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Abstract

WC-Co-Cr coatings are widely employed due to their improved wear resis-
tance and mechanical properties, however, the properties and performance of
these coatings are compromised by the processing parameters of each spray-
ing technique. Therefore, this study is aimed to evaluate and determine the
effect of the deposition parameters on the properties and microstructural
characteristics of WC-Co-Cr coatings using a more economical thermal spray
technique. In particular, the influence of flame spray parameters on the mi-
crostructure, crystal structure, hardness, and sliding wear resistance of WC-
Co-Cr coatings was examined. Two parameters were considered: Type of flame
(reducing, neutral and oxidizing), and the spray torch nozzle exit area. Results
indicated that WC particles undergo considerable degree of decarburization
and dissolution during spraying, showing substantial amounts of W,C, W,
and Co;W,C, for all the considered conditions. However, the extent of phase
transformation depended largely on the flame chemistry. The microstructure
of the coatings was mainly affected by the spray nozzle. Regarding the sliding
wear behavior, the coatings with uniform distribution of hard particles pro-
vided the best wear resistance. The decomposition of WC into W,C phase
seems to have meaningless significance in the mass loss, nevertheless, the WC
phase transformation to metallic tungsten and 7-phase (Co,W,C) produce
higher wear rates due to deficiency of carbide particles and embrittlement of
the binder phase which induces cracking and delamination of the splats.
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Flame

1. Introduction

Tungsten carbide cermets with cobalt and chromium additions (WC/Co-Cr) are
widely used for wear- and corrosion-resistant applications in different industrial
sectors including aeronautic, mining and automotive. For instance, these mate-
rials have been proposed for the replacement of electrolytic hard chromium
commonly used in aircraft shafts and landing gears due to their high hardness,
and superior friction and abrasion resistance [1] [2].

Different thermal spray processes, such as high velocity oxy-fuel (HVOF) [1]
[3] [4] [5], air plasma spraying (APS) [6] [7], and detonation gun (DG) [2] [8],
have been mainly employed to deposit tungsten carbide coatings. These tech-
niques have been investigated with respect to the structural and microstructural
characterization, mechanical properties and wear resistance of WC-cermet
powders and coatings [4] [5] [7] [9] [10]. Alternative to these spraying tech-
niques, which indeed requires considerable initial financial investment and
higher material cost, the flame spray process has been employed to deposit dif-
ferent materials including wear-resistant coatings [11] [12] [13]. Notwithstand-
ing this technique generates low flame temperatures and velocities and coatings
with high porosity content [14], it is still employed due to its low-energy con-
sumption, adaptable aspects, more environmental friendly, and in addition, of-
fers a low-cost choice for commercial applications [12] [13] [15].

The decomposition of WC particles is the main phenomenon that occurs
during thermal spraying. Excessive temperatures during deposition may cause
extensive decomposition or decarburization of WC particles resulting in the
formation of several phases such as W,C, 7-Co,W,C, (Co,W,C and Co,W,C),
dissolution of metallic tungsten and carbon in the binder phase, as well as the
formation of an amorphous Co phase due to the rapid solidification during im-
pact [4] [10] [16] [17]. However, the microstructure and performance of the
WC/Co-Cr coatings depend not only on the thermal spray system [3] [5] [10]
[18], but also significantly on the spray parameters, feedstock powder particles
(type, morphology, composition), and the fuel type employed [16]. Moreover,
tungsten carbide coatings present a broad range of properties and microstruc-
tural features as a function of phase content, powder and carbide grain size, dis-
tribution of the carbide particles [5] [9] [10] [19], porosity content [4] [7] [20],
and the cohesion of the WC particles with the Co matrix [3] [8] [10].

Considering that the flame spray process produces low particle velocities and
temperatures, and the compositional and microstructural characteristics of
thermally spray coatings depend on the processing parameters [3] [5] [6] [9]
[16] [17] then, it is essential to investigate the effect of the spraying parameters

on the microstructure of the coatings. No similar studies have been conducted
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for WC-Co-Cr coatings that present the influence of the flame spray parameters
on the coatings characteristics. Therefore, this research intends to compare and
analyze the microstructural features, phases and properties of WC-Co-Cr coat-

ings as a function of different processing parameters.

