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ARTICLE INFO ABSTRACT

Keywords: Cavitation-resistant FeMnCrSi coatings were developed in the past years as a cost-effective alternative to Co-
FeManSi containing alloys to increase the lifespan of hydraulic machinery. The effect of different chemical composi-
Cavitation tions, surface finishing, and post-processing treatments was investigated for various processing techniques,
52:1;51 spraying namely: Arc Spraying Process (ASP), High-Velocity Oxy-Fuel (HVOF), High-Velocity Air-Fuel (HVAF), Plasma
Cladding Transferred Arc (PTA), and Cold Gas Spray (CGS). This works consists of a compilation and review of original and
Wear literature results, and discusses the microstructure changes imparted by each type of processing and their impact

on the coating properties and cavitation resistance. Low heat input high-velocity processes (HVOF, HVAF, CGS)
developed a reduced degree of oxidation and porosity, accounting for a cavitation resistance higher than that of
the coatings that ASP processed. In addition, ASP coatings showed reduced cohesive strength, with the oxidized
inter-splat interface being a preferential site for crack propagation.

1. Introduction

Water flow is one of the earliest forms of renewable energy, long used
for irrigation since the development of agriculture in Mesopotamia in
6000 BCE [1]. Its motion is also being used for producing clean elec-
tricity, which currently accounts for 16 % of all electricity generation
worldwide [2,3]. In Brazil, 70 % of the electricity generated comes from
hydropower plants [4], while in Canada, this percentage is currently
about 61 % [5]. China works toward increasing hydroelectric energy
production. There, the number of installed hydropower plants increased
more than four times since 2000 [6]. Japan has plans to improve the use
of small and medium hydropower plants in its energy generation matrix
by 11 % [7]. Despite various configurations available for the different
types of hydropower plants, the principle of operation remains the same:
converting the water flow into mechanical energy (by the rotation of an
axle) and then converting this rotation into electricity by an electricity
generator.

An essential component for hydropower plants is/are the runner/
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runners, also known as hydro turbines. The selection of the most effi-
cient runner depends on the characteristics and configuration of the
power plant, mainly on the site’s features, available head, and the river’s
flow regime [8-10]. The ASTM A743 grade CA6GNM martensitic stainless
steel has advantages over low carbon and austenitic stainless steel to
manufacture runners. It includes a higher mechanical resistance, fatigue
life, and toughness. New large CA6NM runners are produced by welding,
making them susceptible to adverse microstructural changes, reducing
the material fracture toughness, mainly if post-welding heat treatments
are not adequately performed [11-16].

Wear in runners is a common problem in hydropower plants. One
type of wear is the erosion of its components, which results from the
impingement of solid particles on the material, resulting in mass loss,
hydraulic profiles changing, consequently, equipment efficiency reduc-
tion [13]. Erosive particle properties, runner’s material properties, and
equipment operating conditions can affect the wear of turbines [17].
The deposition of erosion-resistant coatings by thermal spray processes
has been widely used to minimize erosion wear [17-20].
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The cavitation phenomenon is another important wear issue
affecting runners’ integrity. According to literature, the cavitation
phenomena is related to the change in velocity and pressure fields in a
liquid flow, accounting for the creation of microbubbles when the vapor
pressure is reduced and their implosion when the vapor pressure is
reestablished [21-23]. This implosion generates microjets of fluid that
reach the material surface with enough energy to erode the hydraulic
component by a fatigue mechanism [24,25]. Therefore, special coatings
have been applied by welding and thermal spray processes to improve
the cavitation resistance, notably the deposition of stainless steels con-
taining high fractions of Co [26-30] processed by the GMAW process
(Gas Metal Arc Welding) [31-33]. Different works calculated the
maximum pressures induced by the bubbles implosion, pyax, calculated
from single collapsing bubbles using an ultrasonic vibratory apparatus
observed values between 2400 and 3500 MPa using copper [34].
Meanwhile some simulations indicated peak pressures from 1400 to
2900 MPa in Al17075 alloy independent on the flow pressure or velocity
of cavitating fluid [35]. In another study, the impact pressure micro-jet
produced by in ultrasonic cavitation occurs in a range near 1000-1200
MPa [36]. In this case the cavitation peening load can directly affect the
magnitude of compressive residual stress observed in the material sub-
jected to cavitation wear [37]. The strain phase transformation y—¢ and
y—o’ in steels occurs during the plastic deformation in values between
1000 and 2000 MPa, depending on the chemical composition of the
material [38-40]. However, it is well known that y—¢ transformation
can occur at significantly lower stresses, depending on the stacking-fault
energy (SFE).

The mechanism of the strain-induced nucleation was firstly studied
by Olson and Cohen in 1972 [41]. In this work they observed that
e-martensite can form in austenite phase when the stacking-fault energy
(SFE) is very low. The nucleation sites and o embryos are generated by
two intersecting shear systems in the austenite along {111} and <112>.
Bogachev and Mints developed the first studies that observed that
metastable austenite has the capacity to raise substantially the resistance
of the surface of a material against dynamic loads observed in different
kinds of mechanical wear. According to Schastlivtsev and Filipov,
Bogachev and Mints suggested that low- and medium-carbon austenite
steels containing Fe, Mn, Cr and C steels presents high cavitation and
erosion resistance due to the low energy transformartion from austenite
to martensite under loading [42]. Different FeMnCrSi alloys have been
developed and studied in the last decade as a lower-cost alternative for
runners’ erosion-resistant coatings [29-33,43]. Similar to the stainless
steels with Co and other FeMn-based alloys, the FeMnCrSi alloys have
low SFE and the ability to develop strain-induced martensitic trans-
formations [29,44], which promote strain hardening and superior
cavitation resistance [44,45]. These alloys constitute a class of
Advanced High-Strength Steels (AHSS), with the presence of
transformation-induced plasticity steels and twinning-induced plasticity
steels [46]. Different FeMnCrSi chemical compositions were evaluated,
varying the content of B, Ni, N, and other alloying elements to achieve
the highest possible cavitation resistance.

Nowadays, the development of green materials, with better sus-
tainability processes and lower impact on nature and human health, is
one of the main objectives of metallurgists and materials engineers. Ni is
an essential element for human body functionality. However, different
health problems: include cardiovascular problems, lung fibrosis, carci-
nogenic and teratogenic potential, and allergic issues associated with
high Ni presence [47]. The replacement of the Ni by Mn in food contact
stainless steel showed a low safety risk because there is not migration of
Mn from stainless steel to the food [48].

