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Abstract: Wear is a major issue in industry, particularly with metal components. Therefore, it is
crucial to investigate methods that offer increased resistance to this phenomenon. In this research,
three coating systems (pure WC-CoCr and WC-CoCr/NiCrFeSiBC+Mo, 88:12 and 83:17 wt.%) were
thermally sprayed on an AISI 1018 steel substrate through the High-Velocity Oxygen Fuel (HVOF)
process. The coatings were characterized using a field emission scanning electron microscope (FESEM)
equipped with the energy dispersive spectroscope (EDS) and X-ray diffractometry (XRD). An analysis
of the wear rate for ball-on-flat linear reciprocating sliding tribological tests for the coatings was
also carried out. The coating microstructure presents well-dispersed NiCrFeSiBC splats. The WC-
CoCr/NiCrFeSiBC+Mo, 88:12, system has the highest wear resistance, decreasing by 30.2% at high
loads compared to commercial WC-CoCr CERMETs, and also exhibits the highest fracture toughness.
Analysis of wear tracks shows that the material removal at all charges occurred mainly by an abrasive
wear mechanism.

Keywords: NiCrFeSiBC; sliding wear; coatings; fracture toughness; WcCoCr; HVOF

1. Introduction

In the metal–mechanical industry, the components of any machine are exposed to
different types of wear: erosive, abrasive, and sliding [1,2]. In this context, CERMET
(ceramic–metallic) coatings have been demonstrated to be an excellent anti-wear option,
reducing material loss considerably by this type of damage and increasing the lifespan
of the components at a reduced cost of fabrication [3–5]. CERMET commonly consists of
hard ceramic particles embedded in a metallic matrix; Tungsten–Carbides WC-Co and
WC-CoCr are the most used to refurbish engineering components like, for example, internal
gate valves, metal working tools, mining tools, and blast-spray nozzles [6]. Commonly,
by using thermal spraying processes such as High-Velocity Oxygen Fuel (HVOF) and Air
Plasma Spray, these materials can be applied as coatings [4,7–10]. In this sense, HVOF, it is
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well known, can produce more dense coatings due to the influence of its high-speed jet.
However, during thermal spraying, a decarburization process occurs invariably, affecting,
to some degree, the fracture toughness of the final coating due to the formation of a more
brittle carbide W2C [11–13].

On the other hand, the coatings produced with these compounds have demonstrated
excellent resistance under friction wear conditions. Decarburization of W2C decreases
hardness and fracture toughness, promoting greater damage when they experience more
severe operating conditions [14–17]. In this context, J. Garcia et al. [14] investigated the
relationship between the microstructure and mechanical properties (hardness, modulus of
elasticity, and toughness) of systems like WC-Co, SiC, Alumina, satellites, cast iron, and
steel. They found that WC-Co coatings showed higher elastic modulus and compressive
strength than the other materials. However, their fracture toughness was lower than that
observed for cast iron and hardened steels.

Recently, some research has been conducted on enhancing fracture toughness for
this type of compound. These investigations include adding reinforcements like carbon
nanofibers, mixing them with metallic alloys with higher toughness, or increasing the Co
binder [18,19].

Concerning the tribological performance of WC coating CERMETs, Rachidi et al. [20]
evaluate the addition of 40% of a metallic alloy to produce a NiCrBSi-60%WC coating. They
fabricated their samples using oxyacetylene flame thermal spraying, subjecting them to
sand/wheel dry abrasive and continuous motion pin-on-disc wear tests. They concluded
that NiCrBSi improves resistance to abrasive wear, and the low fracture toughness of these
coatings was one of the factors that promoted the detachment of WC particles through
crack propagation.

According to this, producing CERMET mixed coatings with a deformable phase that
participates not as a binder alloy but as a different matrix remains challenging. Capable of
improving fracture toughness to some extent without sacrificing the hardness considerably.
As mentioned above, some functionally graded WC-Co or CoCr/NiCrFeSiBC higher
than 20% have been studied and demonstrated an increase in fracture toughness. Still,
unfortunately, under friction wear conditions, all coatings displayed lower wear resistance
compared with the 100% WC, mainly due to the considerable reduction in hardness. Based
on the above, the objective of this project was to produce a composite CERMET/metal
coating that possesses better fracture toughness and hardness values close to that displayed
by the 100% WC-CoCr coating. As a secondary material matrix, the alloy commercially
known as Dimalloy 2001 (NiCrFeBSiC) was used because of its good corrosion resistance.
The Molybdenum (Mo) was incorporated into this alloy to improve corrosion resistance
and lubricity. Two percentages of a premixed alloy NiCrFeSiBC+Mo (12 and 17 wt.%)
were added to the WC-CoCr CERMET to produce corresponding coatings through the
HVOF process. Then, they underwent sliding wear tests at three different loads. Also, a
detailed description of the interaction and relation of microstructure, hardness, and fracture
toughness on wear factors such as wear micro-mechanism is addressed.

