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Abstract: This work analyzes the differences found in hard metal coatings produced by two high
velocity thermal spray techniques, namely high velocity oxy-fuel (HVOF) and high velocity air-fuel
(HVAF). Additionally, the effect of the metallic matrix and ceramic composition and the original carbide
grain size on coating properties is compared to the most studied standard reference material sprayed
by HVOFE, WC-Co. For this evaluation, the physical properties of the coatings, including feedstock
characteristics, porosity, thickness, roughness, hardness, and phase composition were investigated.
Several characterization methods were used for this purpose: optical microscopy (OM), scanning
electronic microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDS), and X-ray Diffraction
(XRD), among others. The final performance (abrasive wear and corrosion resistance) shown by
the coatings obtained by these two methodologies was also analyzed. Thus, the abrasive wear
resistance was analyzed by the rubber-wheel test, while the corrosion resistance was characterized
with electrochemical methods. The characterization results obtained clearly showed that the coatings
exhibit different microstructures according to feedstock powder characteristics (carbide grain size
and/or composition) and the thermal spray process used for its deposition. Thus, the incorporation
of WB to the cermet composition led to a high hardness coating, and the complementary hardness
and toughness of the WC-Co coatings justify its better abrasion resistance. The presence of Ni on the
metal matrix increases the free corrosion potential of the coating to more noble region. However,
the WC-Co coatings show a lower corrosion rate and hence a higher protective performance than the
rest of the coatings.

Keywords: thermal spray; HVOF; HVAF; WC-based coatings; cermet materials; wear resistance

1. Introduction

In recent years, the technological demands of industry have exceeded the performance of
traditional coatings. Therefore, new coatings that are capable of fulfilling these needs have attracted
important attention.

One example of these materials are cemented carbides, which are commonly known as hard metals
and represent a group of hard and resistant compounds. They are a mixture of metallic and ceramic
particles that combine the hardness and resistance of carbides (WC, TiC, TaC) with the toughness and
plasticity of a metallic binder (Co, Ni, Cr). The properties of the hard metal coatings depend mainly on
its composition and on the physical characteristics of its raw materials, hence any variation in these two
parameters represents a change in the final microstructure, making it possible to obtain final specific
tailored properties for particular applications [1].
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Specifically, tungsten carbides (WC) are commercially one of the most successful metallurgic
products in industry because of their combination of physical, chemical, and mechanical properties,
which make them useful for applications in cutting tools and machinery exposed to wear [2]. In this
respect, different WC-based hard metals can be found on the market showing different properties
according to the diverse metallic binder and metal/ceramic compositions, as mentioned above.

Among the different WC-based cermets, WC-Co (with cobalt percentage ranging from 5 wt.%
to 25 wt.%) coatings remain the most studied materials for industrial applications. Because of the
great cohesion between the tungsten carbide grains and the cobalt metallic binder, these are composite
materials with a great hardness—toughness relation, which makes them one of the best wear resistant
materials. Tungsten carbides with cobalt have excellent mechanical properties. However their poor
corrosion resistance restricts the number of applications in which they may be used, especially in the
chemical industry [3-5].

As an alternative, the cobalt metallic binder can be substituted by nickel and/or nickel alloys in
order to enhance its anticorrosive and thermal crack resistance properties. Since cobalt is expensive
and its accessibility is complicated, the use of nickel (WC-Ni-based) lowers the costs and facilitates the
supplies [2]. With the partial or complete substitution of cobalt with nickel, a considerable improvement
in resistance to corrosion while maintaining anti-wear properties is to be expected [2,6-8].

Another alternative for the improvement of the hard metal performance is the addition of tungsten
boride to the matrix. The WB grains are hard ceramic particles that will likely improve the hardness of
the coatings. It has been shown that the WB incorporation enhances the mechanical properties of the
substrate, since it has a high thermal shock resistance, high conductivity, and high corrosion and wear
resistance [9-11].

During the production processes of hard metals, the WC suffer decarburization and oxidation,
reacting to form di-tungsten carbide (W,C), metallic tungsten (W) and oxy carbides. These reactions are
inconvenient for the enhancement of the mechanical properties of the coatings, thus the subproducts
formation must be reduced by controlling the process conditions. It has been found that the addition
of chromium (WC-Co—Cr) somehow modifies the decomposition of the WC grains, preventing
decarburization, while improving the matrix binding [12-16].

The final coating properties depend not only on its composition, but also on its lamellar
microstructure. The formation of this lamellar microstructure depends on three main factors:
the feedstock characteristics (material, size and morphology), the process method and parameters, and
the substrate [17].

The feedstock material characteristics depend on their manufacturing process. Other than chemical
composition, important factors are the size distribution, morphology, porosity bulk density, and grain
size of the particles. Understanding the characteristics of the powder is crucial for the interpretation
of the properties of the coating. Denser feedstock particles lead to coatings with better mechanical
properties [17].

On the other hand, one method to deposit these types of materials in the form of coatings is
by thermal spraying (TS). In general terms, in TS, the material feedstock is heated up in the form
of powder using a hot gas stream until the melting or semi-melting of the particles. Then, they are
accelerated to high velocities towards a substrate, leading to the adhesion of the semi-molten particles
to the surface. From the TS technology arise several techniques, driven by combustion or electric
discharge. Flame thermal spray, high velocity oxygen/air fuel (HVOF/HVAF), and detonation spraying
(D-Gun) are based on combustion, while wire arc and plasma are based on electrical energy [18].