This work aims to compile the available literature on the cavitation
resistance of FeMnCrSi coatings processed by different thermal spray
processes, i.e., High-Velocity Oxy-Fuel (HVOF), High-Velocity Air-Fuel
(HVAF), Arc-Spray Process (ASP), Cold Gas Spray (CGS), and Plasma
Transferred Arc (PTA). In addition, the effect of post-processing treat-
ments, such as shot-peening, remelting, and cold working is also
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discussed in terms of microstructure and mechanical properties changes,
distilling trends expected of FeMnCrSi coatings for a wide range of
processing conditions.

2. Development of the FeMnCrSi alloys

In abrasion and erosion wear, surface properties such as hardness
and friction coefficient dictate the wear damage rate and the material
wear resistance [49,50]. However, for cavitation, the mechanical fatigue
resistance has been extensively correlated to its cavitation resistance
[48,51,52]. Moreover, a crucial factor is the material capacity for
absorbing energy from the cavitation shockwaves, achieved by
strain-induced metallurgical transformations. Different microstructural
responses can be triggered under cavitation, including dislocation mo-
tion, Twinning-Induced Plasticity (TWIP), and Transformation-Induced
Plasticity (TRIP) [53]. These findings have developed several
cavitation-resistant materials, such as stainless steel, shape-memory
materials, Co-based alloys, Ni-Al intermetallic compounds, and
TiC-reinforced composites, among others [54-62].

Typically, metallic alloys are not thermodynamically stable, retain-
ing crystallographic imperfections or defects. The arrangement and
density of these defects, such as dislocations, grain boundaries, porosity,
and inclusions, have been frequently presented in the literature. Still,
less attention has been placed on the role of bulk and localized variation
of chemical composition in the material or partitioning effects on phase
metastability. For example, some alloys have presented TRIP and TWIP
[63], which are mechanisms seen in Metastable Austenite (MSA) steels,
studied since the ‘60s. This mechanism was the starting point for
developing wear resistant FeMn alloys [41,42].

Different FeCrMnSi alloys started as a variation of high alloy stainless
steel with the main goal of reducing the SFE by adding certain elements,
promoting the formation of twin or e-martensite during deformation,
and increasing the capability of energy absorption before fracture. The
phenomenon of cavitation-induced martensitic transformation improves
the cavitation resistance of FeCrMnSi coatings. Low SFE materials show
a Face-Centered Cubic (FCC) structure, which transforms into the
e-martensite Hexagonal Closed-Packed (HCP) structure with the defor-
mation [62,64-66]. These martensitic transformations in Cr-Mn steels
develop according to the path y—e—«'. However the transformation y—¢
is initiated in small degrees of deformation, e—«/, as well as y—a’ occurs
at high degrees [67]. The study of a manganese-free deposited coating of
the Fe-Cr—C-Al-Ti type with the structure of MSA also showed that y—a’
transformation takes place after cavitation [65]. Fe-10Cr-10Ni-xC also
show an incubation period inversely proportional with the carbon
concentration, which correlated very well with the Critical Strain En-
ergy. In these alloys, the transformation from the austenite phase to the
martensite phase was observed, confirming that the cavitation energy
was absorbed into the matrix and improved the cavitation erosion
resistance [68,69]. The alloy Fe-20Cr-1.7C-1.0Si also showed a strain
induced phase transformation and demonstrate a higher cavitation
resistance due to energy absorption due martensitic transformation
[70]. It was evidenced that FeMnCrSi alloys with low SFE exhibit TRIP
martensitic transformation, increasing the work hardening rate [71-74].
FeMnCrSi alloys presented in this work have been formulated to guar-
antee good mechanical properties and an SFE mathematically low
enough to allow the TRIP phenomena, which is possible for stacking
fault energies under 16 mJ/m? [71,74], that correspond to Fe-based
alloys with less than 0.2 wt%C and approximately 15-20 wt%Mn,
8-11 wt%Cr, and 4-6 wt%Si. Other chemical composition can be pro-
duced adding other alloying elements to the FeMnCrSi alloys with the
objective to alter their performance under the cavitation loading.

The research conducted by Lang et al. [75] observed a reduction of
the SFE in high Mn Fe-C-Mn-Cr steel with Cr content increase, and this
behavior is independent of Mn and C contents. On the other hand, Si
reduced the SFE only in alloys with higher Mn content. The
Fe-15Mn-0.6C-6Cr-3Si alloy showed higher tensile strength due to high
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negative values of AGy—¢ and low SFE. According to Blinov et al. [76],
adding between 10 and 15 wt% of Mn changed the martensitic trans-
formation y—a’ to y—¢. More than 15 wt% of Mn promoted only y—e
transformation, which was suppressed in alloys with high Mn content
(25-35 wt%). It is also commented that the effect of Cr addition on the
y—¢ transformation was different in Ni and Mn austenite alloys. It occurs
because the Cr content in the Cr-Ni alloy was below the solubility limit,
while in the Cr-Mn alloys, the Cr amount was near the solubility limit.

The chemical composition of different alloys and the findings
observed in the literature are summarized in Table 1. The wide variety of
chemical compositions makes it challenging to compare the various al-
loys and the exact influence of each alloying element. However, some
important aspects can be defined: (i) lower SFE correlates with the
formation of e-martensite; (ii) whether o or e-martensite formation is
desired will depend on the wear process, e.g., sliding or cavitation, with
e-martensite  formation improving cavitation resistance and
a-martensite showing better performance against sliding wear; (iii)
work hardening is an essential aspect of the strain-induced phase
transformation; (iv) the presence of precipitates, depending on their
type, volume fraction, coherency, and distribution, among other prop-
erties, induces significant improvements in the tensile and cavitation
resistance.

3. Influence of the feedstock features

Each deposition process for FeMnCrSi coatings needs some feedstock
characteristics, e.g., format of powder or wire. This last one is used for
the ASP process, in which the wires must be conductors to allow elec-
trical contact between the cathode and the anode in the gun. The wire
may be solid or metal-cored, consisting of a metallic outer strip filled
with flux or metal powder whose mixture determines the final chemical
composition. Metal-cored wires with hard particles have also been used
as a convenient way to produce Fe-based cermet coatings. Examples of
such wires include Cr;Cs, Cr3Cy, and WC carbides inside a carbon steel
strip and FeCrN/CBN inside a 304 stainless steel strip, among many
others [81-87]. For the FeMnCrSi alloys, an AISI 301 stainless steel was
used as the strip, and the filler powders amount and composition (Fe,
Mn, Fe-Cr-N, Fe-Mn, Fe-Si, Fe-Si-Mn, and Fe-B) were selected and
mixed to adjust the final designed wire composition [88].

