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Abstract In this study, two erosion protection MMC
coatings with WC particles were deposited by the plasma
transferred arc (PTA) welding. One of the coatings with
tungsten carbide WC in the NiBSi matrix (WC/NiBSi), and
the second coating WC in NiCrBSi matrix (WC/NiCrBSi)
was deposited by the flame spray process on the same
substrate material S235JR steel. Experiments were per-
formed using a gas blast sand erosion test facility with
high-velocity erodent particles impact (approximately
100 m/s) at different particle impact angles (20°-45°), with
an objective to study erosion wear characteristics and mass
loss of two MMC coatings. Microstructural characteriza-
tion of MMC coatings was done by scanning electron
microscope equipped with energy-dispersive X-ray spec-
troscopy, whereas X-ray diffraction analysis was used for
identification of present phases. The hardness of coatings
was determined by Vickers hardness measurements. WC/
NiBSi obtained by the PTA process shows superior hard-
ness and erosion properties.
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1 Introduction

Erosion of surfaces by solid particles may cause a pro-
gressive loss of material, due to the mechanical interaction
of particles carried by the working fluid stream. Due to its
deleterious effect on the surface, erosive wear is a wide-
spread type of wear, which may provoke within a very
short time, a catastrophic failure and rapid collapse in the
structural integrity of industrial parts and components. The
erosion behavior of ductile materials differ from the
behavior of brittle materials, especially from the aspect of
an active erosion mechanism. The difference in behavior
between these two groups of materials is most pronounced
when compared to mass loss during erosive wear at dif-
ferent impact angles of erodent particles [1]. The maximum
mass loss of brittle material is obtained when the impact
angle of the erodent particles is ~ 90° [1], while the
maximum mass loss of some ductile materials is approxi-
mately up to 45° of impact angle [2]. Factors that may
influence erosion wear and the mass loss of the material are
numerous, including properties of a target material, such as
hardness, microstructure and surface properties. Also, in
these processes, an important role is played by erodent
particle characteristics, such as the morphology of erodent,
angle of impingement, particle impact velocity, particle
concentration in the fluid stream, as well as other factors
such as nature of the carrier gas and its temperature [3—14].

The application of the hard surface erosion protection
coatings on the base material is one of the techniques
developed in order to reduce the damaging effects of
erosive particles with the aim of extending the service life
of industrial components exposed to severe erosion dam-
ages during operation [15]. A number of technologies have
been developed for the application of erosion protective
coatings; however, they all can be basically classified into
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two major groups: the thermal spraying process and the
weld overlay cladding—surfacing process. The most
commonly used thermal spraying processes are flame
spray (FS), wire arc spraying (AS), high-velocity oxygen-
fuel (HVOF) thermal spray, detonation spray, plasma
spray and cold spray. In addition to the conventional
surfacing, welding processes such as gas tungsten arc
welding (GTAW) and flux-cored arc welding (FCAW),
also the plasma transferred arc (PTA) surfacing, are also
widely used [16-21].

The PTA process is extensively used to deposit a variety
of erosion-resistant coatings, including metal-matrix com-
posite (MMC) coatings [22, 23], as well as metal coatings
[24], and ceramic coatings [25], onto numerous substrate
materials. According to previous studies of erosion resis-
tance of different MMC coatings, it is evident that carbide
particles embedded into the matrix as a reinforcement
material directly affect the hardness, abrasion and erosion
resistance, yielding excellent erosive wear resistance
[26-28]. The structure and properties of the metal matrix
have an important contribution to the preservation of ero-
sion resistance of MMC coatings. For example, a softer and
more ductile metal matrix has a higher impact resistance
than a metal matrix with higher hardness and brittleness
[29]. Among different particles as a reinforcing material,
dispersed hard WC particles are mostly used for the fab-
rication of MMC coatings [27, 30, 31].

The aim of the present research is to study the influence
of the impact of high-velocity/high-energy erodent parti-
cles and their impact angles on the erosive wear resistance
behavior of two MMC erosion protection coatings,
obtained by PTA and FS processes on the same substrate
material. The experimental concept of this study has been
significantly dictated by the industrial practice and usage of
commonly and broadly used and commercially available
WC/NiBSi and WC/NiCrBSi powders (EuTroLoy PG 6503
and Eutalloy PE 8902). These two specific coatings, with
different chemical composition and carbide contents,
obtained by PTA and FS processes, have significant
industrial relevance for erosion protection of thermal
power plant components exposed to very severe erosion
conditions, i.e., high-velocity/high-energy erodent particles
(100 m/s) [32].