2. Experimental Procedure

2.1. Materials and Coating Deposition Technique

In this study, commercial, agglomerated and sintered WC-10Co-4Cr (wt. %)
feedstock powder with particle size —45 to +11 um was employed.

A CastoDyn DS 8000 (Castolin Eutectic) flame spray gun operated with a
mixture of oxygen and acetylene was used for coating deposition. The coatings
were deposited onto grit-blasted low carbon ASTM A36 steel plates of 50 x 25 x
4 mm for microstructure analysis and ASTM A36 cold rolled pins of 10 mm
diameter for wear testing. In order to identify and estimate the effect of the
flame on the WC-Co-Cr coatings, samples were sprayed using three flame com-
binations: reducing or carburizing, neutral, and oxidizing, by varying the acety-
lene gas flow. Additionally, three different nozzles designed specifically to the DS
8000 torch were also investigated. All the nozzles, labelled as N1, N2 and N3,
have the same length with a straight duct connected to the outlet of the con-
verging section but its exit area is different. According to the measurements, the
nozzle N3 has the smallerexit area (¢ = 1.5 mm), followed by N2 (¢ = 2.4 mm)
and N1 exhibits the highest exit area (¢ = 4.8 mm).

For all conditions tested (see Table 1), the acetylene and oxygen pressures
were kept constant at 0.7 and 4 Bar, respectively. The feedstock powder was
sprayed at a stand-off distance of 200 mm and the number of torch passes was

one in all cases.

2.2. Characterization Techniques

Coatings were evaluated by X-ray diffraction (XRD) using Cu-Ka radiation on a

Table 1. Spray parameters for WC-Co-Cr coatings along with porosity content of the
deposited coatings.

Coating designation Type of flame Nozzle Porosity (%)
NI1R Reducing N1 16.7 £ 1.6
NIN Neutral N1 147+ 1.7
N10O Oxidant N1 159+1.9
N2R Reducing N2 171+1.4
N2N Neutral N2 149+2.6
N20 Oxidant N2 189+1.9
N3R Reducing N3 6.6+1.2
N3N Neutral N3 6.4+0.7
N30 Oxidant N3 8.0+1.0
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D8Advance Bruker diffractometer. The cross section of the coatings were cha-
racterized using a field emission scanning electron microscope (FESEM, Tescan
Mira3) equipped with an energy-dispersive X-ray spectrometer (EDS). The po-
rosity percentage of the samples was determined by image analysis from eight
cross-section images.

Vickers microhardness measurements were performed along the thickness of
the coatings using a Shimadzu tester under a load of 100 g and dwell time of 15
s. An average of five indents was carried out at each position.

Wear testing was performed using a pin-on-disk machine according to ASTM
G-99 standard. Wear specimens were prepared in the form of cylindrical pins
with a radiused tip in order to maintain consistent initial contact area.
AISI/SAE-D2 tool steel in the form of 100 mm diameter and 10 mm thickness
disc plate was employed as the counterface. The steel disc plate was quenched
and tempered in order to achieve hardness value of about 64 HRC, in addition,
the plates were ground at the surface with the purpose of achieving a surface
roughness Ra < 0.6 pm. The pin samples were subjected to 15, 30, and 50 N
loading at 400 rpm during 900 s. In order to calculate the mass loss, the speci-
mens were weighed and cleaned with acetone before and after testing using an
electronic weighing balance with an accuracy of + 10 mg. A minimum of six
samples were tested for each experimental condition. The morphology and

chemical composition of the wear debris were analyzed by SEM.

