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ABSTRACT. This study carefully compares the effect of microstructure and hardness on the cavitation
wear resistance of PPTA (Powder Plasma Transferred Arc) deposited coatings. Deposits were made
on a substrate of S235JR structural steel. Two types of feedstock powder were used: material with
the chemical composition of AIST 316L stainless steel, and a nickel-based, self-fluxing powder type
NiCrBSi. This study involved conducting cavitation erosion tests on a vibratory test rig in accordance
with the ASTM G32 standard, using the stationary specimen method. Metallographic investigations
confirmed the presence of austenitic dendrites and delta ferrite precipitations in the microstructure of
AISI 316L and the presence of hard carbides and borides within the nickel-based matrix of NiCrBSi
hardfacing. It can be seen that the AISI 316L coating, having a much lower hardness in the range
of 250280 HV1, achieved four times poorer cavitation erosion resistance compared to the NiCrBSi
coating, which has a hardness in the range of 820-890 HV1. Following the erosion testing, the AISI
316L stainless steel exhibited a mean depth of erosion of MDEg, = 28.8 nm, whereas the NiCrBSi
hardfacing exhibited a mean depth of erosion of MDEg, = 7.1 pm. Moreover, NiCrBSi hardfacing
exhibits a higher cavitation erosion resistance than the stainless steel coating, with erosion rates of
2.59mgh~! (1.60pmh~!) and 8.11mgh~! (5.28 umh~1!), respectively. In the case of different types
of overlay material, such as stainless steel and NiCrBSi coatings, the higher hardness and fine, hard
particle-rich microstructure improves the cavitation erosion resistance of PPTA overlays.

KEYWORDS: Cavitation corrosion, hardfacing, stainless steel, surface engineering, microstructure,
hardness.

1. INTRODUCTION

The phenomenon of cavitation is defined as the for-
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sion is to apply coating and protective coatings on
the surface of components using welding methods [14-
16]. Among the numerous surfacing methods, Powder

mation and growth of bubbles in a rapidly flowing
fluid due to a violent pressure drop, followed by the
implosion of these bubbles when the fluid pressure
increases [Il, [2]. Therefore, cavitation causes severe
damage to hydraulic machinery [3H5]. Cavitation ero-
sion involves surface damage and the progressive loss
of solid material due to the action of bubbles in the
fluid that systematically collapse to the surface [6] [7].
It is widely accepted that the pressure and shock
waves generated by the implosion of cavitation bub-
bles lead to material wear [8HI0]. Cavitation erosion
is a complex phenomenon that involves not only fluid
hydrodynamic factors but also the properties of the
eroded material, including its microstructure, mechan-
ical properties, and surface morphology [TTHI3].

One way to protect against excessive cavitation ero-
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Plasma Transferred Arc (PPTA) surfacing attracts
particular attention [I7,[18]. This method uses a grain
size of 0.06 to 0.30 mm powder, which is melted in
a plasma arc at a very high temperature. The pro-
cess should be carried out at a high speed with low
dilution rate to ensure high quality of the deposited
coatings [19]. In addition, there is low dilution in the
parent material in the overlay (can be achieved at less
than 10%) [18, 20]. Minimising the dilution helps
to maintain the desired properties of the hardfacing
alloy, ensuring better wear and corrosion resistance.
It should also be noted that powder plasma transfer
arc welding (PPTAW) is a method that has been very
well adopted in the industry due to its high efficiency
and relative ease of use by operators [18].
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Sample Type of feedstock powder Commercial Nominal
C . oy Manufacturer
determination (nom. chem. composition, wt. %) name hardness
I X5CrNiMo17-12-2 EuTroLoy Castolin Eutectic ~30HRC
(AISI 316L) 16316 Gliwice, Poland
NiCrBSi D ; Durum Wear
II (Ni - balance; 16-17 % Cr; i Protection GMBH 5660 HRC

3.3% B; 3.8% Si; 0.8-1.0% C)

Willich, Germany

TABLE 1. Filler materials (feedstock powders) used for PPTA welding and the nominal hardness of hardfacings.