2 Experimental Methods
2.1 Material and Procedure
Two different erosion protection coatings were deposited
on the same substrate material, i.e., 100 x 100 x 10 mm

plates of low-carbon steel S235JR (EN 10025). The first
erosion protection coating was applied by the PTA
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surfacing, i.e., a coating with tungsten carbide particles
(WCQC) in the NiBSi matrix (denoted as WC/NiBSi). The
second coating, WC in the NiCrBSi matrix (WC/CrNiBSi),
was applied by the FS thermal spraying with post-heating
treatment. The filler materials in the form of powder were
used for both coating deposition processes. The chemical
compositions of the substrate material and filler materials
used in this study are given in Table 1. Both filler materials
used in this study were commercially available powders
produced by Castolin Eutectic Company. The trade name
of the WC/NiBSi powder is EuTroLoy PG 6503, while the
trade name of the WC/NiCrBSi powder is Eutalloy PE
8902. The metal matrix of both powders was obtained by
the process of atomization. The W,C/WC carbides in WC/
NiBSi powder were manufactured by fusing and crushing.
The WC carbides in WC/NiCrBSi powder were manufac-
tured by the sintering process. The nominal particle size for
WC/NiBSi powder is in the range of 63—180 um, while in
the case of WC/NiCrBSi powder it is in the range of
50-150 pm in accordance with the producer of powders.

Coatings were deposited by PTA using a device
EuTronic Gap 3001 DC, while a CastoDyn 8000 device
was used for FS. Both units were manufactured by Castolin
Eutectic Company. The preparation of the substrate surface
for the PTA coating was performed by grinding the surface
in order to remove impurities and oxides. The surface
grinding for PTA was done by an angular grinder. The used
grinding wheel was made of regular aluminum oxide par-
ticles (abrasive grains) with the coarser grit size in a mesh
(sieve size per inch: 14-36). The preparation of the sub-
strate surface for the FS coating was done by blasting with
Al,O5 particles (grit size: 106-150 pm). The PTA surfac-
ing parameters and the FS spraying parameters are given in
Table 2. The thicknesses of coatings deposited by PTA
(WC/NiBSi) and by FS (WC/NiCrBSi) were approximately
3 mm and 1 mm, respectively. It should be noted that
coatings deposited by FS were subjected to post-heating
treatment after spraying. Post-heating treatment was
applied by oxyacetylene torch.

2.2 Powder and Coating Characterization Methods

The characterization of both powders (WC/NiBSi, WC/
NiCrBSi; see Table 1) was performed using a scanning
electron microscope (SEM), type JEOL JSM 5800LV at
different magnifications. Also, a backscatter electron
(BSE) imaging technique was applied. X-ray diffraction
(XRD) analysis of powders was performed using a Rigaku
Ultima IV diffractometer, CuKa radiation (1 = 1.540564&).
The scanning of samples was done through a range of 26
diffraction angles (20°-70°), with a step size of 0.02°.
Phase identification of the data collected was performed by
the program DiffracPlus using the database for XRD peak
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Table 1 Chemical composition
Substrate material Element (wt%)
C Mn P S

S235JR (EN 10025) 0.17 1.40 0.045 0.045
Filler materials Process Element (wt%)

C Cr Ni B Si Mn Fe Mo wC
WC/NiBSi PTA 0.1 0.20 Residue 247 3.47 - 0.69 - 60
WC/NiCrBSi FS 0.83 15.6 Residue 3.29 4.25 - 4.0 - 35

Table 2 Surfacing parameters

Filler material—
powder (process)
WC/NiBSi (PTA)

Plasma transferred arc surfacing parameters

Welding current (A) 70
Arc voltage (V) 27.5
Powder feeding rate (g/min) 33
Plasma gas Ar
Plasma gas flow rate (I/min) 2

Shield and carrier gas 95%Ar + 5%H,
Shield gas flow rate (1/min) 14
Carrier gas flow rate (1/min) 2.5

The speed of movement of the torch in the 0.11
direction of the length of the sample

(mm/s)
Oscillation velocity (mm/s) 7
Oscillation width (mm) 94

Filler material—
powder (process)

WC/CrNiBSi (FS)
Oxygen pressure (bar) 4

Oxyacetylene flame spraying parameters

Acetylene pressure (bar) 0.7
The distance of gun from the surface (mm) 150
Post-heating treatment temperature (°C) 1040

identification compiled by the Joint Committee on Powder
Diffraction Standards (JCPDS).