Among all the TS processes, HVOF/HVAF (high velocity oxygen/air fuel) are the most extended
for obtaining coatings made of cemented carbides [19]. In these two processes (HVOF and HVAF),
a mixture of gases is introduced into a combustion chamber. Inside this chamber, a spark generates a
combustion reaction that heats the flowing gases to high temperatures. As the gases exit the chamber,
powder particles are injected either axially or radially into the hot gases stream. This new outlet
stream (heated mixture of gases and powder particles) flows into a De Laval type nozzle with a
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convergent-divergent structure that drastically reduces the flow area, leading to a considerable increase
in the mixture flow velocity. As the gas velocity is increased at the outlet of the nozzle, the powder
particles are ejected at supersonic speeds until they collide with a substrate and produce a coating [20].

The general equipment arrangement of the HVOF and HVAF processes is the same, however
some important differences, summarized in Table 1, are to be noted regarding the operation conditions.
In the case of HVOF, the gas mixture that is introduced into the combustion chamber consists of a fuel
species (either hydrogen, propylene, methane, propane or heptane), nitrogen (inert gas) and oxygen
(oxidizing component). In contrast, in the HVAF process, the oxygen of the gas mixture is replaced
by dry air. This difference in the gas mixture composition has an impact on the flame temperature
during the spraying process. HVOF jets show higher temperatures, in the range of 2700 and 3100 °C
depending on the stoichiometry of the mixture, whilst HVAF operates at lower temperatures between
1900 and 2000 °C due to the higher ratio of N (inert component) in the gas flow.

Table 1. Operation conditions differences in HVOF and HVAF processes.

Variable HVOF HVAF
Gas mixture Fuel, nitrogen and oxygen  Fuel, nitrogen and dry air
Flame Temperature 2700-3100 °C 1900-2000 °C
Pressure <1 MPa <2 MPa
Particle velocity 600-750 m/s 600-840 m/s
Oxidizing power High Low

The lower ratio of fuel/oxygen used in HVAF compared to HVOF, allows to introduce a higher
total gas amount into the combustion chamber. Consequently, the gas flow inside the nozzle is choked,
leading to an increase in pressure inside the equipment. When the pressured gas-particle mixture
flows and expands through the convergent-divergent nozzle, this pressure decreases as the velocity
increases continuously. Commonly, HVOF operates at pressures up to 1 MPa, that induce particle
velocities from 600 to 750 m/s, whereas the HVAF spraying process can reach up to 2 MPa, leading to
particle velocities in the range of 600-840 m/s [18].

An efficient way to control the flame temperature and the velocity of the particles is by decreasing
the fuel/oxygen ratio of the gases, and by increasing the flow rate inside the chamber through the
injection of inert components (such as Nj). The control of these two variables is important, because at
higher temperatures and lower particle velocities (which is the case of the HVOF process), the powder
particles are more susceptible to undergo decarburization, resulting in undesired phases such as W,C
and W [6]. In the case of HVAF, the powders do not suffer significant decarburization or oxidation,
as they are subjected to lower temperatures and exit the equipment at higher velocities [21].

The final properties of the coatings not only depend on the TS process used, but on the feedstock
material characteristics too. The chemical composition, particle size distribution, morphology, porosity
bulk density, and grain size of the particles are important features that should be taken into account
when spraying WC-based powders. Thus, understanding the characteristics of the powder is crucial
for the interpretation of the properties of the coating. Denser feedstock particles lead to coatings with
better mechanical properties [17].

Because of this dependence of the coatings properties on both the feedstock characteristics and
thermal spray processes, comparative studies have gained a lot of interest over the last years. This work
analyzes two different thermal spray methods for the production of hard metals, namely HVOF
and HVAF, by comparing the most studied standard reference material, WC-Co, sprayed by HVOE,
with (a) WC-cermet coatings with different metallic matrix/ceramic composition and (b) WC-cermet
coatings with different carbide sizes. This comparison comprises a study of the physical properties that
constitute the microstructure of the coatings (feedstock characteristics, porosity, thickness, roughness,
hardness, and phase composition) and mechanical properties (wear and corrosion resistance).
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2. Materials and Methods

2.1. Feedstock Powders

The sprayed coatings were made with six different commercial powders. A WC-Co powder
(AMPERIT 518.074, Goslar, Germany) was selected as reference material for obtaining HVOF and
HVAF coatings.

To reveal the effect of the metallic matrix and ceramic compositions, three other materials with
micrometric WC-grain size were sprayed: WC-Co-Cr, WC-NiMoCrFeCo, and WC-WB-CoCr with the
powders AMPERIT 556.074, AMPERIT-529.074, and AMPERIT-539.074, respectively.

The relevance of feedstock powder carbide grain size in the final coating performances was
evaluated using two other coatings with nanometric WC-grain size were sprayed: WC-Co with the
powder FUJIMI W555-20/5 (Kakamigahara, Japan) and WC-Co—Cr with FUJIMI W928-32/10.

Table 2 shows the commercial names of the powders along with their coating identification names
for this work, in which the suffix -m is included in the label for powders produced by AMPERIT
(micrometric WC grain size) or -n for powders produced by FUJIMI (nanometric WC grain size).

Table 2. Commercial Powder information and Coatings identification.

Coatings Identification = Commercial Name  Particle Size (um) Composition TS Method

HVOF-Co-m * AMPERIT 518 —45+15 WC-12Co HVOF
HVAF-Co FUJIMI W55520/5 —45+15 WC-12Co HVAF
HVOEF-Co-n * FUJIMI W55520/5 -20+5 WC-12Co HVOF
HVOF-Co—Cr-m * AMPERIT 556 —-45+15 WC-10Co-4Cr HVOF
HVOF-Co—Crn * FUJIMI W9283210 -32+10 WC-10Co-4Cr HVOF
HVOF-Ni AMPERIT 529 —-45 + 15 WC-15NiMoCrFeCo HVOF
HVAF-Ni AMPERIT 529 —45+15 WC-15NiMoCrFeCo HVAF
HVOF-WB AMPERIT 539 —45+15 WC-30WB5Co5Cr HVOF
HVAF-WB AMPERIT 539 —-45 + 15 WC-30WB5Co5Cr HVAF

* In these powders, the acronym -m and -n indicates the presence of micrometric and nanometric grain size of
carbides in the powders microstructures respectively.

