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Abstract: Cold-spray coatings were produced by FeCoCrNiMn high-entropy alloy powders depos-
ited on carbon steel substrate. The coatings were realized at intermediate temperature and high
pressure (at 1100 °C and 7 MPa). The coating microstructure was characterized by scanning electron
microscopy and X-ray diffraction, revealing a very dense deposition and high flattening ratio of the
splatted particles. This had a large influence on the strong adhesion of the coating to the substrate.
The hardness and residual stress profiles were measured through nanoindentation and X-ray dif-
fraction from the peak broadening measured layer by layer. The cyclic behavior of the coatings was
evaluated through three-point bending tests performed on V-notched samples coated via cold
spray. Cyclic tests were performed at different maximum strokes from 0.3 to 3.6 mm in order to
monitor the crack initiation and propagation during bending tests. The fracture surface aspect was
analyzed by scanning electron microscopy in order to reveal the fracture mechanisms in different
deformation conditions.

Keywords: high-entropy alloy; cold spray; residual stresses; V-notch; cyclic bending; fracture sur-
face

1. Introduction

High-entropy alloys (HEAs) exhibit new and interesting properties thanks to their
particular crystal configuration due to the severe lattice distortion deriving from the well-
known called cocktail effect [1-3]. High-entropy alloys are composed be a minimum of
five metals in equiatomic or non-equiatomic configurations. The high entropy of the crys-
tal configuration leads to exceptional mechanical properties in a very broad range of in-
service temperatures [4,5]. Obviously, the main properties depend on the crystal structure
belonging to the single metal combination (FCC, BCC, FCC + BCC) [6]. It has been largely
demonstrated that powder metallurgy processing routes can allow for a further increase
in the mechanical properties of high-entropy alloys [7,8]. This is mainly due to the crystal
modification at the nanoscale. Some scientific evidence has demonstrated how cold-spray
coatings of high-entropy alloys powders show sound and high-strength protective layers
[9]. HEASs appear as an optimal solution for corrosion protection; many data belonging to
various alloy configurations were described in [10]. Obviously, the corrosion resistance of
these alloys strongly depends on the alloy configuration, on the crystal structure belong-
ing to the alloy composition, and on the processing route. Cold spray is well known for
providing coatings for surface protection and/or repair. As a matter of fact, it has been
demonstrated how compositionally complex alloys allow for an improvement in corro-
sion resistance [11]. It was also specified how the complexity of the alloy configuration is
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directly related to the increase in mechanical and physicochemical properties [12-14]. The
uniqueness of this technology is represented by the aspect that the coating formation acts
at temperatures lower than the melting temperatures of the impacting particles, leading
to very severe plastic deformation upon impact with consequent microstructural features,
leading to high adhesion of the coatings to the substrate and high strength of the coatings
[15-17]. Upon impact under severe conditions, particles exhibit the well-known and de-
bated phenomenon of adiabatic shear instability leading to local nanostructuring of the
particle microstructure [18-20]. Under the given processing conditions, this can induce
high residual stresses and high adhesion strength of the coatings [21-24]. This can be very
useful for the fatigue behavior of the produced coatings [25-27]. High-strength aluminum
alloys deposited on softer substrates can improve the fatigue life of components [28]. Ob-
viously, this can take place only if optimal processing conditions are employed during
spraying [29]. Moreover, in the case of repaired structures, cold spraying can lead to an
improvement of the fatigue life of the repaired components [30,31]. In this case, the effect
depends on the processing parameters and on the coupling between the substrates and
the employed particles [32,33]. As a matter of fact, excellent results have been obtained for
steel repaired with nickel or nickel-based superalloys [34-37]. Very recently, interesting
papers were presented on the possibility of employing high-entropy alloy powders for
cold-spray coating production [38,39]. Authors evidenced that the microstructural evolu-
tion and the residual stress development are fundamental for the high mechanical prop-
erties in the coatings [40].

Many studies are available in the literature on the high strength and ductility prop-
erties of FeCoCrNiMn alloy (known as Cantor alloy), as well as on its excellent cryogenic
properties, fracture toughness, and corrosion resistance [41-43]. For the application of
coatings as protective layers under aggressive environments and mechanical loading, the
fatigue behavior of the produced coatings must be precisely characterized. To the best of
the authors’ knowledge, no data are available in the literature on the fatigue behavior of
high-entropy alloys used as cold-spray coatings. The aim of the present paper was to de-
scribe the fracture behavior of FeCoCrNiMn high-entropy alloy cold-sprayed on V-
notched steel substrates under cyclic three-point bending.