Metallographic examination of all coatings and substrate
was carried out by three different SEM units: JEOL JSM
5800LV, SEM FEI Inspect S50 and Tescan Vega 5130MM
at different magnifications. The standard preparation pro-
cess for SEM specimens was executed by cutting, grinding,
polishing and etching (WC/NiBSi—3% solution nitric acid
and ethyl alcohol—nital; WOC/NiCrBSi—50 ml H,.
O + 10 g CuSO4 + 50 ml HCI). In order to identify the
chemical composition of coatings, the semiquantitative
energy-dispersive X-ray spectroscopy (EDS) was per-
formed by the Bruker unit, coupled with FEI Inspect S50
SEM.

Vickers macrohardness (HV10: test load 10kgf, test
duration 10 s) and microhardness (HV0.05: test load 50gf,
test duration 15 s) measurements were carried out on the
cross section of the sample by Buehler Identamet
Microindentation Hardness Tester (model 1114) and
Buehler Micromet 5101 testers, respectively. The mean
values of five measurements are shown in this study.

2.3 Erosion Test

The major parameters affecting the erosion are the particle
impact angle, the erodent particle velocity and the erodent
concentration in the fluid stream [33]. Nowadays, numer-
ous studies on erosion have been published, and the gas
blast sand erosion test according to ASTM G76-07 stan-
dard has been typically used. However, in order to properly
simulate very severe service conditions of some thermal
power plant components, nonstandard erosion test was
applied in this study. Actually, a very high erodent particle
concentration and the particle impact velocities (~ 100 m/
s) with the particle impact angle in the range of 20°-45°
corresponding to the service condition [32] in the fluid
stream were used. Some studies have already highlighted
the importance of testing the erosion resistance of coatings
with high-velocity particles (100 m/s), higher than those
envisaged in the ASTM G76-07 standard [2, 34]. The
narrow range of the particle impact velocities which has
been used in this study (92, 100 and 109 m/s) is mainly
conditioned by the results of experimental measurements
for particle impact velocities in the industrial plant
(90-110 m/s) [32].

Therefore, an experimental investigation was performed
on a specially designed, in-house built, gas blast sand
erosion test facility which was previously described [35].
Other researchers have already used similar gas blast sand
erosion test facilities [36—-38]. The erosion study was car-
ried out at room temperature, while the effects of the
particle velocity and impact angle on the mass loss were
investigated under test conditions roughly corresponding to
the real conditions during in situ exploitation of coatings
[32]. Erosion tests were carried out using three different
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Table 3 Erosion test parameters

Parameter Value

Type of erodent Angular particle quartz

(Si0,)
Impact velocity—mean value (m/s) 92 100 109
Erodent particles impact angle (°) 20 20, 30,45 20
Mean erodent granulation (mm) 0.33 0.33 0.33
Carrying gas Air  Air Air
Nozzle diameter (mm) 10 10 10
Distance between nozzle and sample (mm) 115 115 115
Erosion test duration (s) 120 120 120
Temperature (°C) 24 24 24
Feed particle rate (g/s) 50 50 50

particle velocities (92, 100 and 109 m/s) and for three
erodent particle impact angles (20°, 30° and 45°). A total of
three samples of each type of coating were tested under
each experimental erosion condition. All erosion test
parameters are shown in Table 3.

The mass was measured before and after the erosion test
in order to determine the mass loss of the eroded samples.
The mass was measured by analytical balance, precision
0.1 g, produced by E. Mettler.

2.3.1 Particle Velocity Determination

The particle impact velocity is a function of the back
pressure used on the gas blast sand erosion test unit. A
double-disk method was used in order to measure particle
impact velocity for different used pressures [39]. Calcu-
lated mean values for the particle velocities based on the
double-disk method were 92, 100 and 109 m/s for pres-
sures 3, 4 and 5 bar, respectively, as shown in Table 3,
together with other relevant parameters of the erosion test.

3 Results and Discussion
3.1 Powder Characterization

SEM micrographs of the morphology of powders, used as a
filler material during coating deposition process, are shown
in Figs. la—d. The X-ray diffraction patterns of WC/NiBSi
and WC/NiCrBSi powders in their initial condition (see
Table 1) are shown in Fig. le, f, respectively.