The wire size or diameter influences the ASP optimal parameters
(voltage and current) and the size of the distribution of the droplets in
the plume. It results in different particles’ velocity and energy, and
coating microstructure, phases, metallic particles, oxide layers, pre-
solidified particles, and porosity, influencing the coating performance
[81,88,89]. For the Fe-based alloy Fe-25Cr-21WVMnSi, wires with a
diameter of 2.4 mm instead of 1.6 mm promoted thicker metallic
lamellae, higher porosity and adhesion, but lower micro-hardness and
abrasive resistance [90]. This behavior is an example of the feedstock
influences on the microstructure and mechanical properties of the ASP
coatings.

Different techniques can be used to produce alloy feedstock powders.
A method is the mixture of elemental powders and/or pre-alloyed
powders by milling, resulting in a fine homogeneous mixture of pow-
ders. In contrast, the inert gas atomizing process produces high spher-
oidicity powders with controlled chemical composition and particle size
distribution. Inert gas atomization process technique is significantly
more expensive than milling, not yet as widely available, and can get
even more expensive. In contrast, water atomization is cheaper and
produces an irregular powder shape with higher oxidation [91-93]. For
arc melting processes, like PTA, such differences (water and inert gas
atomization) are not expected to promote a severe influence [94].
However, high-velocity thermal spraying can affect the final coating
morphology and, consequently, the coating performance [95-98].

As seen in Fig. 1, ASP processing led to a loss of Mn and Si and, in
some cases, Cr, accounting for a relative increase in the fraction of Ni left
in the coating. Significant loss of Si occurred in PTA processing using a
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Table 1
Development of different FeMnCrSi alloys.

Year Ref. Materials Findings

’50s [42] Fe-Mn-Cr-C The first work presenting a new
application of MSA, i.e., the
material capacity to have an
improved surface response under
dynamic contact loads on wear
This work introduces and
explains the terms “strain-

assisted martensite” and “strain-

1972 [42] Fe-Ni-Cr

induced martensite”. The work
also shows the relationship
between stress and martensite
appearance temperature.

The superior cavitation
resistance is mainly attributed to
the alloy’s high work-hardening
ability.

FeMnSiCrNi SME is expected to
have the lowest SFE among the
FeMnCrSi alloys.

Phase transformation influences
the cavitation resistance of steels.
TRIP improves wear resistance.
e-martensite plays a key role in
the contribution of the cavitation
erosion resistance of the
FeMnSiCr.

SFE<18 mJ mol *, the
e-martensitic transformation
occurs, while for 12 mJ
mol ' <SFE < 35 mJ mol
mechanical twinning takes place.
Heat treatment of welded
FeCTiCB alloy ensures the
structure of MSA in the metallic
matrix and high resistance to
abrasive wear.

Additions of Mn exceeding 10 wt
% improves the cavitation
erosion resistance of the Fe-based
alloy. The improvement is likely
due to the development of the
y—e strain-induced martensitic
transformation.

Cavitation resistance improves
with the Mn content, while the Ni
addition reduces the Fe-based

1997 [30] Fe-14Mn-0.6Si-17Cr

2000 [33] Fe-14/18Mn-6Si-8Cr-6Ni

2003 [29] Fe-25Mn-68Si-7Cr—Cu;

Fe-21Mn-6Si-9Cr-Cu

2004 [29] Fe-21Mn-6Si-9Cr

2004 [74] Fe-22Mn-0.6C

2005 [77] Fe-C-Ti-C-B

2006 [57] Fe-20Cr-15Mn-1.0Si

2013 [73] Fe-5/10Mn-0/10Ni-12Cr

alloys wear resistance.
Strength and fracture strain are
more important factors for
determining the cavitation
erosion resistance than the

2015 [78] Fe-8/16Cr-5Mn

volume fraction of transformed
a-martensite.

Specifically, the wear resistance
of alloys undergoing y—¢
transformation in higher
compared to those undergoing
the y—o transformation. This is
attributed to the higher hardness
of o-martensite.

Boron affects the erosion
mechanisms of coatings,
accounting for a reduction in
maximum erosion rates.
Presence of M,B-type borides and
strain-induced transformation
causes a significant enhancement
of the tensile properties.
Changes in the Fe-based alloy
chemical composition results in
higher tensile strength and lower
SFE, promoting the e-martensitic
transformation under stress.

2016 [72] Fe-12Cr-5/20Mn

2019 [79] Fe-18Cr-16Mn-4Si-B

2020 [80]

Fe-12Mn-2Cr-3Ni-0.3B

2021 [75] Fe-15Mn-0/3Si—4/6Cr

(continued on next page)
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Table 1 (continued)

Year Ref. Materials Findings

2021 [69] Fe-8Cr-1.5A1-1.0Ti-0.6C Changes in Fe-based chemical
composition increases martensite
content before cavitation from

29.5 to 73.5 %.

mixture of elemental and pre-alloyed powders as feedstock. On the other
hand, in coatings processed by PTA using atomized powders, Si loss was
suppressed. In coatings processed by HVOF, chemical composition
fluctuations are subtler, with a slight decrease in Si and Ni content,
accounting for a relative increase in the fraction of Mn and Cr in the
coatings.

In FeMnCrSi alloys, some elements are more oxygen-sensitive than
others, mainly Si and Mn, as predictable from Ellingham diagrams [81].
The reduction of these elements is relevant for the performance of
FeMnCrSi coatings because the chemical composition was designed to
obtain a desired low SFE [73,74], which is crucial for the evolution of
strain-induced staking fault as an energy absorption mechanism to
improve the coating cavitation resistance.

The most significant chemical composition variations occurred for
PTA processing using mechanical mixtures of powders and ASP using
metal-cored wire feedstock, composed of an AISI 301 stainless steel strip
filled with a mixture of elemental and pre-mixed powders (Fe, Mn,
Fe-Cr-N, Fe-Mn, Fe-Si, Fe-Si-Mn, and Fe-B) [87]. Pre-mixed and
elemental powders are more readily available to react with oxygen
during ASP deposition. Different from the atomized powders, elements
in solid solution may require higher activation energies to break the
pre-existing chemical bonds, allowing for subsequent reaction with
oxygen.

In ASP processing, oxidizing reactions occur on the heat source (zone
of an electric arc), during in-flight travel, and in the solidification of
lamellae [99-102]. Nevertheless, the first one causes the most signifi-
cant chemical decompositions for ASP, as confirmed by the greater
variation in chemical composition from the wire to the particle and less
variation from the particle to lamellae [88].