Stainless steel is commonly recognised for its excep-
tional corrosion resistance [21} 22] and robust mechan-
ical properties [21] 23]. However, specific applications
such as those involving tribological performance show
severe damage [22]. Therefore, surfacing methods such
as PVD, thermal spraying, or weld overlaying prevent
steel components from wear. One of the most applica-
ble materials is nickel alloys. Nickel matrix self-fluxing
alloys such as NiCrBSi alloys are promising materials
that offer excellent operational properties. Mention
should be made here of their resistance to abrasive
wear [24], erosion [25], mechanical properties [26], and
corrosion [I5]. In the paper by Appiah et al. [24], the
authors analysed the microstructure and performance
of NiCrBSi coatings applied by PPTAW to a 15HM
steel substrate. The study investigated the impact of
plasma current on the microstructure, corrosion resis-
tance, and tribological properties of materials. Of all
the samples tested, the one deposited at 70 A exhibited
the best overall performance, showing an optimal com-
bination of wear resistance, corrosion resistance, hard-
ness, and reduced grain size. It achieved a hardness
measurement of 832 HV, comparable to the hardness of
the surfacing analysed in the study [27] for NiCrSiBC
hardfacing with an estimated average of 908 HV0.05.

Various types of metal alloys [28] 29] and compos-
ites [30] [31] are typically applied to metallic surfaces
using welding methods. Most of these applications en-
hance abrasion resistance or help regenerate damaged
components. However, only a few studies have been
conducted on the cavitation resistance of NiCrBSi
coatings, such as [32] [33]. Therefore, this research pa-
per aimed to compare the influence of microstructure
and hardness on the cavitation erosion resistance of
nickel-based NiCrBSi with stainless steel 316L coat-
ings surfaced by PPTAW on S235JR structural steel
substrate. The comparative analysis of NiCrBSi and
AITSI 316L coatings, tested under cavitation condi-
tions, both of which were deposited using the same
PPTA process and tested under identical conditions,
provides new valuable practical insights that are not
widely reported in the current literature.

2. MATERIALS AND METHODS

The filler materials used to make the surfacing coat-
ings were commercially available feedstock powders.
Their characteristics and designations are shown in Ta-

ble[dl The substrate material was S235JR structural
steel with dimensions of 150 x 100 x 10 mm, a carbon
content of approximately 0.17 %, and a hardness of
around 120 HV. The surfacing process used a EuTronic
Gap 3511 DC Synergic (manufactured by Castolin Eu-
tectic, Gliwice, Poland). The powder feed rates for
filler materials I (X5CrNiMo17-12-2) and IT (NiCrBSi)
were selected as 9.68 gmin~! and 8.98 gmin~!, respec-
tively. The other parameters remained unchanged
for the process, the current was set to 100 A and the
surfacing speed to 1.2mms~!. Argon-based mixture
with 5 vol. % of hydrogen (R1-ArH-5, according to the
standard EN ISO 14175) was used as the shielding gas,
with a flow rate of 10slpm (standard litres per minute).
The plasma and powder transport gases had a high
purity of argon of 5.0, and the flow rates of the plasma
and transport gases were 2slpm and 3 slpm, respec-
tively. The PPTA parameters were selected based on
preliminary trials and previous experiments, in order
to ensure proper layer quality, minimal dilution, and
thick single-layer coatings (greater than 1 mm) [24] [25]
34]. Then, the fabricated overlays were machined, and
their surfaces were ground and polished in preparation
for investigation into further cavitation erosion.

Hardness testing and comparative tests of cavita-
tion erosion resistance have been conducted on the
polished surfaces of hardfacings, and to achieve statis-
tical accuracy, more than 10 indentations were made.
The hardness testing was performed using the Future-
Tech FM-700 microhardness tester in accordance with
the PN-EN ISO 6507-1:2024-04 standard, which used
the Vickers method for the hardness tests. The mi-
crostructure was analysed using a Phenom ProX scan-
ning electron microscope (SEM), using the backscatter
secondary electron (BSE) observation mode on the
polished cross-sections of PPTA coatings.