2.2. Thermal Spraying Conditions

All powders were sprayed on flat low carbon steel substrates (100 mm X 20 mm X 5 mm) and
cylindrical low carbon steel substrates (¢ = 25.4 mm X i = 25.4 mm), previously grit blasted with
alumina. All blasted substrates had a mean roughness (Ra) greater or equal than 4pum.

All the coatings prepared by HVOF and HVAF methods were deposited in 15 layers sprayed at
a 500 mmy/s rate and at a distance of 250 mm, except for powders WC-Ni and WC-WB in the HVOF
process which were sprayed at a distance of 300 mm. For the HVOF procedure was used a DJH
2600 gun (found in CPT facilities, Sultzer Metco, Pféffikon, Switzerland) with a gas flow of hydrogen,
oxygen, and air of 635, 267, and 344 L/min, respectively.

2.3. Powder and Coating Characterization

The size of the particles of the powders was analyzed in duplicate with a laser diffraction particle
sizing analyzer LS 13 320 Model Dry Powder System (Beckman Coulter Inc., Indianapolis, IN, USA).

The metallographic preparation of the coatings was made according to the standards ASTM
E1920-03(2014) [22]. Cross-sectional surface characteristics and the thickness of the coatings were
analyzed with the optical microscope Leica DMI500M (Wetzlar, Germany) according to the standard
ASTM E3-11(2017) [23].

Roughness was analyzed with 10 measures per coating with the profilometer SJ-210 Mitutoyo
(Aurora, IL, USA). The mean porosity value was obtained from 30 measures with the software Image]J
(Version: 1.50i) from images at 20x magnification taken with the optical microscope according to
standard ASTM E2109-01(2014) [24].
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A Phenom ProX Desktop SEM (Waltham, MA, USA) was used in order to compare the superficial
characteristics of the transversal side of the coatings and the feedstock powders. Elemental microanalysis
of the composition of the samples was carried out with the equipment Quantax EDS Bruker Nano
(Billerica, MA, USA) integrated to a SEM JEOL5310 (Akishima, Japan).

In order to analyze the phases and crystal structure of the coatings, the XRD equipment PANalytical
X'Pert PRO MPD (PANalytical, Almelo, The Netherlands)was used with a radiation of Cu K«
(A = 1.5418 A) from 5 until 100° 20 with a 0.017° step, measuring 100 s per step.

Vickers hardness and toughness were assessed according to the standard ASTM E384-17 [25] and
following the work described by Lima, et al. [26], respectively. For each coating, 10 indentations were
made with a force of 0.3 and 1 kgF respectively, with Matzuzawa MTZ-alfa equipment.

The adhesion of the coating to the steel substrate was measured with equipment SERVOSIS
MCH-102ME (Madrid, Spain) according to the standard ASTM C633-13 [27]. Three samples of each
coating were adhered to a non-sprayed counterpart with the adhesive HTK Ultrabond 100 (Hamburg,
German). A tensile test was performed at a rate of 0.01 mm/s until cohesive, adhesive, or glue failure.

For the wear resistance to abrasion analysis, the Rubber Wheel method was tested with the
tailored equipment CM4 OL-2000 (CM4, Cervell6, Barcelona, Spain) according to the standard ASTM
G65-16¢e1 [28]. The test was performed at a velocity of 139 rpm, with a force of 50 N, a 22.6 cm diameter
wheel, and Ottawa silica sand as the abrasive agent.

The corrosion resistance of the coatings was characterized with electrochemical experiments
in 80 mL solution of NaCl 3.5%. The polarization curve was tested using the equipment VSP
(Biologic Science Instruments Seyssinet-Pariset, Auvergne-Rhone-Alpes, France) at normal conditions
in a potential range of 100 to +350 mV with respect to open circuit potential (Eqpc) over 1 cm? sample
surface. The corrosion potential (Ecorr) and corrosion current (Icorr) were calculated with the software
EC-Lab (V10.44). Ecorr was obtained from a Tafel Fit extrapolation, while Iorr was calculated according
to the Stern—Geary Equation (1).

Ba' Bc
(2°3’(Ba + 6c))RP

where 3, and 3 are the anodic and cathodic currents, respectively, and Ry, is the polarization resistance.

)

I corr —

3. Results and Discussion

3.1. Powder Characterization

In thermal spraying technology, it is accepted that the microstructure of the coatings depends
considerably on the characteristics of the powder particles at the point of collision with the substrate.
In the HVOF/HVAF processes, the residence time of the particles inside the equipment, although minimal
due to the high velocities (which depend on the gases flow rate) of the outlet flow of the gases, controls the
heat transfer between the hot gases and the feedstock material and consequently determines its
temperature at the point of impact with the substrate. At this point, the microstructure of the coating
is influenced by the processes of deformation and solidification, caused by the high velocities and
temperatures of the particles. These two factors are highly dependent on the size distribution of the
powder particles, which is typically polydisperse. As a result, the particles of different sizes experience
different momentum and thermal inertias, affecting the physical states of the particles during flight
time and impact with the substrate [29,30]. Therefore, it is important to study the size distribution
of the feedstock and adjust the process parameters accordingly. Hence, the characteristics and size
distribution of the powders played an important role in the coatings microstructure, especially in terms
of porosity and roughness.