The morphology of powder filler materials clearly
indicates the presence of a carbide phase with the irregular
shape and the metallic phase with the spherical shape
(Fig. 1a—d). The XRD analysis of WC/NiBSi and WC/
NiCrBSi powders shows that there is a difference in
chemical compositions of carbides in these two powders
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(see Fig. le, f). In WC/NiBSi powder, WC and W,C car-
bide types are detected, while in WC/NiCrBSi powder only
WC carbide is detected, which is a consequence of powder
manufacturing.

During the processing of fused W,C/WC carbides for
PTA WC/NiBSi powder, the goal is to achieve as higher
content of WC carbide as possible in theW,C/WC mixture,
because of better tribological resistance of WC [40]. When
the carbon content is about 3.7-4.1 wt%, WC phases in
conventional hardfacing are typically eutectoid W,C/WC
particles—carbides [22] which are prone to high-tempera-
ture dissolution. Also, W,C carbide is less desirable due to
its high brittleness and susceptibility to dissolution during
welding. A mixture with sufficient content of carbon is
rapidly cooled during powder manufacturing and then
crushed, forming angular shape, as shown in Fig. la, c.
Unlike WC in WC/NiBSi powder (PTA), WC in WC/
NiCrBSi powder (FS) is obtained by the sintering process,
resulting in the porous structure of carbides (Fig. 1b, d
(highlighted with arrows)).

Due to different contents of alloying elements (C, Cr, B,
Si, and Fe), these atomized spherical particles form dif-
ferent matrix and intermetallic/metalloid compounds
[41—43]. The metal matrix of both powders (content: WC/
NiBSi ~ 40 wt% and WOC/NiCrBSi ~ 65 wt%) is
obtained by the process of atomization, which is charac-
terized by the spherical shape of particles.

3.2 Microstructure of Coatings

SEM micrographs of the microstructure of certain areas of
both coatings and EDS measurement points (marked with
numbers in yellow and red) are shown in Figs. 2, 3 and 4,
while EDS analysis for different measurement points pre-
sented in Figs. 2, 3 and 4 are shown in Tables 4, 5 and 6.

The microstructure of the WC/NiBSi (PTA) coating is
shown in Fig. 2, whereas the area of the same coating
matrix in the vicinity of the eutectoid W,C/WC carbide is
shown in Fig. 3. Unlike carbides and other phases with
high hardness formed during the deposition/solidification
process, in this case, WC carbide has been added prior to
manufacturing. Figure 2a shows a coating of the WC/
NiBSi (PTA), i.e., a multi-phase matrix in the vicinity of
the WC. The multi-phase matrix consists of three charac-
teristic phases indicated by 1-3 in Fig. 2b.

The chemical composition of the WC/NiBSi (PTA)
coating obtained at different EDS measurement points
shown in Figs. 2b and 3 is presented in Tables 4 and 5. It is
important to note that data for carbon contents shown in
Tables 4, 5 and 6 are not reliable due to a limitation of used
conventional SEM and EDS X-ray types of equipment.
Specifically, EDS microanalysis is not accurate for low
atomic number elements, such as C, B, N and O, while in
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Fig. 1 SEM/XRD of the powders: a micrograph WC/NiBSi—BSE; b micrograph WC/NiCrBSi—BSE; ¢ micrograph WC/NiBSi; d micrograph

WC/NiCrBSi; e WC/NiBSi—XRD; £ WC/NiCrBSi—XRD

the new EDS systems, this detection efficiency is
improved. Nevertheless, it is not recommended as a tech-
nique for quantifying very low atomic number elements
like carbon [44, 45].

Both phases 1 and 2 contain W, Ni, Fe, Cr, Si and C, as
determined by EDS analysis and are shown in Table 4,
points 1 and 2. According to the literature [46], B is bound
with Ni forming Ni3;B. EDS results show that in phases 1
and 2 of the NiBSi matrix (Table 4, points 1 and 2), the
presence of W is detected (phase 1: W = 3.52% and phase
2: W = 13.33%), although it has not been added in the
original powder. This fact clearly indicates that during PTA
deposition, the process of partial decomposition of W,C/
WC has taken place. Phases 1 and 2 (Table 4, points 1 and

2) can be characterized as interdendritic zones, which,
according to the literature [22, 47], consist of secondary
carbides, nickel boride (Ni3B) and silicides, while phase 3
(Table 4, point 3) consists of primary y-Ni solid solution. A
slightly higher Fe content in all three phases may be
ascribed to the dilution effect when Fe from a substrate is
mostly dissolved in y-Ni. Similar observations have also
been confirmed by other researchers [22, 47].