3. Results and Discussion

Figure 1 shows the XRD patterns of the powder particles and the as-sprayed
coatings. The X-ray pattern of the feedstock powder identified WC as the major
phase, and traces of Co and Co,;W,C. Besides the WC peaks, the corresponding
to W,C, W, and Co,;W,C phases were detected for all the as-sprayed coatings,
showing that WC decarburization and dissolution occurred during the spraying
process of the powder particles, as described elsewhere [5] [16] [17] [21] [22].
The Co phase was no longer noticed and instead, two broaden peaks, the first in
the 37° to 45" range, and the second between 68° and 80°, are distinguished for
all the coatings, however, these peaks are more noticeable for coatings sprayed
with nozzle N3 than for N2 and N1. These widen peaks, recognized as an
n-phase, correspond to the binder matrix which is often predominantly in the
form of nano-sized crystals or amorphous state due to the high cooling rates of
the sprayed particles during the solidification process [9] [16] [17] [21]. The
presence of the amorphous phase observed in the XRD patterns for the coatings
deposited using nozzle N3 (Figure 1(c)), indicates that the cooling rates of the
sprayed particles are higher than those reached by the particles deposited using
nozzle N1 and N2. As described later, nozzle N3 produces the highest velocity of
the powder particles, compared to N2 or N1 nozzles, which decreases the tem-
perature and residence time of the particles in the flame resulting in rapid cool-

ing rates of the sprayed particles [23]. High cooling rates lead to the formation of
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Figure 1. XRD patterns of the flame sprayed coatings deposited using nozzle (a) N1, (b)
N2, and (c) N3.
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amorphous phases because the atomic diffusion and the nucleation rates de-
crease [24]. Moreover, this high cooling rate and thus the presence of the
amorphous structure, is favored by the thin lamella microstructure of the coat-
ings deposited with nozzle N3 (Figures 2(g)-(i)) [23]. On the contrary, low ve-
locity and high temperature of the in-flight particles decrease the cooling rates
and increase the crystallization phenomena during solidification (Figure 1(a)
and Figure 1(b)).

Although the diffraction patterns are quite similar for the coatings, an interest-
ing effect is noted in terms of type of flame for the samples deposited with nozzle
N3. It is clearly observed in Figure 1(c), that WC peaks are most pronounced
for the coating sprayed with a fuel-rich flame (N3R) whereas the relative intensi-
ties of this phase are diminished or almost entirely disappeared for samples de-
posited with a neutral and/or oxidizing flame (N3N and N30O). A semi-quantifi-
cation of the relative phase content detected by the XRD patterns was performed
by DiffracEVA software. The analysis indicated that sample N3R, deposited with
a fuel-rich flame, retained the highest WC content (~24%) compared to the
coatings sprayed using a neutral- (N3N) and oxygen-rich (N30) flame which
shows a greater extent of decarburization (significant presence of elemental W
and Co,W,C peaks) and the corresponding to WC phase is reduced to a mini-
mum (5 and 2%, respectively). This behavior is related to fuel-rich chemistry
condition which causes low particle temperatures and high particle velocities
[25] [26]. On the contrary, high temperatures and longer residence times of the
particles are obtained for the neutral and oxidizing flames causing a higher de-
gree of decomposition of the tungsten carbide particles. In general terms, de-
carburization of tungsten carbide thermal spray coatings is reduced if lower
temperature flames are employed [3] [4] [17] [27].

The cross section of the coatings is shown in Figure 2. As observed in the mi-
crographs, the WC-Co-Cr coatings microstructure is quite similar for the sam-
ples deposited with nozzles N1 and N2 (Figures 2(a)-(f)). A lamellar structure is
not observed for the coatings and instead, a non-uniform microstructure, with
large amounts of unmolted and partially molten particles, some oxide stringers
and porous regions, is revealed. The limited flattening of the powder particles is
attributed to low particle velocities which causes less degree of particle deforma-
tion at impact [2] [3] [4], and the porosity content (Table 1) is consequence of
the poor flattening and a heterogeneous melting of the powder particles during
spraying [28]. Notwithstanding, these coatings showed the presence of rounded
carbide particles with different grain sizes dispersed along its microstructure. On
the contrary, a pattern of flattened splats parallel to the substrate surface with
lower porosity (Table 1) and oxides stringers are observed for N3 coatings
(Figures 2(g)-(i)). Particularly, the morphology of these coatings presents mea-
ningful differences regarding the type of flame utilized. Notably, tungsten car-
bide particles are distributed in the majority of the splats of the sample deposited
with a carburizing flame (N3R, Figure 2(g)) while for the N3N and N3O sam-
ples (Figure 2(h) and Figure 2(i), respectively) the hard grains have almost
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completely disappeared leaving a cobalt containing-subcarbides and tungsten-rich
layered structure binder phase. The absence of carbide particles in the splats for
these two coatings reveals that a dissolution of the WC particles into the Co ma-
trix occurred during deposition, causing the volume of the binder phase to in-
crease at its expense. This result is quite consistent with the X-ray diffraction
analysis where high concentrations of W (~36%) and Co,W,C (increased from
~9% to ~36%) were obtained. The larger degree of decarburization of the N3N
and N3O flame sprayed coatings may be attributed to the high temperature and
oxidizing conditions of the flame.