The statistical size distribution of the particles and the size distribution curves for all the powders
under study in this work are reported in Table 3 and Figure 1, respectively. This comparison shows that
the powders mainly resulted to have a homogeneous distribution, as expected for commercial feedstock
materials. Nonetheless, some differences can be found regarding powder properties depending on the
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feedstock material composition. Thus, WC-Co (micro and nanometric) revealed a relevant difference
in their mean particle size of these powders, which shows as the particles of the WC-Co-m powder are
larger than that of the WC-Co-n material. In addition, the nanometric powder showed a narrower
size distribution than the micrometric one. No relevant differences were observed between powders
WC-Co—-Cr-m and WC-Co—Cr-n, which resulted in almost equivalent distributions with similar mean
particle size values, as it can be seen in Figure 1b. On the contrary, the powders WC-WB and WC-Ni
presented heterogeneous distributions, where the former one showed a distorted distribution with a
bump, and the last one a distribution with two groups of particles with different sizes, resulting in the

highest mean size distribution of all powders, with 80% of the particles with a diameter of between
20 and 61 pm.

Table 3. Particles size distribution.

Powder d10 (um) * d90 (um) *  Mean Particle Size (um)
WC-Co-m 25 46 34
WC-Con 9 24 16
WC-Co—Cr-m 12 27 19
WC-Co-Crn 12 33 21
WC-Ni 20 61 35
WC-WB 14 48 27
* The particle size value in a dXX column indicates that the portion in percentage of particles with diameters smaller
than that is XX%.
a) b)
16 WC-Co-m "
" ;f\\ " WC-Co-Crn
. WC-Co-n ll." \'.
- "ll I,I'III II|II - " f./“\\.:\'('-('u Crm
E : f II| 5 ,-'ff
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e

1
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Figure 1. Distribution size of the powders WC-Co-n and WC-Co-m (a), WC-Co-Cr-n and WC-Co—-Cr-m
and (b) WC-WB and WC-Ni (c).

The spherical or irregular morphology of the powders and their microstructure was inspected

by SEM. Figure 2 shows only the images recorded for the most representative powders (WC-Co-m,
WC-Co-n, and WC-Co-Cr-m) for the sake of brevity. SEM images confirmed that all powders were
composed of agglomerated particles and had a spherical morphology and were composed of WC
grains embedded in a metallic binder: Co, Co—Cr (for WC-Co—Cr and WC-WB-Co-Cr powders),
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or NiMoCrFeCo, depending on the composition of the powder. Consistent with the particle size
distribution results (Table 3), the free surface images showed the different sized particles of the powders.
For instance, it is particularly interesting to observed the size diversity in the WC-Co-n powder
(Figure 2¢).

Figure 2. SEM images of the (a,b) WC-Co-m, (c¢,d) WC-Co-n and (e,f) WC-Co—-Cr-m powders.

In contrast to the free surface images, that show the size difference of the agglomerated particles
between all powders, in the cross-sectional images, the microstructure of the WC-based particles can be
observed and analyzed [31]. Thus, the evaluation of the surface and core porosity level of the powders
revealed that the WC-Co-m were slightly more porous than the WC-Co-n and WC-Co—Cr-n feedstock
materials. Even though they are not shown, WC-Co—Cr-m powder presented similar porosity as
WC-Co-m whilst powders WC-WB and WC-Ni were highly porous.

In order to identify the elements present in the powder composition, an EDS mapping analysis of
the particles was performed and the images of this analysis are shown in Supplementary Figures 51-53
of the supplementary information file of this manuscript. The results allow conclude that the dark
regions of the particles microstructure (shown in Figure 2b,f) corresponded to the metallic binder of
each powder, while the bright regions were ascribed to WC and/or WB grains. In this respect, in the
powders with composition WC-Co, it was clearly identified that the metal matrix contained pure Co.
Additionally, comparing their microstructure, in Figure 2b,d is confirmed that the powders labelled as
micrometric showed higher size of the WC grains compared to the ones labelled as nanometric. Finally,
in the case of the powders WC-Co—Cr and WC-WB, Cr predominated in the composition of the dark
regions. In the same way, powder WC-Ni was mainly composed of Cr, Ni, and Mo.

For corroborating the presence of these phases, the XRD diffractograms of the powders are shown
in Figure 3 According to the patterns, all the powders were found to contain only WC as a ceramic
component and pure phases (Co, Cr, Ni, Mo) as the metallic binder.

In summary, the comparative analysis of the powders characteristics allowed concluding that
all the powders are composed of WC grains embedded in a metallic matrix formed by metallic pure
phases. WC-Co-m and WC-Co—Cr-m are composed of larger particles showing higher porosity than
their respective nanometric powders. In addition, WC-Ni and WC-WB powders showed a broad size
distribution, with two peaks in the WC-Ni case. These powders showed a highly porous microstructure.
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Figure 3. XRD of the powders and HVOF/HVAF coatings obtained using: (a) WC-Co-n, (b) WC-Co-m,
(c) WC-Co—Cr-m, (d) WC-Co-Cr-n, (e) WC-Ni and (f) WC-WB feedstock materials.

3.2. Microstructure of the TS Coatings

It is worth remembering that the objective of this work was to compare the final coatings properties
regarding the thermal spray process and composition and particle characteristics of feedstock materials.
For this reason, the same spraying parameters were used in HVOF and HVAF processes respectively,
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for all the powders, except for powders WC-Ni and WC-WB, which were sprayed at a higher distance
in order to minimize high porosity values.