The main disadvantage of WC carbides in carbide-re-
inforced MMC coatings is that, due to its relatively low
temperature of formation, in comparison with the very high
temperature of the PTA process, arc which reaches tem-
peratures as high as 33,000 °C [48], may be easily dis-
solved in the matrix phase during deposition [49, 50] when
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Fig. 2 SEM of the WC/NiBSi (PTA): a micrograph, WC/NiBSi; b detail from a, matrix, magnification x 10,000 (1-3, three characteristic phases

and corresponding EDS measurement points, see Table 4)
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Fig. 3 SEM of the WC/NiBSi (PTA): a micrograph, eutectoid W,C/WC carbide; b detail from a, magnification x10,000; (1-2, two
characteristic phases, zone 1 from a, eutectoid W,C/WC carbide, zone 2 from b, halo region and corresponding EDS measurement points, see

Table 5)

excessive arc current provides sufficient heat [30]. The
process of dilution of the substrate material also influences
the properties of coating in the vicinity of the substrate.
The enriched matrix has an effect on the decrease in wear-
resistant properties of the coating [22]. This effect can be
minimized when deposition of the metal is performed with
the minimum possible heat input during the deposition
process [22]. As can be seen in Fig. 3a, the primary W,C/
WC is partially decomposed during the formation of the
coating and, as a result, along the edges of the primary
carbide, a halo region is formed with visible effects of
decomposition (Fig. 3b). The partial decomposition of the
primary carbide during the deposition process is also
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confirmed by the increase in the Ni content in the boundary
zone W,C/WC—matrix (Table 5, points 1 and 2), detected
particularly in the halo region marked as zone 2 in Fig. 3b
(Ni = 2.84%) [51, 52]. Eutectoid W,C/WC carbides are
typically distinguished from other types of carbides by the
presence of alternating W,C and WC lamellae in the
microstructure [22]. In Fig. 3b, the needlelike lamellar
microstructure can be observed, most likely consisting of
WC carbide lamellas (darker lamellas) and W,C carbide
lamellas (lighter lamellas). Also, in the halo region, there
are sharp WC carbides (dark colored), which can be
identified on the basis of the distinguished differences in
color of the lighter colored middle part of the observed
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Fig. 4 SEM of the WC/
NiCrBSi (FS): a micrograph,
WC/NiCrBSi; b substrate-
coating, EDS line profile; (1-2,
two characteristic phases, zones
1—the WC carbide and 2—the
nickel binder region from a and
corresponding EDS
measurement points, see

Table 6)

(a)

71312015 HFW WD Mag
11:41:44 AM|0.14 mm|[10.2 mm | 2000x

Table 4 Chemical composition of the WC/NiBSi (PTA), EDS points
shown in Fig. 2b

EDS points Element (wt%)

C Cr Ni Si Fe W
Point 1 6.01 0.29 74.93 1.95 13.30 3.52
Point 2 8.53 0.28 62.48 2.17 12.77 13.77
Point 3 5.66 - 83.1 1.61 9.63 -

Table 5 Chemical composition of the WC/NiBSi (PTA), EDS points
shown in Fig. 3

EDS points Element (wt%)

C Ni Fe w
Point 1 6.50 0.13 - 93.37
Point 2 10.85 2.84 1.24 85.07

Table 6 Chemical composition of the WC/NiCrBSi (FS), EDS
points shown in Fig. 4a

EDS points Element (wt%)

C Cr Ni Si Fe w
Point 1 8.15 - 2.16 0.81 1.22 87.66
Point 2 3.54 4.80 67.63 1.58 22.45 -

carbide phase, which consists of W,C and WC carbides
[51, 52].

SEM micrographs of the microstructure of the WC/
NiCrBSi (FS) coating and the substrate-coating zone
together with the EDS line profile are shown in Fig. 4a, b.
The chemical composition of the WC/NiCrBSi (FS)
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coating obtained at different EDS measurement points
shown in Fig. 4a is presented in Table 6.

The EDS analysis of sintered carbide (Table 6, point 1)
shows that they are mainly composed of W-based carbide
(W = 87.66%), while the content of other elements is in
accordance with the initial chemical composition of the
powder. During the formation of a flame spray MMC
coating using WC/NiCrBSi powders, the highest hardness
and other wear resistance properties are obtained with WC
content of approximately 35 wt%. Further increase in WC
content will lead to higher porosity and consequently
decrease in the mechanical properties [53]. The process of
sintering used for the production of carbides in WC/
NiCrBSi powder results in a porous structure of carbides
(WC-type), as shown in Fig. 4a (zone 1), compared with
denser carbides (W,C/WC-type) in a coating obtained by
the fusing process (see Fig. 3a).