It is worth mentioning that irrespective of the nozzle and flame, the tungsten
carbide grains present in the coatings exhibit a more rounded morphology and
are composed of WC grains surrounded by W,C in accordance to Jacobs et al,
[22], Stewart et al, [29], and Verdon et al, [21]. This behavior is an indicative of
the dissolution of tungsten carbide particles during spraying.

Based on the microstructural analysis, the nozzle exit area has an influence on
the resultant coating morphology. In particular, the combustion gases of the
flame spray technique can be treated as an incompressible flow, which follow the

principles of fluids dynamic, because the gas velocity (<100 m/s) is much lower

Figure 2. Cross-section of the flame sprayed WC-Co-Cr coatings deposited using nozzle:
N1 (a)-(c), N2 (d)-(f) and N3 (g)-(i) and type of flame employed: carburizing (a, d, g),
neutral (b, e, h) and oxidizing (¢, f, i). Detailed observation on the corresponding micro-
structure has been included in the inset.
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compared to Mach 1 [14]. Therefore, it is expected that the velocity of the gas
flow increases as the nozzle exit area decreases [30]. A high velocity or small exit
area (nozzle N3) is associated with a high degree of plastic deformation during
impact, ie., coatings with lamellar microstructure and low porosity as observed
in Figures 2(g)-(i), while the microstructure of the coatings deposited with a
higher nozzle exit area (N1 and N2, Figures 2(a)-(f)), is attributed to a lower
velocity reached by the particles, which is insufficient to plastically deform the
particles at impact.

Considering the thermal energy of the flame on the coatings features, the
highest the heat transferred from the flame to the WC-Co-Cr powder particles
the more decomposition reactions of WC proceed. Therefore, decreasing the
heating ability of the flame and/or increasing its velocity, which reduces the res-
idence time of the particles in the flame, allows for lower levels of decarburiza-
tion and dissolution of the WC particles [5] [9] [22] [29]. In general, the flame
temperature of combustion spray processes is greatly influenced by the flame
chemistry or stoichiometry [14]. Fuel-rich or reducing conditions generate high
particle velocities and low energy flames [25] [26], whereas neutral and oxidizing
conditions produce high temperature and low velocities of particles allowing a
high degree of particle oxidation as a consequence of longer residence times in
the flame. This is consistent with the XRD analysis which shows that moving
from fuel- to oxygen-rich flames less retained WC particles and more decarbu-
rization and reaction with the binder phase is detected in the coatings.

The microhardness indentation profile along the WC-Co-Cr coatings is pro-
vided in Figure 3 for all assessed conditions. As observed, quite consistent
hardness distribution through the coating thickness resulted in all tested condi-
tions; however, the coatings deposited with N1 and N2 nozzles are harder than
the coatings sprayed using N3 nozzle. The lower hardness values measured for
N3 condition can be clearly attributed to the lower content of hard phases (ie,
WC and W,C) which is in agreement with XRD and SEM results (Figure 1 and
Figure 2, respectively). It is worth to mention here that the observed dispersion
in all hardness data was highly influenced by the inherent microstructural fea-
tures within the coatings such as: carbide size and distribution, fraction of hard
phases at individual splats, porosity content, and level of cohesion with the
binder phase [1] [10] [22] [31] [32]. In particular, in the present study, the dis-
persion of the hardness values is attributed to the high porosity content (open
and interlamellar), voids, and poor splat cohesion of the coatings as observed in
Figure 2.