As expected, the coatings exhibited different microstructures according to their grain size,
composition and thermal spray process used. Figure 4 shows representative polished cross-sectional
recorded by optical microscopy (OM) (left) and SEM (right) images of the coatings, while Table 4 shows
their thickness, porosity, roughness, and hardness values.

Figure 4. Cross-sectional OM (left at 20x magnification) and SEM (right) images of the coatings
(a) HVOF-Co-m (9100x), (b) HVOE-Co-n (16,000x%), (c) HVOE-Ni (12,000x), (d) HVAF-Ni (12,000x).
Labels: 1 =WC,2 =Co, 3 =Co + W;,C, 4 = pores, 5 =Ni + Cr + Mo and 6 = Ni + Cr + Mo + W,C.

Table 4. Results of coating microstructure and physical properties.

: . e (0 Roughness Hardness Tensile
Coating Thickness (m) Forosity (%) Ra (um) Rz (um) (HV300) Strength (MPa)

HVOEF-Co-m 133.9+9.2 2+07 40+04 215+19 1580 + 183 >65
HVOEF-Co-n 120.7 £ 10.6 <1 23+03 123+1.0 1605 + 157 >65

HVAF-Co-n 230.8 +7.7 <1 26+02 14611 1669 + 123 50.3 + 6.0
HVOF-Co-Cr-m 1180+ 7.1 1.3+£0.6 24 +0.1 13.2+0.9 1662 + 141 >65
HVOEF-Co-Crn 1133 +72 <1 26+03 144+13 1630 + 104 >65
HVOF-Ni 1189 +£11.0 1.8+0.7 41+03 231+13 1508 + 103 >65

HVAF-Ni 211.2+53 <1 45+03 248+19 1474 + 173 60.5 + 8.0
HVOF-WB 117.1 £ 8.5 1.8+ 0.6 53+04 30+3.1 1709 + 142 >65

HVAF-WB 153.8 +9.0 9.7+25 82+06 43.6+3.6 950 + 104 482+7.0

In general, from the results included in Table 4, it can be concluded that the coatings sprayed by
HVAF were thicker, less porous and more homogeneous than the HVOF ones. Thus, the coatings
sprayed by HVAF showed thickness values between 230 and 150 um, against values between 133 and
113 um. With the exception of the coating HVAF-WB, with a porosity value higher than 9%, all coatings
had low porosity with values between <1% and 2%. In the case of the roughness of the coatings,
it may be suggested that this is influenced by the cermet composition. In this respect, WC-Co coatings
showed a smother surface than WC-Ni and WC-WB coatings. No clear differences are observed in
the roughness values measured for the same coating compositions but obtained by HVOF or HVAF,
with the exception of the coating HVAF-WB which presented a mean roughness Ra of 8.2 + 0.6 um,
while the other HVOF coating presented Ra value of 5.3 + 0.4 um.

These data were found to be consistent with the porosity observed in the free surface and
cross-sectional SEM images of the powders, as the powder used for preparing this coating also showed
a high porosity. However, the coating porosity is not only dependent on the powders characteristics,
but also on the final particle temperature during spraying process. When particles are heated up
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to higher temperatures, it is easier for them to melt on-flight before colliding with the substrate,
resulting in denser coatings. Thus, despite the fact that WC-Co-m, WC-Co—Cr-m, and WC-Ni powders
were very porous materials, the high density shown by their respective coatings allow for the conclusion
that the spraying parameters used were aggressive enough for melting the particles.

Cross section images show that the particles that build up the coatings are strongly bonded to each
other, since no cracks nor delamination areas were observed. Furthermore, the SEM images at high
magnifications made it possible to observe the different phases in the microstructure of the coatings.
All of them showed a homogenous distribution of the WC grains embedded into a darker metallic
matrix along with some pores that might have been formed between particle splats. In Figure 4a,b the
differences in the microstructure are clearly shown, especially regarding the WC grain size between
micrometric and nanometric coatings. The WC grain size proved to be in the range of 1-4 um for
micrometric powders WC-Co-m and WC-Co-Cr-m, and 300-500 nm for nanometric powders WC-Co-n
and WC-Co—Cr-n. Likewise powders WC-Ni and WC-WB had WC grains with sizes between <1-3 um
and <1-5 um, respectively.

Looking at the coatings microstructure, it can be observed that those sprayed by HVOF showed
some distinguished regions (darker than the WC grains), which might be attributed either to the metallic
matrix or to the presence of undesired phases, difficultly distinguished in HVAF coatings. It is widely
accepted that, in the thermal spraying methodology, the phase composition of a coating (WC-grains,
metallic matrix and undesired phases) strongly depends on the flame temperature achieved. In this
respect, the HVOF process leads to hotter and more oxidizing flame conditions than HVAF technique,
which may explain these differences. In order to better identify these regions, the powders and
coatings were further analyzed by EDS (Supplementary Figures 54-56). This analysis confirmed the
regions ascribed to the WC grains, W,C, and metallic matrix, as indicated in the labels of Figure 4a,c.
The identification of W,C (lighter continuous regions surrounding WC grains with rounded shaped)
allows concluding that certain processes of dissolution and decarburization of the WC grains occurred
during spraying procedure. At high HVOF flame temperatures, the mechanism of decarburization
starts with the melting of the metallic binder, since it has a lower melting point than the WC carbides.
Afterwards, the WC grains begin to dissolve in the molten metal and, at the gas-liquid interface,
carbon is released by its reaction with the oxygen of the gases. At the point of impact with the substrate,
the particles are rapidly quenched and the dissolved WC grains become supersaturated, resulting in
the formation of W,C [32]. In contrast, the W,C phase was not clearly observed in the microstructure
of the HVAF coatings.