The Ni binder region is present in the immediate vicinity
of the substrate (Fig. 4a—zone 2 and Table 6, point 2). In
addition to the Ni binder region, other authors have also
identified chromium carbides and nickel borides in coat-
ings with a similar chemical composition [46, 54]. Also,
the coating matrix in the substrate-coating zone is enriched
by a higher amount of Fe diffusing from the substrate,
during subsequent heating of a coating (Fig. 4b). Similar
results for NiCrBSi (FS) coating have also been obtained
by other authors [55].

3.3 Hardness Measurements
Microhardness of both coatings was measured perpendic-
ular to the substrate-coating bonding layer. SEM micro-

graphs show the characteristic zones in which the test was
carried out (Fig. 5). The obtained values for the base metal
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Fig. 5 SEM, microhardness measuring positions: a WC/NiBSi (PTA) and b WC/NiCrBSi (FS)
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Fig. 6 Microhardness values of both coatings: WC/NiBSi (PTA) and
WC/NiCrBSi (FS) in different zones of base metal (BM), heat-
affected zone (HAZ), transition layer (TL) and coating matrix (C)

(BM), heat-affected zone (HAZ), transition layer (TL) and
coating matrix (C) are shown in Fig. 6. Also, the hardness
of carbide phases was measured.

The microhardness measurements of different carbides
detected by SEM in both coatings (WC/NiBSi and WC/
NiCrBSi) reveal that the hardness of W,C/WC in WC/
NiBSi (PTA) coating is in the 1171-1892 HV0.05 range
(mean value 1664 + 293HV0.05). This value is higher
than the microhardness of WC in WC/NiCrBSi (FS)
coating, which is in the 857-1049HVO0.05 range (mean
value 940 £ 91HVO0.05) (compare Fig. 5a vs. 5b). This is
not surprising bearing in mind the fact that WC in the WC/
NiBSi coating is much harder and has a denser structure
(see Fig. 3a) compared with WC in the WC/NiCrBSi
coating (see Fig. 4a). The hardness of carbide phases in
MMC coatings is an important factor in erosion resistance.
Higher hardness of carbides and a more ductile matrix of
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MMC coating are beneficial for the prevention of both
cutting and cracking mechanisms of erosion [56].

In Fig. 6, it is possible to notice a change in micro-
hardness in different base metal/coating zones. The
microhardness of a coating deposited by FS (WC/NiCrBSi)
is substantially higher over the entire base material thick-
ness (BM and HAZ) of the sample, which is a direct
consequence of the post-heating treatment of the coating
after its deposition (post-heating temperature: 1040 °C,
Table 2) and small sample thickness. For both coatings, it
can be noticed that the microhardness values in the tran-
sition layer (TL) are lower than in the coating matrix (C),
mainly due to the absence of carbides in the TL zone for
both coatings (see Figs. 2, 3 and 4).

The hardness of carbide phases in MMC coatings
together with other hardness-based parameters is important
factors in erosion resistance. One of these factors is the
hardness ratio, which takes into account the ratio between
macrohardness and microhardness of coating matrix
(macrohardness/microhardness  matrix ratio: HVI10/
HVO0.05\auix) (Table 7).

The macrohardness/microhardness matrix ratio (HV10/
HVO0.05y1a1rix) may be considered as one of the possible
indicators of the erosion resistance of MMC coatings.
However, many additional experiments are needed in order
to confirm the universality and possibilities for the broader
applicability of this indicator outside of the parameters
used in this particular erosion experiment of MMC

Table 7 Macrohardness of coatings, microhardness of matrix and its
ratio

Coating HV10pmean HV0.05,e0n, Mawix  HV10/HVO0.050a0rix
(process)
WC/NiBSi 711 +£7 449 £ 55 1.42
(PTA)
WC/NIiCrBSi 624 + 18 568 + 128 1.1
(FS)
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Fig. 7 Macroimages of MMC coatings eroded at 100 m/s (erodent
particle impact angle: « = 20°): a WC/NiBSi (PTA); b WC/NiCrBSi
(FS)

coatings. It is important to note that the difference in car-
bide contents in the PTA and FS coatings, and the other
important microstructural factors—indicators, should be
also taken into account in order to comprehensively com-
pare the erosion resistance of different MMC coatings.
These factors are the volume fraction of original carbides,
the sizes of the carbides and their distribution.