2. Materials and Methods
2.1. Materials and Coatings Fabrication

An AISI 1018 steel plate of 50 mm × 40 mm × 7 mm was used as a substrate for coating
deposition. Subsequently, surface conditioning was performed through sand-blasting using
aluminum oxide as abrasive media (particle size 250–400 µm), obtaining a final average
Ra roughness of ~4.5 µm, and applying acetone cleaning to remove remaining organic
contaminants and dust. Two powders were used as raw materials, WC-CoCr (Co 10%, C
5.3%, Cr 4.0, W balance) and NiCrFeSiBC+Mo (Cr 16.5%, Fe 4.5%, Si 4.2%, B 3.1%, C 0.8%, Ni
balance. + Mo 2%). A 98 (NiCrFeSiBC)-2 (Mo) (wt.%) powder mix was produced through
mechanical milling in a planetary ball mill (PQ-N2, Across International), using 8YSZ balls
as milling media and with a 1:22 powder: ball ratio at 300 rpm after six hours of milling.
Then, a homogeneous modified powder mix of WC-CoCr/NiCrFeSiBC+Mo at 88:12 and
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83:12 wt.% concentrations (Figure 1a,b). Then, in the facilities of the company SURESA S.A
DE C.V, by using the HVOF thermal spraying process equipped with a Jet Kote gun (See
Table 1 for projection parameters), the following coating systems were fabricated: (1) WC-
CoCr, (2) WC-CoCr/NiCrFeSiBC+Mo (88:12 wt.%), and (3) WC-CoCr/NiCrFeSiBC+Mo
(83:17 wt.%).
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Table 1. HVOF parameters.

Hydrogen
Pressure (psi)

Oxygen
Pressure (psi)

Argon
Pressure (psi)

Oxygen
Flow (%)

Hydrogen
Flow (%)

Spray
Distance (mm)

Feed Rate
(rpm)

HVOF 110 118 105 60 80 190 3

2.2. Coatings Characterization

The coatings were sectioned, encapsulated in epoxy resin, roughed, and polished
using diamond lap films and polish suspension. After metallographic preparation, the
samples were placed in an ultrasonic bath (for 10 min for each sample), thus ensuring their
cleanliness (eliminating polishing and grinding residues). Then, the identification of the
splats corresponding to each powder, their distribution in the coating, and their chemical
composition were determined using a Field emission scanning electron microscope (FESEM,
Tescan MIRA3 LMU) equipped with a Bruker XFlash 6I30 dispersive energy spectrome-
ter, manufactured by Tescan Group, Kohoutovice Czech Republic. The identification of
crystallographic phases was made using an X-ray Panalytical Empyrean diffractometer
and the following testing parameters: CuKα radiation (λ = 1.542 Å) at an acceleration
potential of 20 kV, a scattering (2θ) angle range from 20◦ to 90◦ and a step size of 0.02◦

(2θ). The microhardness of the coatings was measured on conditioned mirror-polished
cross-sections using a Future-Tech FM800 hardness tester manufactured by Future-Tech
Corp, Kawasaki, Japan, and by applying a load of 0.5 Kgf. Indentations were obtained
using the same apparatus to determine fracture toughness (Equation (1)) by applying a
1 Kgf load and the Palmqvist method [21], which relates the cracks formed in the corners
with the indentation diagonals.

KIC = 0.0319
(

P
a
√

la

)
(1)
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where P is the load used during indentation, a is the length of the diagonal from the center
to the vertex where the fracture begins, la is the result of subtracting the length from the
center of the indentation to the end of the crack c minus the length a (see Figure 2).
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2.3. Sliding Wear Tests

According to ASTM G133-22 [22], tests were carried out. A contact profilometry
was used to determine the coupon’s average roughness (Ra) before testing, measuring a
roughness between 0.02 and 0.05 µm. Subsequently, non-lubricated reciprocating wear tests
were carried out at room temperature using a CTR UMT2R tribometer (Bruker, Billerica,
MA, USA and applying 10, 30, and 60 N loads with a sliding stroke of 10 mm at a 3 Hz
frequency with a total time of 7200 s. Aluminum balls (Al2O3) of 5 mm diameter were used
as a counterbody. The coefficient of friction was measured in samples at 30 N and 60 N
different loads.