A microstructure comparison between HVOF and HVAF coatings can be observed in Figure 4c,d.
In these images, it is shown that in the microstructure of the coating HVOF-Ni has a high presence of
these lighter regions between different sized rounded grains, whereas coating HVAF-Ni only showed
irregular grains embedded in the metallic matrix.

The XRD patterns of all the coatings were recorded for further support of the conclusion drawn
from the visual inspection (Figure 3). As expected, all the coatings were composed mainly of the phases
also identified in their respective powders, that is, WC as ceramic phase and their correspondent
metallic pure phases as matrix. In agreement with previous results, HVAF coatings showed little or
none undesired phases, while some HVOF coatings suffered relevant decarburization. Thus, in the
case of the HVOF coatings patterns, the presence of W,C and W phases indicated that decarburization
occurred. As above mentioned, since the HVOF process operates at higher temperatures, the coatings
sprayed by this method were more likely to form undesired phases. This is clearly observed in coatings
HVOEF-Co-n and HVOF-Co—Cr-n, as they were the ones that showed more content of W,C and W.
Among all the HVOF coatings, the HVOF-Co-m was the one that underwent less decarburization,
since the sprayed conditions (used for all coatings) were the optimal ones for the size distribution
of this conventional powder. For this reason, the nanostructured coating HVOF-Co-n showed more
W, C phases in comparison to the HVOF-Co-m one, which can be understood regarding the smaller
WC grain size for the nanometric powder that facilitates the dissolution of WC original grains and
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their final decarburization during fast solidification. Another factor that affected the presence of the
undesired phases is the binder composition. As mentioned before, the addition of Cr to the matrix
is known to prevent the WC grains decarburization. This explains that the XRD patterns of both
coatings HVOF-Co-Cr-n and HVOF-Co-Cr-m feature few differences between them in terms of W,C
presence and, for hence, it points out that less decarburization occurs than for the coating HVOF-Co-n.
Coatings HVOF-Ni and HVOF-WB showed little decarburization, attributed to their composition and
elevated mean particle size, as these bigger particles lightly experienced the elevated temperatures of
the process.

Compared to HVOF methodology, during HVAF processes the powders are subjected to lower
temperatures, therefore, except for the coating HVAF-Co-n which presented some W,C, WCy_, and W
phases, most HVAF sprayed coatings showed practically no decarburization, meaning that the peaks
corresponded in great part only to WC.

Finally, it is worth noting that the coatings HVOF-Co-n, HVOF-Co-Cr-m and HVOF-Co—Cr-n
revealed one bump between 40°—45° indicating the presence of amorphous/nanochrystalline phases
that were formed during the dissolution of the WC grains [15,33].

Thus, comparing the general microstructure of the coatings, it can be concluded that the ones
sprayed by HVAF were thicker, less porous, and more homogeneous than the HVOF ones as they
presented less roughness and practically no undesired phases due to the conservation of the WC grains
during the TS process.

3.3. Mechanical and Anti-Wear Properties of the Coatings

The mechanical properties of the coatings are defined by its microstructure and composition.
For instance, hardness values depend on several factors based on the microstructure of the
coatings: (i) it increases as a function of cohesion between particles and coating porosity [34,35];
(ii) decarburization degree has an important impact on hardness since the higher amount of W,C,
the higher the coating hardness [36]; (iii) it depends on the WC grain size, as a small carbide size leads
to a high hardness [37]; and (iv) the presence of an amorphous/nanocrystalline phase results in an
increased of cohesion between the carbide grain and the metallic matrix, that leads to an improvement
of the hardness of the coating [9].

Taking into account the previous discussion about the coatings microstructure, it would be
expected that HVOF coatings showed higher hardness than the HVAF coatings because of the presence
of W,C in their composition. However, it becomes difficult to draw this conclusion looking at
the Vickers hardness values (0.3 kgF) shown in Table 4. In general, these data revealed that all the
coatings featured very high hardness, above 1500 HV 3, independently of the TS process used for
their preparation. This result suggests that the higher degree of amorphous/nanocrystalline phases
identified in the HVAF coatings microstructure plays a key role and enhanced the cohesion between
the carbide grains and the matrix, and as a result, increased the hardness of the coating.

Making a comparison based only on composition, both HVAF and HVOF coatings presented
roughly the same trend in terms of hardness values. The coating with the WB in the ceramic phase
resulted to have the greater hardness (this is not applicable for coating HVAF-WB since it showed
very high porosity), which is followed, in order, by coatings with the binders Co-Cr, Co, and Ni-alloy.
In the case of the micrometric and nanometric based coatings, the coating HVOF-Co-n resulted slightly
harder than the conventional coating HVOF-Co-m, as the first one showed to have more W,C and
phases than the former one. For this same reason, Co—Cr based coatings presented an inverse trend:
the coating HVOF-Co—Cr-m resulted slighlty harder than the HVOF-Co-Cr-n.

Usually, high coating hardness is related to a decrease in its toughness, nonetheless hard metals
have shown to maintain high toughness when having high hardness values [38]. This unique
combination of properties makes them excellent materials for applications that require high resistance
to wear. Toughness fracture resistance mainly depends on two factors in this kind of coating, namely the
amount and characteristics of the binder phase present and the grain size of the carbide phase [39]. It is
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worth indicating that an attempt was made to measure the toughness of these coatings following the
calculation method presented in the work of Lima et al. [22]. Nevertheless, it was not possible to obtain
the toughness values since the maximum indentation force of the equipment was not strong enough to
produce the adequate length of the cracks needed in order to fulfill one of the restrictions of the method.
Despite the fact that the toughness was not analytically calculated, it may be suggested that all coatings
presented very high fracture toughness due to the heavy load necessary for crack formation and
propagation. In addition, this observation would point out that, in these HVOF and HVAF coatings,
there exists a high cohesion strength among the splats forming the coating microstructure.