According to the data shown in Table 7, it can be con-
cluded that the contribution of carbides to the hardness
values of coating deposited by PTA (WC/NiBSi (PTA):
HV10/HVO0.051a4ix = 1.42) is higher than the hardness of
coating sprayed by FS (WC/NiCrBSi (FS): HVI10/
HVO0.05y\1arix = 1.1). This means that despite the fact that
hard WC particles have been introduced into the matrix,
their contribution to the increase in hardness is greatly
reduced by other factors of which the most dominant is the
porosity of oxyacetylene flame sprayed (FS) coating (see
Fig. 4a). The porosity of coatings deposited by FS is sig-
nificantly higher than coatings deposited by PTA, due to
the very nature of the processes (spraying and surfacing).
Despite the fact that it is expected to detect a generally
lower porosity content in FS coating after post-heat

8] —=—wWCNBSI | ——— -
—e—WC/NiCBSi | 0=20
71 t= 120s 1
CM ]
8 5 :
i}
n 47 1
@
s 34 .
2- 1
,*/—a/(a;
1 T T T
90 95 100 105 110

Particle velocity (m/s)

treatment at ~ 1000 °C, the SEM micrographs of both
coatings at lower magnifications, which are not shown
here, have confirmed higher porosity level in the FS
coating.

3.4 Erosion Test

The visual inspection and macrophotography of eroded
coating surfaces were done for all erosion tested samples. It
is observed how the shape of the eroded zone changes with
different erodent particle impact angles and different ero-
dent particle velocities. Significant differences in the shape
of the damaged zones are not observed for different erodent
particle velocities, while for different impact angles, these
differences are clearly visible and similar for all coatings.
An example of similar shape of the damaged zone for dif-
ferent coatings (WC/NiBSi—PTA and WC/NiCrBSi—FS)
eroded at 100 m/s and 20° impact angle is shown in Fig. 7.

Erosion test results, i.e., mass loss as a function of
erodent particle impact velocity and as a function of ero-
dent particle impact angle, are shown in Figs. 8a, b,
respectively.

Comparison of erosion test results of WC/NiBSi (PTA)
and WC/NiCrBSi (FS) coatings clearly indicates the dif-
ference in erosion resistance due to different morphology
of the matrix and carbides: More compact shape of carbide
particles (see Fig. 2b and Fig. 3a) and the softer matrix of
the WC/NiBSi (PTA) coating (HV0.05mcan, Matrix-
=449 £+ 55, see Table 7) provide a higher erosion
resistance.

The mass loss is functionally dependent on the erodent
particle impact velocity, and mass loss increases with an
increase in the impact velocity (Fig. 8a). However, the
WC/NiCrBSi (FS) coating has lower erosion resistance
(erodent particle impact angle: oo = 20°) for all three impact
velocities (V =92, 100 and 109 m/s) than WC/NiBSi

T T T T T T

[—=—WC/NiBSi = 1
1| —e—woicrasi | V=100m/s
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~
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Fig. 8 Erosion test—mass loss of two coatings WC/NiBSi (PTA) and WC/NiCrBSi (FS): a as a function of erodent particle impact velocity
(erodent particle impact angle: o = 20°); b as a function of erodent particle impact angle (erodent particle impact velocity: V = 100 m/s)
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(PTA) coating. These data clearly indicate that surfaces
exposed to the high-velocity erosion are better protected by
the WC/NiBSi (PTA) coating than by the WC/NiCrBSi
(FS) coating deposited by FS (Fig. 8a).

Generally, with an increase in the particle impact angle,
mass loss of both tested coatings increases (Fig. 8b).
However, the WC/NiCrBSi (FS) coating has lower erosion
resistance for all three impact angles (« = 20°, 30° and 45°)
than WC/NiBSi (PTA) coating.

All these results indicate that coating WC/NiBSi
obtained by the PTA process shows superior hardness and
erosion properties compared to WC/NiCrBSi sprayed by
the FS process.