Previous studies indicated that Ni and B addition in wear-resistant
MSA Fe-based alloys [77,103-105] reduced the oxidation, preventing
unwanted chemical decomposition and improving the coatings me-
chanical resistance. In FeMnCrSi coatings processed by ASP, the addi-
tion of 1.0 wt% B promoted a reduction in oxide content from 10.5 % to
4 % and an increased hardness from 350 to 500 HV, maintaining the
porosity levels at about 1.5 % and the adhesion strength between 30 and
35 MPa [87]. In coatings processed by HVOF, Ni additions reduced the
oxide content and porosity of the coatings, while B additions improved
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the hardness of the coatings [106]. In coating processed by PTA, pro-
gressive B addition up to 1 wt% led to grain refinement with the for-
mation of a eutectic phase composed of austenite and FeCrB phase, and a
progressive increase in hardness. The formation of FeCrB phase reduced
the content of Cr in solid solution from about 19 to 15 wt%, which could
increase the SFE [79].

Despite the melting and solidifying process that occurred during PTA
deposition, the elemental powder mixture processing presents higher
oxidation with an important change in the chemical composition of the
deposited alloy. For example, in work conducted by da Cruz et al. [79],
the alloys produced with this route showed a significant Si reduction in
solid solution because of silicon oxide formation. This behavior was not
observed during the processing of atomized alloys. Similar behavior was
observed on the FeMnCrSi alloys deposited with metal-cored wire. In
this study, Vaz et al. [88] observed the reduction of the Mn, Cr, and Si
elements because of oxides formation or their vaporization. Therefore,
the stability of the chemical composition, from feedstock to coating, will
be directly affected by the materials processing, where the selective
oxidation process during a deposition must be compensated when the
alloy is processed by elemental powder mixture.

4. Microstructure of FeMnCrSi coatings processed by different
thermally spraying processes

4.1. Factors affecting the coatings porosity and oxide content

The microstructures of FeMnCrSi coating processed by different
spraying methods are shown in Fig. 2, which consists of optical micro-
scopy images under low and high magnification. Metallic thermally
sprayed coatings are typically composed of distinct phases, including
metallic phases, oxide layers, pores, and pre-solidified droplets or par-
ticles. Despite the similar chemical compositions, Fig. 2 shows that the
microstructure of the coatings differs from one another in terms of oxide
content, porosity content, and degree of particle melting/flattening,
among others.

EDS chemical composition mapping of FeMnCrSiB coatings pro-
cessed by HVOF and PTA are shown in Figs. 3 and 4, respectively. Re-
sults illustrate how the oxidizing atmosphere of HVOF processing leads
to higher degrees of oxidations in comparison to coatings processed by
PTA under flowing inert gas atmosphere.

A summary of these microstructural features for FeMnCrSi coatings,
processed by different spray techniques, is presented in Fig. 5. In Fig. 5a,
it is possible to see that higher porosity levels were observed in coatings
processed by ASP. For higher kinetic energy thermal spray processes, the
FeMnCrSi alloys presented denser coatings, as seen in Fig. 5b,c,d. In
these coatings, the higher velocity of the particles is converted into
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Fig. 1. Chemical composition changes during the processing of FeMnCrSi(Ni)(B) coatings by different processes, showing fluctuations in the content of (a) Mn, (b) Si,

(¢) Cr, and (d) Ni.
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Low magnification High magnification

o

Arc spray

Cold spray

PTA

Unmolten particles
(3) i ; : . 1 mm

Fig. 2. Microscopic aspect of FeMnCrSi(Ni) coatings processed by (a) ASP, (b) HVOF, (c) HVAF, (d) CGS, and (e) PTA. A high degree of particle flattening in coatings
processed by ASP is associated with higher heat input. The reduced degree of porosity in coatings processed by high-velocity processes (HVOF, HVAF, and CGS). A
lower degree of flattening in coatings processed by CGS is associated with the reduced processing temperature and, consequently, higher yield strength. Micro-
structure of PTA coatings showing fully molten and recrystallized grains [50,79,87,107,108].
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Fig. 3. EDS chemical composition map of FeMnCrSiB coating processed by HVOF showing high content of oxides in the intersplat region.

particle deformation and coating densification. As a result, fine and
homogeneously distributed micro porosities are seen in coatings pro-
cessed by PTA ranging from 0.2 to about 0.8 wt%.

The following discussion considers the role of heat input, thermal
and kinetic energy, and particle size on the properties of the FeMnCrSi
coatings.

HVOF-kerosene fuel was found to geneate denser FeMnCrSi coatings
than HVOF-propylene fuel coatings. Higher particle velocities are ach-
ieved by processing with liquid fuel (up to 1012 m s~ 1) with similar
particle temperatures, about 2050 °C in all experiments, which was close
to the values observed during HVOF-propylene and ASP processing of
FeMnCrSi and CaviTec alloys (Fe-based 10 wt%Co) [25,87]. The higher
velocities of the HVOF-kerosene fuel sprayed particles increase the ki-
netic energy and produced dense coatings [108]. Similar to what was
observed in coatings processed by ASP [87], in FeMnCrSi coatings
processed by HVOF, the statistical analysis for the parameters selection
showed a direct correlation between the porosity and the standoff dis-
tance, as well as an inverse correlation with the powder feed rate [106].

The porosity content of ASP FeMnCrSi coatings increases with spray
distance [110]. With the increase in the spray distance, a possible
reduction in the particle temperature and velocity could reduce the
flattening rate. Nevertheless, such porosity values are still quite low
when compared to those expected for ductile material processed by
electric arc spray, expected to range from 8 to 15 % [83]. Another factor
contributing to a higher degree of porosity in coatings processed by ASP
is the heterogeneity of lamellae size due to a broad sprayed particle size
distribution. The heterogeneity of lamellae size occurs because the
melting of the feedstock wires followed by the compressed air atomi-
zation produces much larger droplets at the anode wire (positive po-
larity) than at the cathode wire (negative polarity) [111,112]. The

average particle velocities were about 105-125 m s~ [87], in the lower
range within the different spraying processes.