The cavitation tests were conducted according to
ASTM G32 standard requirements using an experi-
mental setup with the stationary specimen method
(Figure [1). The experiments were conducted using
distilled water at a temperature of 25+2 °C. The vibra-
tion frequency of the sonotrode was 20 kHz, whereas
the amplitude of vibrations was 50 pm. The vibrating
sonotrode was immersed in water and induced a cav-
itation cloud. The sonotrode tip (made of Ti6Al4V
titanium alloy, with a diameter of 16 mm) was located
at a standoff distance of 0.5 mm from the stationary
mounted sample.
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FIGURE 1. Cavitation erosion test rig.

For the cavitation erosion resistance tests carried
out, the specimens were exposed to a vibration test
rig for a specified period of time (total testing time
was 6 hours), and mass loss was measured after each
exposure interval to enable plotting the erosion curves.
An erosion curve shows the change in material loss
over a specified period.

The mass loss of the investigated material was de-
termined with an accuracy of 0.01 mg using a precision
laboratory balance. Then, the average depth of ma-
terial removed from the surface due to cavitation,
expressed by the mean depth of erosion (MDE), was
calculated according to Equation . The erosion
rate was calculated as the time derivative of material
loss and represents the material loss per unit of time
due to cavitation action.

MDE Mass loss

[uml]. (1)

~ Material density x Erosion area

3. RESULTS AND DISCUSSION

The Vickers hardness, microstructure, and erosive re-
sults are presented in Figures and [4] respectively.
The hardness of the produced nickel-based hardfac-
ings (Figure [2) is within the nominal hardness range
quoted by the manufacturer (Table [1]) and literature
references [25] [35]. A broader scatter of the results
was observed for the NiCrBSi sample compared to
316L, which is primarily attributed to the two-phase
microstructure of 316L (Figure and the multi-
phase microstructure of the nickel-based hardfacing
(Figure [3b). The microstructure of the NiCrBSi sur-
facing consists of hard carbides, borides (e.g. Cr3Ca,
Cra3Cg, NisB), and CrB embedded in a relatively
soft nickel-based matrix (Figure [3) [36, 37]. This con-
tributes to the hardness of NiCrBSi (853 HV1), which
exceeds three times those reported for stainless steel.
This type of microstructure provides resistance to high
temperature, wear, and corrosion. The 316L sample
is characterised by an austenitic structure with fer-
rite delta (Figure [3)) [38]. A mean hardness equal to
273 HV 0.1 is consistent with the range reported for
stainless steel components [39, [40]. However, it should
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FIGURE 2. Microhardness of PPTAW coatings made
of 316L stainless steel and NiCrBSi feedstock powders
— mean value, SD (standard deviation), and scatter of
measurements.

(A). Sample I (AISI 316L).

(B). Sample II (NiCrBSi).

FIGURE 3. The cross-section microstructure of coat-
ings deposited by PPTA welding, SEM.

be noted that the hardness of stainless steel strongly
depends on the manufacturing method, which can
increase the hardness by strain hardening.
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FIGURE 4. Erosion curves estimated for PPTAW
overlays.