3.5 Erosion Mechanism

Erosion mechanisms were analyzed on samples exposed to
the highest particle velocity (109 m/s) and the lowest
impact angle (20°). Since WC/NiBSi (PTA) coating

Fig. 9 SEM micrographs
showing the eroded surface
morphology of WC/NiBSi
(PTA) coating: a, b cross
section; ¢, d topographical
images
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belongs to the MMC materials, matrix and carbides are not
eroded by the same mechanisms. The matrix material
removal was done mainly by scratching and rubbings, as
shown by the ductile scratching and rubbing traces on the
surface (Fig. 9a, b). Also, the matrix was eroded by the
mechanism of the cutting (Fig. 9b).

Being very hard and brittle, carbide particles are eroded
as brittle materials. The maximum mass loss of brittle
material is obtained when the impact angle of the erodent
particles is ~ 90° [1], while with decreasing impact angle,
mass loss of material becomes lower.

During erosion of the MMC coating, the softer matrix
around the carbide phase is first eroded and the fraction of
carbide particles remains above the matrix surface
(Figs. 9a—c). In this case, the surface of the carbides above
the surface of the eroded matrix is no longer exposed to
erosion with an impact angle of 20°. Namely, the impact
angle increases up to ~ 90°, which is unfavorable for
brittle materials. Although the erodent particles have a
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Fig. 10 Schematic display of
erosion mechanism in WC/
NiBSi (PTA) coating

/‘/

é

lower value of hardness than the carbide particles, during
rubbing they still have high kinetic energy. Therefore, the
erodent particles initiate cracks and microdefragmentation
on carbides surfaces (Fig. 9d). Also, cracks are observed at
the interface between the matrix and carbides as a result of
erodent particle impact during erosion. During the erosion
process, carbides lose contact with matrix by the formation
of cracks caused by the action of shear loads (Fig. 9c¢).
Figure 10 schematically shows the eroding mechanism of
WC/NiBSi (PTA) coating.

Figure 11 shows an eroded WC/NiCrBSi coating. The
matrix removal was mainly done by cutting with the
presence of plastic deformation and lips (Figs. 11c, d), with
carbides, partially pulled out (Fig. 11b). Figure 12
schematically shows the eroding mechanism of WC/
NiCrBSi (FS) coating.

The erosion resistance of this coating is achieved by the
process of accumulation of carbide particles representing a
barrier for sliding erodent particles. During the impact,
only individual carbide particles are ejected from the sur-
face (Figs. 11b, d and 12d, e). The erodent particles do not
continue to slip after impact, as most of the energy is lost
during penetration into the material in the vicinity of the
carbides that are pulled from the matrix, and then com-
pletely lose energy when they impact on the next carbide.

The weak joint between WC particles and matrix during
erosion has a great impact on the reduction of erosion
resistance of the FS coatings. Similar conclusion for the
WC/NiCrBSi coating deposited by the FS process was also
detected by Rodriguez et al. [57].

4 Conclusions

The effects of different particle velocities and impact
angles on erosion behavior of two metal-matrix composite
(MMC) coatings have been investigated. WC/NiBSi coat-
ing was processed by plasma transferred arc (PTA) depo-
sition, whereas oxyacetylene flame spraying (FS) was used
for WC/NiCrBSi coating deposition. In all cases, plates of
low-carbon steel S235JR (EN 10025) served as a substrate.
The main conclusions on the erosion behavior of these
coatings are as follows:

e WC/NiBSi coating obtained by the PTA process shows
superior hardness and erosion properties. The main
reasons for such a behavior are the composition,
morphology and the production process of WC dis-
persed as a reinforcing material in the metal matrix of
MMC coatings, a significantly smaller porosity, and a
much more ductile metal matrix of coatings deposited
by the PTA process, which together contribute to the
increase in the erosion resistance. Also, the porosity
level strongly depends on the process parameters (heat
input, shielding, etc.), but generally, the level of
porosity obtained by the PTA process is typically
lower than those obtained by the FS process.

e WC/NiBSi coating (PTA) gets eroded by several solid
particle erosion mechanisms. The matrix material gets
eroded mainly by scratching, rubbings and cutting,
while carbide particles are eroded by the initiation of
cracks and micro defragmentation.

e The matrix material of the coating WC/NiCrBSi (FS)
gets eroded mainly by cutting with the presence of
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Fig. 12 Schematic display of
erosion mechanism in WC/
NiCrBSi (FS) coating

Fig. 11 SEM micrographs
showing the eroded surface
morphology of WC/NiCrBSi
(FS) coating: a cross section; b—
d topographical images
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plastic deformation and lips. Only sporadic individual
carbides particles are ejected from the surface during
the impact of erodent particles.
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