As a result, the higher dwell time in-flight could increase the degree
of particle oxidation. On the other hand, this is balanced, to some extent,
by the relatively high average particle diameter (d50 in the order of
57-67 pm), leading to a reduced surface area available for oxidation. In
a variation of this process, the High-Velocity Arc-Spraying (HVAS)
process, equipment modifications (especially in the gun) were shown to
increase particles velocity, resulting in a kinetic energy increase of 40 %
[113], improving particle flattening and cohesion. Using the HVAF, the
adhesion strength of around 30 MPa was obtained for FeCrNi/CBN
coatings [81], and a predominantly amorphous Fe-based phase was
obtained with adhesion higher than that produced by HVOF [86].
Nevertheless, despite the lower particle velocities of the process, the
adhesion strength of FeMnCrSi coatings processed by ASP was higher
than 30 MPa, with similar performance to some HVOF coatings. For the
FeMnCrSi alloys, cold spray processing resulted in a shallow porosity
content, below 1 %, low oxide content as seen in the top Fig. 2d, and no
phase transformation during the deposition, keeping the same
y-austenite from the initial powder condition. Similar characteristics
were obtained for the samples sprayed with Ny at 1000 °C and He at
600 °C.

Despite the higher velocity and lower dwell times, FeMnCrSi coat-
ings processed by HVOF presented a similar degree of oxidation as the
ASP coatings. One factor contributing to this relatively high oxide con-
tent is the smaller particle size of the feedstock used in the HVOF de-
positions, with d50 ranging from 32 to 36 um, nearly half those used in
ASP processing, resulting in a larger surface area for oxidation [87]. A
study on the selection of HVOF FeMnCrSi particle size distribution
showed that particle size ranges below 45 pm resulted in the lowest
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Fig. 4. EDS chemical composition map of FeMnCrSiB coating processed by PTA showing no significant oxide formation, but Cr-rich borides formation in the
interdendritic region.
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Fig. 5. (a) Porosity content, (b) oxide content and (c) adhesion strength of FeMnCrSi(Ni) coatings processed by different processes. Lower porosity levels are
achieved with high-velocity processing (HVOF, HVAF, and CGS). Compared to arc spray, a relatively high degree of oxidation in coatings processed by HVOF GF and
HVAF could be associated with the smaller particle size cut and, consequently, the higher surface area available for oxidation. The superior adhesion strength of
coatings processed under higher heat inputs (HVOF and ASP), in comparison to CGS.

porosity levels (about 0.04 %). In contrast, the one in the —63 + 45 pm uniformly distributed between the splats than coatings processed by

range presented the lowest oxide content (about 4.85 %) well distrib- ASP, not compromising the coating adhesion to the substrate, as shown
uted in the coating but, with a slightly higher porosity degree of 0.16 % in Fig. 5c.

[114]. A higher substrate temperature during HVOF processing could In work carried out by Silveira et al. [107], comparing the micro-
also contribute to particle oxidation. Nevertheless, it is important to structure of coating processed by HVAF and HVOF, particle temperature
mention that the oxide layers in HVOF coating were thinner and more of FeMnCrSi feedstock processed by HVAF was found to range between
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1440 and 1480 °C, whereas that of the same feedstock processed by
HVOF was found to range between 2048 and 2115 °C. With a lower heat
input to particles, coatings that HVAF processed developed a reduced
oxide content than those processed by HVOF using gas fuel and same
chemical composition feedstock. Furthermore, this study found that
porosity values in HVAF coatings were very low (0.09-0.14 %), with no
systematic variations versus the HVOF ones.

4.2. Factors affecting the coatings hardness and adherence

A summary of the Vickers hardness values recorded for FeMnCrSi
coatings (with Ni and B additions) processed by different spraying
techniques is shown in Fig. 6.

In studies carried out using HVOF-kerosene fuel and CGS, the
hardness increased with the degree of compressive stresses in the coat-
ings. Fig. 6 shows that, for these two processes, the peening effect
improved the hardness of the coatings, probably by the increasing
cohesion between the splats, and the working hardening effect, as dis-
cussed previously. Results also show that for FeMnCrSiNi coatings,
processing by CGS tends to produce harder coatings than those pro-
cessed by ASP or HVOF using gas fuel. Harder coatings can be associated
with a higher degree of densification of these coatings, in combination
with some degree of working hardening induced during deposition. The
addition of Boron in FeMnCrSi coatings deposited by HVOF usually
produces harder coatings than PTA. This occurs because PTA coatings
consist of coarser recrystallized grains.

In coatings processed by PTA, B addition promotes a significant
microstructure change, resulting in a finer inter-dendritic eutectic
structure, as seen in Fig. 7. Similar dendritic structures are also present
in atomized powders containing B, as seen in the SEM image of a
FeMnCrSiB feedstock particle shown in Fig. 8.

The maximum hardness of FeMnCrSi + Ni and FeMnCrSi + B coat-
ings was achieved by HVAF processing. Besides the high level of
densification and the presence of oxides, another hypothesis for such
high hardness values could be a possible nitrating of the coating induced
by processing in N-rich atmosphere. CGS sprayed FeMnCrSi coatings
showed hardness above 460 HV 3 and porosity below 0.2 % [50]. This
results from a severe cold working by plastic deformation of the particles
below their recrystallization temperature [115,116]. This hardness
value is close to the measured HVOF-kerosene fuel FeMnCrSi coating,
455 HV( 3 [108]. On the downside, coatings processed by CGS showed a
much lower adhesion strength to mild steel substrate than coatings
processed by ASP and HVOF, as shown in Fig. 5. It indicates that the
heating from the above-mentioned thermal spray processes significantly
contributes to a superior interfacial bonding, potentially associated with
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an enhanced inter-diffusion activity between the coating and the
substrate.

In FeMnCrSi coatings processed by HVOF using gas fuel, the main
factor affecting hardness is the degree of densification, Fig. 9a. In
contrast, in FeMnCrSi coatings with B additions processed by PTA, the
boron content is the main factor, as illustrated in Fig. 9b.

Many studies indicate HVOF as a suitable method to obtain
cavitation-resistant coatings. Its good performance has been attributed
to the high kinetic energy of HVOF-sprayed particles, which provides
higher adhesion and cohesion between the splats [25,31,117,118]. This
was supported by Vaz et al. [87], who compared similar FeMnCrSi alloys
feedstock deposited by ASP and HVOF processes, the latter resulting in
denser coatings, with the FeMnCrSi0.5B alloy producing a coating with a
porosity level below 0.5 %, and well-adhered to the substrate, with an
adhesion strength of 48.2 + 3.0 MPa. This adhesion for thermally
sprayed coatings is dependent on the spraying process and parameters;
the low-temperature process, in special CGS, uses the high deformation
of cold particles and substrate surface during the impact, which pro-
motes an atomic interaction between the materials, called Adiabatic
Shear Instability (ASI) [119,120]. However, for higher temperature
particles, HVOF, ASP, and Flame Spray, among others, the adherence or
bonding to the substrate occurs by mechanical interlocking, atomic
interaction, and diffusion of elements, besides micro welding [121,122].
These bonding mechanisms become less effective by increasing the
coating thickness, as tensile residual stresses may evolve in the coating.
The evolution of residual stresses depends on the process, process pa-
rameters and materials, and are determined as results of particle
quenching effects, coefficient of thermal expansion mismatch, and
peening effect [123,124]. The evolution of tensile residual stresses may
limit the thickness of coatings processed by thermal spraying, as it oc-
curs for other techniques such as Physical Vapor Deposition (PVD) [125,
126] and laser cladding [127], among others.