The sliding wear behavior as a function of normal load of WC-Co-Cr coatings
for all tested conditions is observed in Figure 4. As observed, the mass loss of
the coatings increases as the normal load increases. The samples deposited with
N1 and N2 nozzles showed the lower mass loss and the higher mass loss resulted
for N3 conditions irrespective of the applied normal load. Among all tested con-

ditions, enhanced wear performance was observed for N2 coatings.
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Figure 3. Hardness values obtained for the WC-Co-Cr coatings using nozzle (a) N1; (b)
N2, and (c) N3.
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Figure 5 displays the wear debris representative for N1, N2 and N3 condi-
tions. The morphology of the wear debris obtained from N1 and N2 conditions,
shown in Figure 5(a), revealed thick flatten and semi-flatten iron-rich debris
corresponding to the steel counterpart, along with rounded tungsten-rich debris
that belonged to prior WC-Co-Cr coatings. On the contrary, broken tungsten-rich
debris resulted from the sliding test of N3 conditions (Figure 5(b)); moreover,
the observed Fe-rich debris seemed highly deformed taking flake morphology. It
is to be noted that the shape of the debris can be properly correlated to the initial
coating microstructure shown in Figure 2. EDS mapping shows that W is
present mainly in the rounded and fragmented debris and the coarser debris is
comprised of Fe from the steel counterpart (Figure 5(c) and Figure 5(d)).

At the beginning of the sliding wear testing, the initial contact area between
the coating surface and the steel counterpart is developed through the entire
coating microstructure. During the relative sliding movement, local contact
points are further developed particularly between harder particles (WC sur-
rounded by W,C) and the steel counterface. Localized contact points are due to
the severe deformation of the binder and protrusion of the hard particles. Hence,
the presence of hard particles against the steel counterpart produced predomi-
nantly abrasion wear mechanism and probable tribo-oxidation, which was fur-
ther confirmed at the steel counterpart surface. Hard particles behave as
load-bearing contact points [33] acting against the steel counterpart resulting in

the formation of large grooves and further removal of Fe-rich debris (chunk)
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Figure 5. Morphology of wear debris corresponding to: (a) N1 and N2; (b) N3 conditions along with EDS-mapping taken
from the corresponding micrograph on the left. Representative EDS spectrum analysis for (c) Fe-rich and (d) W-rich taken

from the indicated particles from (a) and (b).
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having thick flatten morphology as depicted in Figure 5(a). Subsequent carbide
pullout occurred as the matrix wore, particularly, the spherical un-melted par-
ticles were removed from the coating surface thus acting as free abrasive par-
ticles among the contact surfaces, traces of such released particles were found
among the analyzed debris as shown by Figure 5(a). When this mechanism is
concerned, the wear appears to occur by the removal of the binder phase fol-
lowed by the dislodgement or pull out of the carbide particles. The above men-
tioned mechanism is predominantly observed for the coatings deposited using
N1 and N2 nozzles which are composed by a large amount of hard carbide par-
ticles distributed in the binder along its microstructure, Figures 2(a)-(f).

In contrast, the wear of N3 coatings primarily arose through particle delami-
nation. As noticed from the XRD analysis and SEM images, these coatings clear-
ly contains a lower concentration of tungsten mono and di-carbide particles
within the flattened splats, which indeed provides wear resistance, and the high-
est W and Co,;W,C phase content, which has been found to embrittle the binder
phase [5] [29]. Therefore, the splats cracked and/or fatigue easily and pulled out
from the coating. Similar observations of both described types of wear mechan-
isms have been reported earlier for WC coatings deposited with different ther-
mal spray techniques [3] [10] [19] [31] [32].

Based on the phase semi-quantification from XRD analysis (Figure 1), higher
WC along with W,C phase concentrations (i.e. above ~70%) in addition to low
content of W and Co,W,C (below ~21 and 10%, respectively) results in an im-
proved wear behavior for N1 and N2 conditions. In particular, the phase content
of WC combined with W,C for the samples with the lower mass loss (N2)
achieved around 82%, while the N3 attained ~35%. Among all conditions tested,
the N3 samples showed the lowest WC and W,C and the highest W and Co,W,C
phase contents. Then, the relatively lower proportions of WC along with W,C
particles influence the final sliding wear behavior upon N3 conditions. The
present results showed that the presence of W,C in the coatings appears to be
beneficial for the sliding wear resistance under the dry sliding frictional wear
behavior of WC-Co-Cr flame spray coatings. Similar results have been reported
by Schwetzke and Kreye [5], who found that a decarburization percentage up to
60% does not affect the wear resistance of HVOF tungsten carbide coatings.