Another important property of hard metals is their adhesion with the substrate surface,
which determines the actual utility of the coating. Nowadays, it is considered that coatings prepared
by conventional TS techniques are mechanically anchored to the substrate. Thus, a perfectly controlled
cleaning and grit blasting process of the substrate has a strong influence on the adhesion strength at
the interface. However, the degree of fusion of the particles but also the interfacial bonding within the
lamellar microstructure, which integrates the pores size and distribution [17] will be also crucial for a
proper coating performance in terms of adhesion.

The adhesion strength of the coatings was measured by means of tensile tests and the
results obtained are included in Table 4. In the case of the HVAF coatings, HVAF-Ni, HVAF-Co,
and HVAF-WB failed by adhesion of the coating—substrate interface at 60.5 + 8.0 MPa, 50.3 + 6.0 MPa,
and 48.2 + 7.0 MPa values, respectively. This kind of failure indicated that, at these tensile strength
values, the coating was not strong enough to maintain its bond with the substrate. Moreover, from the
analysis of these values, it can be concluded that the metallic binder has a relevant role in the adhesion
resistance of the coatings, since the HVAF coating showing the highest adhesion strength is that with
the highest metal/ceramic ratio and also with the lowest melting point, HVAF-Ni.

On the contrary, all the HVOF coating were able to withstand a higher tensile force than that
withstand by the adhesive, exceeding the 65 MPa. In such a case, this is consistent with the difference
in flame temperature of both processes, and the high flame temperature reached in the HVOF process
allows the particles to fuse together and leads to stronger bonds within the microstructure.

It is important to highlight that the high adhesion strength values reported for all the coatings is
in agreement with previous analysis, and supports the suggestion that there is high cohesion between
the particles in coating.

Rubber wheel experiments were performed for the HVAF sprayed coatings (HVAF-Co, HVAF-N;,
HVAF-WB), their respective HVOF coatings (HVOF-Co-n, HVOF-Ni, HVOEF-WB), and the conventional
coating (HVOF-Co-m) in order to evaluate their wear resistance to abrasive conditions. Wear behavior
of the coatings during the experiments are shown in Figure 5. In this plot, it is observed, within the first
minutes of the test, that the wear rate significantly dropped due to the rapid decrease of the roughness
of the coatings. The ones that presented higher roughness values (HVAF-Ni and HVAF-WB) showed a
steeper drop in the wear rate curve in comparison to HVAF-Co and the steel substrate. In general,
after the point where the surface evened out, the wear rate followed a flatter behavior for all the
coatings, indicating the hardening of the coatings and the substrate.

Abrasive wear is the main mechanism of wear when the surface of two materials are facing each
other with the presence of a third body in between. Abrasion then causes the removal of particles
from the softest material. It has been shown that the wear resistance of the hard metals coatings is
highly dependent on its composition, carbide grain size, porosity, toughness and hardness values [39].
The degree of abrasive wear is defined by the hardness difference between the abrasive particles and
the counter material, hence higher hardness values are desired to enhance the wear resistance of the
coatings and ensure the protection of the coated surface. In the case of the cermets, both hardness and
cohesion between the carbides are key properties to improve the abrasive wear resistance. Itis clear that
the WC particles contribute to the overall hardness, while the metallic matrix defines the cohesion of the
WC grains. Therefore, it is important to consider the size of the carbide grains, the binder composition
and the thermal sprayed conditions when analyzing the wear resistance of the coatings [39].
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Figure 5. Wear rate results of the coatings HVAF-Co, HVAF-Ni, HVAF-WB, HVOF-Co-m, HVOF-Co-n,
HVOF-Ni, HVOF-WB and the steel substrate.

In Table 5 are shown the volume loss (measured at the end of the experiment) and the wear rate
(final value in Figure 5 for each coating) calculated for all the TS coatings. As can be observed from
these data, the coatings HVAF-Co-n and HVAF-Ni resulted to have higher resistance to wear than
the other TS coatings with a similar volume loss. This result can be understood if it is considered
that these coatings showed low roughness, the absence of undesired phases, and one of the highest
thickness and hardness values of the analyzed coatings. HVAF-WB coating experienced a high volume
loss value of 37.0 mm?, being even a greater value than the volume loss measured for the bare steel
substrate, which can be explained because of its high porosity. For HVOF coatings, no clear differences
in abrasive wear resistance were observed for the coatings HVOF-Co-m, HVOF-Co-n and HVOF-Ni
as they showed practically identical wear rate values. In this case, HVOF-Co-n was expected to
show the best performance (since nanostructured coatings are known to have enhanced mechanical
properties), nevertheless this was not the case. As mentioned before, coating HVOF-Co-n suffered high
decarburization, thus its abrasion resistance resulted degraded to slightly higher volume loss and wear
rate values than coating HVOF-Co-m. In agreement with the results for HVAF technique, HVOF-WB
coating also experienced a high volume loss, close to the value measure for the steel substrate (11.5 mm?
and 11.7 mm?3, respectively). In this case, the HVOF-WB did not show a porosity that would explain
the result, and for this reason, these volume loss and wear rates might be attributed to a poor cohesion
between the WC/WB grains and the metallic matrix.

Table 5. Data collected from abrasive wear and corrosion resistance experiments.