5. Cavitation and wear performance of FeMnCrSi alloys

This section explains the influence of the chemical composition and
microstructure on the cavitation resistance of FeMnCrSi coatings.
Erosion mechanism and susceptibility to martensitic transformations are
also discussed.

The main parameters used to assess the cavitation resistance are the
incubation time and maximum erosion rate, which are interpreted from
the cumulative mass loss curve of the coatings [128]. The accelerated
vibratory cavitation test method ASTM G32-10 [128], and the cavitation
liquid jets test method, ASTM G134-95 [129] are the most frequently
used cavitation tests to assess the cavitation resistance of different
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Fig. 6. Hardness of FeMnCrSi coatings, with additions of nickel (+Ni), boron (+B), or Ni and B (+NiB), processed by different spray processes. *Hardness mea-

surements in CGS coatings were carried out with a load of 200 gf (HVO0.2).
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Fig. 8. SEM microstructure images of the FeMnCrSiB alloy containing 0.5 wt% B (a) as-atomized feedstock condition and (b) after PTA processing, showing the
presence of significantly finer dendritic structure in the feedstock in comparison to the PTA coating microstructure [107].

materials. The first one is more commonly used because of its simplicity
and repeatability of results.

The cavitation media solution is known to influence the specimen
cavitation resistance. When using salt water instead of distilled water,
the cavitation mass loss tends to be accelerated by a synergy of cavita-
tion and corrosion mechanisms [53,130] To simulate the performance of
a coating at a real application more accurately, understanding the
environmental conditions may help design non-standardized experi-
ments of greater relevance. An example is presented by Luiz et al. [131]
on the corrosion behavior analysis of thermally sprayed coatings used in
the Santo Antonio hydropower plant, in which the water collected in the
Madera river was used as an electrolyte solution to account for its
specificities. In the present work, however, care was taken to include
only cavitation results that were carried out in distilled water (to allow
for direct comparison in between the results) and that were recorded in
accordance with procedures reported in the ASTM G32-10 standard test

method [128].

Fig. 10 shows a compilation of cavitation resistance data obtained for
FeMnCrSi coatings processed by different spraying techniques. These
coatings are compared with other cavitation-resistant commercial
coatings (Cavitec, Stellite 6) and bulk materials often used to manu-
facture runners and other hydraulic machinery.

Results show that the selected spraying processes influenced the
cavitation resistance of the FeMnCrSi coatings. It is crucial to observe
the erosion mechanism, martensitic transformation susceptibility, and
residual stress formation on coatings to understand the cavitation
resistance of thermally sprayed coatings. No significant amount of
cavitation-induced martensitic transformation was observed in
FeMnCrSi coatings processed by HVOF [87,107] or CGS [50], despite
their low SFE. The microstructure refinement avoids the strain-induced
martensite transformation on cavitated zones [87]. Also, the continuous
detachment of splats where e-martensite may have been formed [107]
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Fig. 10. Specific erosion rate of FeMnCrSi(Ni)(B) coatings processed by different techniques showing competitive performance of coatings processed by high-velocity
process (HVOF, HVAF, and CGS) and PTA in comparison to other commercial materials.

can likely reduce the chances of identification of the martensite trans-
formation during the cavitation phenomena. Similarly, no significant
cavitation-induced martensitic transformation was observed for
FeMnCrSi coating with Ni additions, as illustrated by the XRD dif-
fractograms show in Fig. 11, before and after cavitation. On the other
hand, significant fractions of cavitation-induced martensitic trans-
formation were seen in coatings processed by arc spray (TWEA), likely
related to its coarser microstructure. However, with the higher content
of inter-splat oxide, these coatings showed the highest erosion rate
values.

The compressive residual stress collaborates for high-velocity
spraying processes to suppress the martensitic transformation. It was
reported that austenite transformation to e-martensite is followed by
volume expansion [33]. It relies on a specific lattice ratio, with non-ideal
conditions leading to different deformation modes [132]. This way,
lattice distortions induced by compressive residual stress could also
restrain martensitic transformation and/or other necessary volume
changes. Nevertheless, in FeMnCrSi coatings processed by

10

HVOF-kerosene fuel and CGS, compressive residual stresses are benefi-
cial for cavitation resistance, which seems to be associated with
improved intersplat cohesion [108].

Significant fractions of cavitation-induced martensitic trans-
formation were observed, however, in FeMnCrSiB coatings processed by
HVAF, HVOF and PTA, as seen in Fig. 12. The higher susceptibility of
this chemical composition to martensitic transformation can be associ-
ated with the lowering of SFE by removal of Cr from solid solution due to
the formation of Cr-rich borides [79]. In HVAF coatings, the higher ni-
trogen concentration can also help reduce the SFE [109]. Because of the
inter-splat metallurgical bonding, the FeMnCrSi coatings processed by
PTA showed an outstanding cavitation performance, developing the
lowest maximum erosion rates and long periods of incubation time,
especially the coatings processed with atomized powders. It is worth to
mention that, besides having a high cavitation resistance, coatings
processed by PTA are usually thicker, which can further increase the
lifetime of the thermally sprayed coating. Nevertheless, as mentioned
earlier, the total thickness may be limited by the evolution of tensile
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Fig. 11. XRD analysis of FeMnCrSiNi coatings processed by (top) cold spray, HVAF, HVOF and (bottom) TWEA arc spray showing no significant cavitation-induced
martensitic transformation in coatings processed by high-velocities thermal spray techniques, in contrast with significant strain-induced martensitic transformation

in coatings processed by TWEA after cavitation.

residual stresses on the surface.

Fig. 13a,d shows that coatings processed by ASP and CGS fail pre-
dominantly by splat detachment. For the first one, the cohesion was
compromised by the presence of inter-splat oxides. Despite having the
same predominant erosion mechanism, sufficient cohesion could be
achieved in CGS coatings to achieve competitive performance. Fig. 13b
and c shows that coatings processed by HVOF and HVAF fail as a com-
bination of splat fracture and splat detachment mechanisms. In coatings
processed PTA, the complete melting of the particles promotes the for-
mation of a metallurgical bonding, significantly reducing the erosion
rate, Fig. 13e and f. As seen in Fig. 13e, in PTA coatings containing boron
the erosion starts predominantly at the eutectic region. The use of
atomized powders increases the formation of slip lines as a result of the
cavitation induced martensitic transformation, as shown in Fig. 13f.