It is worth pointing out that despite the level of porosity for N1 and N2 condi-
tions (see Table 1), the sliding wear performance through pin-on-disk configu-
ration was not severely affected (if contrast to N3 condition). Similar results
have been reported by Voyer and Marple [20] in which levels of porosity be-
tween 6% - 13% in WC-12Co coatings resulted in improved sliding wear per-
formance, indeed, the most porous specimens provided the best wear resistance.
This however, has been explained and based upon the assumption that porous
serve as reservoir for further removed debris during the sliding [20]. At this
point, it is interesting to note that most WC and W,C-rich debris depicted in
Figure 5(a) resulted in rounded shape geometry thus indicating that once the
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removed debris entered the pore and with subsequent movement, those could
have served as points of stress concentration that helped on delay the mass loss.
However, this phenomenon is not completely understood and additional work is
needed to fully clarify the role of porous in WC-Co-Cr flame sprayed coatings
subjected to sliding wear.

In general, the sliding wear behavior seems to be controlled by both: the dis-
tribution of hard particles in the microstructure and the presence of WC and
W,C hard phases. N1 and N2 conditions are distinguished to have these features
while the N3 samples are characterized by a significantly depleted WC mor-
phology and a brittle binder phase with high concentrations of W and cobalt

subcarbides which contributes to inferior wear resistance and particle pullout.

4. Conclusions

A systematic study regarding the effect of the flame spray parameters on the mi-
crostructure, structure and dry sliding wear behavior of WC-10Co-4Cr coatings
was carried out; the following conclusions can be addressed:

1) The microstructure and concentrations of phases in WC-Co-Cr flame spray
coatings depend on the deposition parameters, namely, flame chemistry and
nozzle exit area of the spray gun.

2) WC particles undergo considerable levels of decarburization during spray-
ing for all considered conditions, in fact, moving from fuel- to oxygen-rich con-
ditions increases the particle temperature thus allowing higher degree of WC
decomposition. Fuel-rich flames reduce the heat input during spraying and
therefore the degree of WC decomposition into W,C, W and Co,W,C.

3) The resultant microstructure of the coatings greatly depended on the nozzle
employed. Nozzles with a small exit area are associated with a higher particle
velocities and hence lower particle temperatures and coatings with a more ho-
mogeneous and denser microstructure. Otherwise, higher exit area limit the ex-
tent of particle deformation, 7e, large amount of un-melted and semi-molten
particles, since low particle velocities are achieved.

4) The sliding wear behavior through pin-on-disk configuration resulted strongly
affected by the coating microstructure and the content of hard phases WC and
W,C. The presence of hard phase dispersed in the microstructure was a key fac-
tor for conferring superior sliding wear resistance despite the relatively higher
porosity content.

5) The phase transformation from WC to W,C seems not to degrade the slid-
ing-wear properties, however, high depletion of WC grains along with a high
concentration of W and 7-phase (Co,W,C) within the matrix was observed to
deteriorate the wear resistance.

6) The predominant wear mechanism between the contacting surfaces for the
coatings deposited with N1 and N2 nozzles is due to abrasion of the initial ma-
trix wear, protrusion and further pullout of the hard particles. On the contrary,

the wear mechanism of the N3 conditions is owing to delamination as a result of
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splat cracking and fracture.

It is clear that the microstructure, properties and concentrations of phases in
flame spray coatings depend on the deposition parameters. Hence, it is proposed
to investigate, prior to coating deposition, the in-flight particle state, ie., on-line
measurements of particle velocity and temperature as a function of the different
spraying conditions, in order to deposit coatings with optimal or desired condi-

tions as well as to reduce the number of experiments.
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