Coating VM{’;I‘;J;"SS fjj;ﬁ /ﬁ:ﬁ Ecorr V) Ieorr (A)
HVAF-Co 6.2 421 %1070 —447.7 0.8
HVAF-Ni 7.3 493 x 1075 -369.9 0.2
HVAF-WB 37.0 2.50 x 1074 -559.5 3.8
HVOF-Ni 9.0 6.09 x 1075 -480.9 14

HVOF-Co-m 9.4 6.35x 107> - -
HVOF-Co-n 9.7 6.61 x 1075 -537.5 1.2
HVOF-WB 115 7.75 x 1075 -576.5 14

Steel substrate 11.7 220 %1074 7265 1.4
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The corrosion behavior of the HVAF and HVOF coatings was evaluated and the resulting
polarization curves are shown in Figure 6a,b. The actual values of Ecorr and Icorr inferred from the
polarization curves and calculated with Equation (1), respectively, are shown in Table 5. According to
this, a first differentiation can be made between coatings regarding the thermal spraying method
used for its deposition, since, in general, the HVAF coatings show higher E.o;r and lower I¢orr than
the HVOF layers. This result can be clearly related to the differences found in the microstructure of
coatings. It was demonstrated that HVAF coatings show higher compactness than HVOF coatings,
that is a lower porosity and the presence of voids between splats, which is widely accepted in literature
as a responsible of their better corrosion behavior [40].

a) b)
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Figure 6. Polarization curves of the coatings by (a) HVOF and (b) HVAF and the steel substrate.

When subjecting a coated material to corrosive conditions, it is expected for the coating to prevent
the effects of corrosion and to ensure the correct operation of the substrate. In hard metals the Ecorr
and Icorr values are intrinsic of the metallic matrix material. Taking into account the results shown in
Figure 6, both HVOF and HVAF coatings can be classified as a function of their composition, from top
to bottom, that is, from high to low Eco, as follows: Ni-based (HVOE-Ni & HVAF-Ni), Co-based
(HVOF-Co & HVAF-Co) and WB-based (HVOF-WB & HVAF-WB). These data can be justified since Ni
is a more noble metal than Co or Co—Cr alloys.

On the other hand, the comparison of the I values between HVOF-Co & HVOE-Ni and
HVAF-Co and HVAF-Ni shows that these coatings present similar corrosion rates under open circuit
potentials. Despite of this, when the potential is shifted to the anodic region, these coatings clearly
show a different behavior since HVOF-Co and HVAF-Co coatings show a lower current intensity value
than the Ni-based coatings over a potential region approximately of —340 and —185 mV, respectively.
This data suggests that under polarization conditions, the Co-based coatings will corrode more
slowly than the Ni-based coatings. Considering that this kind of coating is supposed to act as a
protective barrier between the environment and the substrate, this allows for the conclusion that the
HVOE-Co and HVAF-Co coatings will show higher corrosion protective performance than the rest of
the coatings studied.

Finally, low coating porosity is mandatory for good corrosion protection. In the case of the
HVAF-WB coating, which showed very high porosity, it still shows a certain protective ability since its
Ecorr is higher than that of the steel substrate. However, the high Iorr value measured for this material
reveals that there is a severe rate of corrosion in this system which might be ascribed to steel corrosion,
and hence it indicates that this is not a good protective coating.

4. Conclusions

The coatings exhibited different microstructures and mechanical properties according to their
carbide size, composition, and the thermal spray process used. In general, all coatings showed a
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homogenous distribution of the WC grains embedded into a darker metallic matrix with strong
cohesion between particles.

Different thermal spray methods, namely HVOF and HVAEF, lead to coatings with different
microstructures and mechanical properties. (a) Because of the higher flame temperature in HVOF,
the coatings sprayed by this method were more likely to form undesired phases, resulting in the
decarburization of the WC grains. (b) Due to the conservation of the WC grains during the TS process,
HVAF coatings were thicker, less porous, and more homogeneous than the HVOF ones. (c) HVAF
coatings were slightly more resistant to abrasive wear than HVOF coatings.

The metallic matrix, ceramic composition, and WC grain size were key factors in hardness and the
mechanical properties of the coatings. (a) The coating with the WB matrix resulted to have the greater
hardness, followed, in order, by coatings with the binders Co—Cr, Co, and Ni-alloy. (b) The WC-Co
coating proved to be the one with higher resistance to abrasive wear and the one showing the higher
corrosion protection to steel in NaCl media. (c) Coatings with a smaller grain lead to superior qualities
of the coatings in terms of enhanced properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/12/1157/s1,
Figure S1: EDS mapping analysis of the WC-Co-m powder, (a) SEM image of the cross-section of the powder
particle at 5000%, (b) Co-rich regions (blue) and (c) W-rich regions (red), Figure S2: EDS mapping analysis of the
WC-Co-n powder, (a) SEM image of the cross-section of the powder particle at 5000%, (b) Co-rich regions (blue)
and (c) W-rich regions (red), Figure S3: EDS mapping analysis of the WC-Co-Cr-n powder, (a) SEM image of the
cross-section of the powder particle at 2000%, (b) Co-rich regions (blue), (c) W-rich regions (red) and (d) Cr-rich
regions (yellow), Figure S4: EDS mapping analysis of the HVOF-Co-m coating, (a) SEM image of the cross-section
of the coating at 5000x%, (b) Co-rich regions (blue) and (c) W-rich regions (red), Figure S5: EDS mapping analysis of
the HVOF-Co-n coating, (a) SEM image of the cross-section of the coating at 5000, (b) Co-rich regions (blue)
and (c) W-rich regions (red), Figure S6: EDS mapping analysis of the HVOF-Ni coating, (a) SEM image of the
cross-section of the coating at 5000, (b) Ni-rich regions (bright blue), (c) W-rich regions (red), (d) Cr-rich regions
(yellow) and e) Mo-rich regions (pink).
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