, is shown clearly by this study. This result is consistent
with other work!"! that relates the rate of the mechanism by
which carbon is removed from the WC to the dissolution of the
carbide grains, the diffusion of carbon toward the surface of the
particles, and carbon oxidation at the surface. Clearly, a starting
powder with finer carbides should lead to greater dissolution. In
addition, a greater number of WC particles per unit area will
increase this degree of degradation.

The greater amount of nanocrystalline/amorphous phase ob-
served for the N-15 coating deposited under standard conditions
compared with both the fuel- and oxygen-rich conditions is
likely to be due to the higher particle temperatures achieved un-
der the standard conditions. This would cause a greater amount
of dissolution of W and C into the binder as well as a faster
cooling rate of the binder phase. Both of these phenomena
should result in a higher proportion of nanocrystalline/
amorphous material.

It is clear that the improved abrasion resistance observed for
nanostructured compared with conventional cemented car-
bides* is not found when these materials are deposited by
HVOF. Stewart et al.”®! carried out three-body abrasive wear
tests using both hard, angular abrading media and softer, more
rounded media over a range of media sizes and counter body
weights. They showed that the nanostructured coatings were
more easily abraded by a mechanism of subsurface fracture
within tungsten-rich regions of the binder phase. These regions
are more prevalent in the nanostructured coatings, a result of
higher surface area of WC leading to greater dissolution of this
phase. This form of brittle fracture has also been observed in
HVOF deposited WC-12Co, but has been claimed to be pre-
dominantly interlamellar.!'®}

The increased abrasion resistance of the nanostructured cer-
mets on decreasing Co content is believed to be due in part to
shorter binder mean free paths (i.e., greater number of hard WC
particles per unit area of exposed surface). This effect is seen to
have a greater bearing on the abrasion resistance than the in-
creased amount of dissolution of the WC phase for the lower Co
content coatings. In addition, although there is greater porosity
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within the lower cobalt coatings, the abrasion resistance is still
greater. Note that the abrasion resistance of these materials has
little relationship to the microhardness of the coatings as com-
pared with the direct relationship between the two properties in
cemented carbides.™ It has been argued by Usmani et al.!'*! that
the abrasion resistance of HVOF deposited WC-Co coatings is
directly related to their fracture toughness and inversely related
to microhardness.

The reported decrease in small particle erosion resistance of
conventional WC-Co on decreasing Co content!'! is not ob-
served for the nanostructured coatings. It has been argued by
Wayne and Sampath that a shorter binder mean free path in both
cemented and thermally sprayed WC-Co materials increases the
small particle erosion resistance. Smaller WC particles should
result in a shorter binder mean free path for a given Co content
exposing less isolated binder to the impinging media. However,
from the XRD data, these particles are known to be more de-
graded, effectively increasing the mean free path of the binder as
well as developing lower interfacial bond strengths between the
binder and hard phase. The very much smaller size of the hard
phase particles (20-200 nm) may also play a part in the reduced
effectiveness of these coatings to withstand impinging alumina
particles that are 50 pm in size.

Macroporosity and microsporosity play a significant role in
reducing the erosion resistance of these materials.l'”'® The LM
images shown in Fig. 4 suggest that there is greater porosity
within these coatings compared with the conventional material,
this maybe due in part to the hollow-sphere morphology and
more porous nature of the nanostructured powders.

From the above findings, HVOF deposited nanostructured
WC-Co cermets do not exhibit improved abrasion and small par-
ticle erosion resistance compared with conventional coatings.
This is likely to be due to a number of factors that include but are
not restricted to:

1) Starting powder morphology. The hollow sphere mor-
phology produces coatings exhibiting higher porosity;
specifically, elongated pores suggestive of insufficient
flattening and melting of the particles. The larger size dis-
tribution of the powders must also increases the propor-
tion of unmelted particles.

2) WC size distribution. The advantages of finer WC size
distribution observed within cemented carbides do not
translate to thermally sprayed coatings. The inherent in-
crease in dissolution of the WC phase is believed to play a
significant part in the reduction in wear resistance of these
materials compared with conventional cermets.

Decreases in Co content from 15-8 wt.% give increases in abra-
sion resistance within these nanostructured coatings. However,
the lower cobalt-containing deposits show higher porosity and
are still significantly less resistant compared with conventional
materials. Variations in the deposition parameter to reduce av-
erage particle temperatures while retaining velocity do not pro-
duce coatings with improved wear properties. This may be due
in part to reduced particle melting, which reduces splat-splat in-
terfacial strength.

4. Conclusions

1) It has been shown that increasing the cobalt content
within HVOF deposited nanostructured cermet coatings
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reduces the ability of the deposit to withstand abrasion
wear. This is consistent with a general trend observed for
HVOF deposited conventional WC-sized cermet coat-
ings.

2) Small-particle erosive wear resistance is increased on in-
creasing Co content. This phenomenon is not consistent
with findings for conventional WC-sized WC-Co coat-
ings, suggesting that WC dissolution and macroporosity
may play a significant role in the effectiveness of these
deposits to resist small-particle damage.

3) Although decarburization of the deposit may be reduced
on spraying by the use of more fuel-rich parameters, this
does not improve the abrasion and small-particle erosion
resistance of these nanostructured materials. This is be-
lieved to be due to a reduction in overall coating consoli-
dation and splat-splat interfacial strength. This corre-
sponds to a reduction in average particle temperatures for
the fuel- and oxygen-rich deposition conditions of ap-
proximately 200 K compared with the standard condition.
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