Coatings processed by ASP, HVOF, HVAF, and CGS did not show an
incubation period. This is associated with the typical inter-splat me-
chanical bonding that causes splat to detach before plastic deformation
mechanisms reach their total capacity. This effect is illustrated in
Fig. 14. Silveira et al. [107] showed that FeMnCrSi coatings processed
by HVOF and HVAF have a higher erosion rate during the initial minutes
cavitation, indicating a higher susceptibility of the outermost layers to
fracture or detachment. In coatings processed by PTA; however, in
which the bonding is metallurgical, plastic mechanisms are more fully
exploited. In coatings processed with mechanical mixtures of elemental
powders, the average incubation period was about 8-9 h. In coatings
processed with atomized powders, the martensitic transformation
mechanism contributed towards the obtention of average incubation
periods higher than 23 h [79].

The evaluation of the FeMnCrSiB feedstock powder preparation
process on the coating properties was studied, by depositing FeMnCrSiB
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coatings with similar chemical composition but obtained by gas atomi-
zation or milling of pre-alloyed powders (Fe, Fe-Mn, Cr, FeCrN, Mn, Si,
and Fe-B), with a particle size distribution smaller than 180 pm. For
milling, FeMnCrSi alloys with four nominal boron contents, 0, 0.2, 0.5,
and 1.0 wt%B (Fig. 5) were prepared, while for gas atomizing, two
nominal B contents, 0.2 and 0.5 wt%B were investigated [79]. The B
addition increases the hardness of the FeMnCrSi PTA coatings from 300
to 420 HV contributing to a systematic reduction in the maximum
erosion rate. The addition of B in Fe-based alloy was also shown to
improve the abrasion wear performance, as reported by Kim et al. [133].
The total mass loss in the rubber wheel testing, ASTM G65-00 [134],
decreased dramatically with boron concentration up to 0.6 wt%B,
associated with microstructure refinement, precipitation of primary
borides, strengthening of the y-austenite matrix, and a hardness increase
from about 400 up to 950 HV, for 2.0 wt%B additions.

It was also shown that processing of FeMnCrSiB coatings using gas
atomized feedstock instead of milled powders further refine the coating
microstructure, impacting beneficially on the cavitation resistance and
performance. Similarly, in Fe-based alloys, an improvement in the
cavitation resistance with B and Mn additions was also reported by Kim
et al. [66], attributing this resistance improvement to y—¢, which is a
more straightforward mechanism than y—«’, and promotes the cavita-
tion resistance by the energy absorption rather than dislocation motion.
Using a mixture of elemental powders as raw material but without B
addition, Ribeiro et al. [28] presented FeMnCrSi alloys with higher
cavitation resistance than other alloys usually deposited by the welding
on hydraulic runners.
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Fig. 12. XRD analysis of FeMnCrSiB coatings processed by (top) HVAF, HVOF and (bottom) PTA showing the higher susceptibility of this chemical composition to
undergo strain-induced martensitic transformation during cavitation as an energy absorption mechanism before fracture.

6. Summary and outlook

A bibliometric study is a valuable tool for conducting a systematic
literature review and observing the results presented by many authors
[135,136]. This may provide a direction for future research based on the
literature published in the high-performance materials field to keep
pushing the frontier of knowledge in the research of Co-free FeMn
stainless steel coatings, such as FeMnCrSi.

Using the Scopus database limited to the years between 2000 and
2022, the search was restricted to articles, conference papers, and book
chapters, only covering their title, abstract, or keywords fields. The
searching terms were (cavitation AND resistant AND coating*) OR
(cavitation AND resistant AND thermal AND spray*) OR (cavitation
AND resistant AND cladding*) OR (femncrsi) OR (femn AND coating*)
OR (cavitation AND hvof) OR (erosion AND thermal AND spray*) OR
(corrosion AND thermal AND spray*). A filter regarding the subject
areas was applied, considering publications only in "materials science"
OR '"chemistry" OR '"engineering" OR “chemical engineering” OR
“environmental science”. The search query found a total of 4901 doc-
uments. Fig. 15 presents the number of works published annually since
2000, indicating an increasing trend, reaching a maximum of 406 works
in 2022. The FeMnCrSi cavitation resistant coatings have grown its
participation in this number of publications per year, reaching 15 works
in 2019, which suggests an increase in the scientific community’s in-
terest in this theme.

Even though there are many published works associated with this
work, in no way does it exhaust the vast literature dedicated to the study
of improving the material resistance against wear and cavitation
erosion, especially for FeMnCrSi coating. The most recent publications
indicate many possibilities for the deposition of FeMnCrSi coatings,
using different processes or the promising use of post-treatment. Using
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low-oxidation and high-velocity processes improves the wear resistance
of the coatings. Compared to ASP process, lower chemical decomposi-
tion and higher hardness of these coatings.

The feasibility of depositing FeMnCrSi coatings by various tech-
niques has been demonstrated, with each process having its particular
advantages. The ASP is portable and suitable equipment to deposit
thermally sprayed coating in hydropower plants and large equipment,
especially considering its high deposition rate. However, the HVOF
process has important microstructural advantages, such as higher den-
sity, hardness, and splats cohesion. Similarly, coatings processed by the
CGS technique present high density and almost no oxidation. Coatings
processed by PTA achieve high cavitation resistance and long incubation
time. However, dilution with the base metal must be controlled using
tuning PTA parameters to maintain suitable chemical composition.

In summary, each process has its pros and cons, but this review ev-
idences the viability of each one of them. Even the coatings processed by
ASP, which showed relatively lower cavitation resistance, have cavita-
tion resistance similar to that of low-carbon steel, Fig. 10, a substrate
material for many runners. However, when the CA6NM stainless steel is
used as a reference, the HVOF or CGS sprayed coatings are the most
indicated to repair or improve the component cavitation resistance,
alongside with FeMnCrSi coatings processed by PTA.

7. Further developments

Further developments in the topic of FeMnCrSi wear and cavitation
resistant coatings include the use different processing techniques as well
as the use of post-processing techniques.