2.4. Characterization of Worn Surfaces

The specific wear rate (W) was calculated by measuring the material lost (V) using a
Profilm3D optical profilometer. The obtained value is divided by the load (F) and multiplied
by the total sliding distance of the test (L) using Equation (2) [20].

W =
V
FL

(2)

Finally, all worn surfaces were analyzed through scanning electron microscopy (SEM)
to identify and understand the wear mechanisms involved.

3. Results and Discussion
3.1. Microstructure Characterization

Initially, specimens were properly identified, as shown in Table 2, according to their
composition and load test. Figure 3a–c shows the coating microstructure of typical WC-
CoCr and samples with 12% and 17% NiCrFeSiBC+Mo (dark gray splats), respectively. In
addition, a certain percentage of porosity was observed (≤0.43%, see Table 2). In the case of
samples B-0 and C-0, the presence of NiCrFeSiBC+Mo was observed in the form of particles
or continuous inter-splat films, as shown in Figure 3b,c. Subsequently, to corroborate that
the dark gray splats are NiCrFeSiBC+Mo, several EDS analyses were carried out in these
regions, and through an EDS spectrum, the presence of these elements could be confirmed,
see Figure 3d. The thickness of the coatings was approximately 230 µm.
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Table 2. Specimens identification.

Specimens Identification Load (N) Porosity Microhardness, HV500
KIC

(MPa·m1/2)

WC-CoCr A-0

0

0.43 ± 0.17 1052.06 ± 40.12 12.48 ± 2.52
WC-CoCr and 12%
NiCrFeSiBC+Mo B-0 0.4 ± 0.04 887.04 ± 15.96 15.90 ± 2.83

WC-CoCr and 17%
NiCrFeSiBC+Mo C-0 0.23 ± 0.05 812.82 ± 41.25 13.61 ± 1.34

WC-CoCr A-10

10
WC-CoCr and 12%
NiCrFeSiBC+Mo B-10

WC-CoCr and 17%
NiCrFeSiBC+Mo C-10

WC-CoCr A-30

30
WC-CoCr and 12%
NiCrFeSiBC+Mo B-30

WC-CoCr and 17%
NiCrFeSiBC+Mo C-30



Coatings 2024, 14, 1207 6 of 12

Table 2. Cont.

Specimens Identification Load (N) Porosity Microhardness, HV500
KIC

(MPa·m1/2)

WC-CoCr A-60

60
WC-CoCr and 12%
NiCrFeSiBC+Mo B-60

WC-CoCr and 17%
NiCrFeSiBC+Mo C-60

Furthermore, Figure 4 shows the phases identified by X-ray diffraction in the sprayed
coatings. In the three as-sprayed systems, WC and W2C were identified [23–25]. During
the thermal spraying, decarburization of the WC particles occurred, and the W2C phase
was formed. This process occurs according to the following reaction: 2WC → W2C + C,
the free carbon of this reaction gets oxidized, giving rise to CO or CO2, which causes the
decarburization of the WC particles [23]. In addition, the Co phase can be observed with
less intensity [4]. On the other hand, the γ-Ni phase was identified in samples B-0 and C-0
because Ni is the element in the greatest quantity in NiCrBSiC [26,27]. The only notable
difference between these two samples is the slight intensity increase in the γ-Ni peak of the
C-0 sample.
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3.2. Microhardness Fracture Toughness and Sliding Wear

The microhardness values of samples in the as-sprayed condition were measured along
the cross-section of the coating microstructures (see Table 2). As expected, the maximum
microhardness corresponds to sample A-0 [25,28,29]. It was found that the hardness values
for the B-0 and C-0 systems decreased between 15.6% and 22.7%, with an increase in metal
binder content of 12% and 17% by weight, respectively. This behavior has been observed
in previous studies [27,30]. Some of the factors that influence the hardness of this type of
coating are the retained WC phase, the hardness of the binder phase, and the microstructure
of the coating (porosity, grain size) [31].
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From the results of Table 2, the following is established: the samples with higher
hardness (A-0) exhibit a reduction in their fracture toughness property compared to the B-0
and C-0 coatings. The lower number of defects and smaller area of fragile regions due to
the dissolution of WC results in greater fracture toughness [31]. The fracture mechanism
is governed by the unstable propagation of pre-existing defects that may be inherent
to the processing or induced in the formation process [5,6]. Some cracks around each
indentation exhibit different lengths and do not form in the corners of the indentations;
generally, the state of stresses in these regions is higher. Also, Figure 5 illustrates the
representative indentation marks resulting from KIC evaluation in our systems. The upper
left insets of Figure 5a–c show how the cracking path occurs, preferably along the WC/Co
interface. Regarding the indentations obtained to evaluate the KIC, it is evident that the
crack length is shorter in sample B-0 (see Figure 5b), which presented the highest resistance
to fracture toughness (KIC), compared to samples A-0 and C-0 (see Figure 5a,c), which
exhibit lower resistance.
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As a function of the applied load, the specific wear rate for all coating is presented
in Figure 6. The average specific wear values remain relatively close for all samples at
low loads (10 N), deviating somewhat when subjected to higher loads (i.e., 30 and 60 N).
Usually, in brittle materials like ceramics, the rate of material loss caused by fracture is
greater than that of plastic deformation [20]. The wear rate of sample B-60 decreased
by 30.2% compared to the A-60. The volume wear of a brittle material depends on both
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the hardness and fracture toughness of the worn material and on the hardness of the
abrasive [32]. Generally, the harder and tougher the matrix is, the lower the wear rate is.
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3.3. Coefficient of Friction and Wear Mechanisms