Cavitation erosion results indicate a higher erosion
resistance for NiCrBSi than those reported for the
stainless steel AISI 316L (Figure[d)). Four times higher
material loss, i.e. MDEg, = 28.8 pm, and higher ero-
sion rates have been observed for 316L stainless steel
samples than for NiCrBSi, i.e. MDEg, = 7.1 pm. The
analysis of the cavitation erosion rates (Figure E[) and
the multiphase microstructure and the high hardness
of deposition II indicate that they promote cavitation
resistance. Thus, NiCrBSi hardfacing shows lower
erosion rates than the 316L stainless steel i.e. coat-
ing erosion rates of 2.59mgh~! (1.60pmh~!) and
8.11mgh~! (5.28 ymh™'), respectively. At 6 hours
of testing, the NiCrBSi hardfacing demonstrated ero-
sion rates slightly higher than HIPed Stellites (1.88—
2.09mgh™1) [13] while showing lower rates than
HVOF deposited cermet types WC-Cr3C2-Ni, WC-
Co and WC-CoCr coatings (8.61pmh~!, 12.76 pm h—!
and 3.76 pumh~!, respectively) [41] and cast ferrous
metal matrix composites (6.9-21.2mgh~1) [12]. This
suggests the high potential applicability of NiCrBSi
hardfacing for machine components operating in envi-
ronments where cavitation erosion is a factor.

The analysis was conducted using a scanning elec-
tron microscope, allowing us to investigate the erosion
mechanism and elucidate the effect of the microstruc-
ture on erosive material loss. The stainless steel surfac-
ing was subject to uniform material removal, plastic
deformation was identified, and the erosion mecha-
nism was fatigue-like (Figure , which follows the
previous results [27, [42]. The erosion mechanism of
the nickel deposition consisted of the selective removal
of hard particles from the matrix and the formation of
the crack in the eroded surface (Figure [5b). Combin-
ing the multi-phase microstructure of the nickel-based
surfacing and high hardness seems beneficial in min-
imising erosion rates. The hard phases act as an
obstacle to crack propagation, preventing material
removal in large portions, and effectively increasing
the erosion resistance of the hardfacings (Figure .
The effect of the NiCrBSi microstructure type and
size of precipitation will be investigated in detail in
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(B). Sample II (NiCrBSi).

F1GURE 5. The eroded surface of PTA overlays after
three hours of cavitation erosion testing, SEM.

our future works. Also, the impact of PPTA weld-
ing parameters on the cavitation erosion behaviour of
PTA deposits should be analysed in the future.

4. CONCLUSION

This study examines the impact of microstructure
and hardness on the cavitation erosion resistance of
two types of hardfacing coatings: NiCrBSi and AISI
316L, both of which were applied to S235JR. structural
steel substrate using powder plasma transferred arc
welding (PPTAW). The findings of this research lead
to several key conclusions:

e The cavitation erosion tests showed that the
NiCrBSi surfacing experienced approximately four
times lower mass loss than the 316L surfacing; the
mean depth of erosion of the NiCrBSi surfacing was
approximately 7.1 um, while for the 316L surfacing,
it was more than 28.8 ym. Moreover, NiCrBSi hard-
facing shows lower erosion rates, 2.59 mgh~!, than
AISI 316L, 8.11mgh~1!.
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e The effect of hardness has been investigated and
observed for the studied materials. A clear dif-
ference in hardness values was observed between
the two types of hardfacings: 316L (273 HV1) and
NiCrBSi (853 HV1). The NiCrBSi surfacing exhib-
ited higher hardness and resistance to cavitation
erosion compared to the AIST 316L coatings.

e Metallographic investigations confirmed the
austenitic dendrites and delta ferrite precipitation
in the microstructure of AISI 316L and hard
carbides and borides located in the nickel-based
matrix of NiCrBSi hardfacing, therefore, the
stainless steel surfacing eroded by removing large
portions of material. However, the synergetic
effect of high hardness and fine-hard particle-rich
multiphase microstructure of the NiCrBSi surfacing
has a beneficial impact on weakening the erosion
rate of the PPTAW layers.

This preliminary study confirmed the effects of mi-
crostructure and hardness on the cavitation erosion
resistance of PPTAW coatings. Moreover, NiCrBSi
hardfacing has high potential applicability on ma-
chine components operating in environments where
cavitation erosion is a factor. In future work, we
will investigate the impact of NiCrBSi microstructure
type and precipitation size in detail. Also, the effect
of PPTA welding parameters on the cavitation erosion
behaviour of PTA deposits should be analysed.
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