Although the use of small PTA torches to repair worn areas of large
hydraulic runners has been validated at laboratory level as an alterna-
tive to the extensively used arc-welding process, whose high heat inputs
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Fig. 13. Erosion mechanism of (a) FeMnCrSi coatings processed by arc spray and (b) HVOF gas fuel, after 1 h of cavitation; (c) FeMnCrSiNi coating processed by
HVAF after 1 h of cavitation; (d) FeMnCrSi coating processed by CGS after 1 h of cavitation; (e) FeMnCrSi0.5B coating processed by PTA with mechanical mixtures of
elemental powers after over 12 h of cavitation; (f) FeMnCrSi0.5B coating processed PTA using atomized powders after 11 h of cavitation. In (a) and (d), coating
processed by ASP and CGS fails predominantly by splat detachment. Coatings processed by HVOF and HVAF fail as a combination of splat fracture and splats
detachment mechanisms, (b) and (c). Coatings processed by PTA using mechanical mixtures of elemental powders containing boron, like (e), erosion starts pre-
dominantly at the eutectic region. In coatings processed by PTA using atomized powders like (f), abundant slip line formation is seen as a result of martensitic
transformation, with erosion occurring predominantly at their intersections [29,50,79,87].

can be deleterious for the mechanical properties and toughness of the
runners, martensitic stainless steels in particular [11,16], the use of arc
welding has a considerable advantage of high production and reduced
repair time of runners. Furthermore, with the development of new
arc-welding parameters control systems, such as the Cold Metal Transfer
(CMT), low levels of dilution and tensile residual stress can be achieved
[137-141]. Although promissing, studies on processing of FeMn or FeCr
alloys using this technique are still scarce.

The laser process is another technique to be explored regarding the
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wear and cavitation performance of FeMnCrSi coatings. Different FeMn
and FeCr alloys deposited by different laser deposition techniques were
studied [142,143]. Microstructure, residual stress formation [144,145],
or heat treatment influence of as-weld material or friction wear resis-
tance of FeMnCrSi were studied [146-148]. However, there is a lack in
the literature regarding the cavitation and erosion performance of
FeMnCrSi coatings produced by laser cladding, which is a very promisor
process, mainly because of the low oxidation in comparison to PTA or
other welding processes. As PTA, laser cladding has metallurgic bonding
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with the substrate, a lower substrate dilution, and a smaller
heat-affected zone [149]. The development of high-speed laser cladding
technology increased the industrial application field of this technology,
which can be used to deposit FeMnCrSi alloys. Liu et al. [143] observed
the formation of the e-martensite phase due to the stress
self-accommodation effect. This effect occurs due to the residual stress
generated by the laser cladding process, inducing a unit cell deformation
to reduce residual stress, which may improve the cavitation resistance of
FeMnCrSi coatings because the mass loss by cavitation is related to the
material’s fatigue performance. Lower tensile residual stress improves
the material’s fatigue life [48,51,78,149].

Alternatively to laser processing, PTA remelting post-treatment of
the FeMnCrSi alloys coatings promoted extreme changes in the material.
The porosity decreased from 1.1 % to zero, and the oxide content
decreased from 18.2 % to less than 0.5 %. This occurred due to the
densification of the coating and elimination of the oxides by vapor-
ization and slag flotation. Microstructural changes impact the hardness
of the coating, rising from 264 to 320 HV, affecting the coating perfor-
mance [150]. Another aspect that can improve the wear resistance of
FeMnCrSi is the precipitation of second-phase particles that can be
dispersed in the austenite matrix. In work by Bu et al. [146], wear
resistance was enhanced due to the strengthening of second-phase par-
ticles, with prior deformation, especially under heavy load conditions. It
stimulates the studies of new post-processing treatments. Laser
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remelting of thermally sprayed coatings is a novelty to be explored due
to its low and controlled dilution, saving the heat-sensitive runners’
martensitic stainless steel.

The effect of work-hardening on cavitation resistance of FeMnCrSi
coatings processed by PTA was assessed by Cruz et al. [109]. Testing of
samples with and without cold work deformation induced by machining
operations demonstrated the effectiveness of plastic deformation or cold
working on improving the cavitation resistance of FeMnCrSi PTA coat-
ings, as seen in Fig. 16. Cold work was found to generate abundant slip
lines as result of stain induced phase transformation, contributing to
increase the coating hardness from 353 to 462 HV, and to reduce the
maximum erosion rate.

Usually, high kinetic energy thermal spraying techniques can cause
compressive stresses at the surface, increasing the density and hardness
of these coatings. However, the sprayed surface inevitably has many
crystalline defects due to the particles’ impact during deposition. Plasma
nitriding Glow Discharge (GD) can modify the microstructure and
improve the surface properties, extracting the maximum potential of the
alloy for a given application. It is well known that Ni-based alloys can be
nitrided successfully, resulting in nitrogen-expanded austenite (yy or S-
phase). Expanded austenite provides high corrosion, wear resistance,
and improves surface mechanical properties [151]. However, the cavi-
tation resistance performance depends on a more profound
investigation.

The work conducted by Park et al. [152] showed that the 316
stainless steel HVOF coating (FCC) had the thinnest nitride layer.
Meanwhile, the 410 stainless steel coating (BCC) had the thickest nitride
layer. Plasma-nitrocarburized coating samples had a thicker nitrided
layer than the plasma-nitrided coating samples. The nitriding and
nitrocarburizing surfaces showed microhardness above 1300 HV, three
times greater than as-sprayed coatings. The authors indicated that the
precipitation of CrN with FesN and Fe4N improved the surface hardness
of the coatings. Therefore, a significant potential increase in FeMnCrSi
alloys applications can be made by introducing laser deposition, heat
treatment, and nitriding thermochemical treatment to guarantee prop-
erties that industrial users practice.

In summary, post-treatments of FeMnCrSi coatings can promote a
better cavitation wear resistance. The wear mechanisms are strongly
influenced by the material surface condition, such as roughness or ge-
ometry, and the material properties, such as hardness and fracture
toughness. The post-processing treatments presented in the literature
were shown to change the FeMnCrSi coatings surface and improve
cavitation resistance using severe metallurgical intervention, remelting,
or mechanical treatments, such as shot-peening and cold-working.
However, thermo-chemical post-treatments were still not evaluated,
and promising developments could be expected with boriding or
nitriding to innovate in the study of FeMnCrSi alloys.

Although initially developed as cavitation resistant coatings, the
FeMnCrSi alloys addressed in this study have a high potential to with-
stand other types of wear, such as solid particle erosion, sliding, or
friction, for example, due to their hardness and metallurgical charac-
teristics of low SFE, TRIP, and TWIP mechanisms. In this way, the
development of studies aiming at other wear testing and application is
foreseen.
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