The coefficient of friction was measured on the samples after sliding wear (loads of
30 N and 60 N), and the results are shown in Figure 7. The behavior of the coefficient of
friction differs for each system according to the NiCrFeSiBC+Mo content and the load.
The most significant coefficient of friction changes occurred at the highest load (60 N);
see Figure 7b. Incorporating high NiCrFeSiBC+Mo contents lowers the COF significantly.
While at 12%, the high elastic modulus NiCrFeSiBC+Mo particles resist deformation under
the high Hertzian contact load. The lowest coefficient of friction observed at higher loads
(60 N) is attributed to the formation of a more stable tribolayer directly related to the
increase in temperature on the tribo-system; its stability is reflected in the spallation process
delay [33]. Therefore, the coating and counter body’s wear mechanism may differ.

The oxidation of elemental species within the test couples leads to the formation of
tribo-films [28]. The oxidation process occurs due to the ignition temperature during the
asperity interaction in the sliding contact. In WC-Co coatings on sliding contacts, the
formation of tribo-films of WO3 and CoO caused by the isothermal oxidation of WC-Co
or even WCoO4 at higher temperatures (~200–300 ◦C) has been reported [28,34]. In this
regard, the formation of CoWO4 and WO3 on the worn surface of the coatings acts as a
solid lubricant and reduces the friction coefficient [30,35]. Furthermore, the brittle fracture
mechanism increases friction forces by providing an additional mechanism for energy
dissipation in the test regions [30]. The above counteracts the lubricating effect of the oxides
formed by the tribochemical processes.

SEM micrographs of the wear traces produced from the sliding wear tests are shown
in Figure 8. Small pores can be visible on the worn surface mainly in samples A-30,
A-60, and C-60 (see red circles in Figure 8d,g,i), likely to be sites where material pullout
of WC occurred. According to the above, with a load of 60 N in the test, systems A-60
and C-60 experience greater porosity and a greater rate of wear. In this sense, stresses
concentrate in the material in areas of porosity, resulting in cracks propagating from these
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areas [30]. This process is evidenced in samples A-30, C-30, and A-60 (see inserts of
Figure 8d,g). Mechanisms of wear in samples are shown in Figure 8. The worn surfaces
showed agglomeration of debris particles and parallel grooves in the sliding direction
(induced by a detachment of debris particles trapped in the contact surface due to sliding).
The main reason is the shear stress that resulted from normal load and friction force on the
contact surface.

The presence of these visible grooves on the worn surface, formed by the passage
of harder material through softer areas of the microstructure, suggests that the wear
mechanism in all systems was abrasive wear. The adhesion strength between splats is
further weakened due to the defects (such as porosity and micro-crack) appearing mostly on
the boundaries between thin oxide sheets and splats. Later, the fatigue damage accumulates
to a certain value, and micro-cracks initiate at the defects between splats. Micro-cracks
grow and propagate, leading to the spallation of the splats. Thus, wear debris is generated
(see inserts in Figure 8, which shows the fracture mechanism, transgranular in samples
A-30, C-30, and A-60, while in B-60, the mechanism is intergranular, see yellow circles).
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4. Conclusions

The present work demonstrated that adding 12% NiCrFeSiBC+Mo to commercial
WC-CoCr CERMETS would be beneficial because the specific wear rate at higher loads
(60 N) was decreased by approximately 30.2% (maintaining high hardness).

The highest resistance to fracture toughness also occurs in coatings with the adhesion
of 12% NiCrFeSiBC+Mo, which is directly related to the higher wear resistance.

There is a decrease in the coefficient of friction when adhering to the WC-CoCr
CERMETS (NiCrFeSiBC+Mo) in both percentages (12 and 17%) and is attributed to the
formation of a more stable tribolayer directly related to the increase in temperature on the
tribo-system, its stability is reflected in the spallation process delay.
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