2. Materials and Methods

High-entropy alloy powders of FeCOCrNiMn (by Vilory Advanced Materials Tech-
nology Ltd, CN) were provided in equiatomic composition [9]. Particles were character-
ized before spraying through scanning electron microscopy with a ZEISS EVO40 micro-
scope. Particles were cold-sprayed on V-notched carbon steel substrates (120 mm x 30 mm
x 15 mm) with a PCS-100 high-pressure cold-spray machine (Plasma Giken Co., Ltd.
Osato, Saitama, JP). Prior to deposition, the surfaces of the carbon steel sheets were grit-
blasted with alumina (F24) to roughness Ra = 7 um. The temperature and pressure em-
ployed during spraying were 1100 °C and 7 MPa, respectively. The stand-off distance was
15 mm, the power feed was 2 rpm, and the robot speed was 500 mm/s [9]. These processing
parameters were employed because, in our previous work, they were identified as opti-
mal for high-density and high-adhesion-strength coatings. Powders and coatings were
characterized though X-ray diffraction (XRD) by employing a Malvern PANalytical X'Pert
PRO MPD 0/6 Bragg-Brentano with X'Pert software (Malvern, UK) for phase analysis,
with Cu Ka (A = 1.5418 A) radiation and a working power of 45 kV—40 mA. X-ray diffrac-
tion was also employed for the measurement of residual stresses in a direction parallel to
the spray direction by removing thin layers through electropolishing before each meas-
urement [44]. Metallographic preparation was carried out in accordance with the ASTM
E1920-03 standard. The coating microstructure was observed by employing the Leica DMI
5000M optical microscope (OM). The Leica microscope image analyzer was used to calcu-
late the coating thickness. The Shimadzu HMV (Tokyo, Japan) was used for 10 measures
of microhardness on the Vickers scale for each coating, with a load of 0.1 kg of F (HVO0.1).
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Cyclic three-point bending tests were performed on the cold-sprayed sheets by employing
a Zwick/Roell standard testing machine. The test configuration is shown in Figure 1.

Load

Coating

Figure 1. Three-point bending test configuration.

Cyclic bending tests were performed at different levels of maximum stroke from 0.3
to 3.6 mm. The test was stopped every 100 cycles, and the coating surface was observed
in order to monitor the superficial fracture behavior. The fracture surface of the coatings
after rupture was observed through scanning electron microscopy by employing a Zeiss
EVO40 SEM equipped with EDS.

3. Results and Discussion

The employed particles are shown in Figure 2. They were characterized by a very
narrow size [9]. The mean particle size was 32 pm with a d10 of 19.56 um and d80 of 52
um.
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Figure 2. High-entropy alloy powders.

In the figure, the dendritic structure of the employed particles can be highlighted.
The hardness of these particles was 1.5 GPa [9]. The average grain size of the as-received
particles was 1.37 um [45].

The cold-sprayed coating is shown in Figure 3.

Figure 3. Coating and interface aspect.

The coating appeared to be characterized by low porosity (<1%) with no voids at the
coating—substrate interface. Coatings were deposited with a maximum thickness of 500
um. Upon impact, cold-sprayed particles modified their initial spherical shape into a pan-
cake-like one. This was accompanied by a pronounced flattening ratio that favored in-
terparticle locking and a reduction in void formation. Once processing parameters were
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200 um

not sufficient to induce this pronounced flattening of the particles, an increase in the coat-
ing porosity was recorded [37]. Usually, high flattening ratios are also responsible for the
good bonding of the coating to the substrate. On the contrary, if processing parameters
are not able to provide high plastic deformation for the impacting particles, low adiabatic
shear instability is experienced, and insufficient metallurgical bonding is achieved. In this
view, flattening and reduced porosity are favored by employing higher temperatures dur-
ing spraying [46]. Porosity levels are fundamental for the fatigue behavior of the coatings
because pores can become crack nucleation sites by reducing the fatigue life of the coated
components.

By revealing the aspect of the splatted particles, we measured the flattening ratio at
different distances from the substrate as the width-to-height ratio for each single splat
(Figure 4a). The variation of the flattening ratio as a function of the distance from the sub-
strate is shown in Figure 4b.
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Figure 4. Flattening ratio visualization of selected particles (a); flattening ratio as a function of the
distance from the substrate (b).

With an increase in the particle distance from the substrate, the flattening ratio de-
creased toward the top layers. In fact, as the first particles splatted on the substrate, they
were continuously deformed by the further impacted ones and continued to deform, pro-
ducing a peening effect. This contributed to additional deformation and then to increased
flattening [47,48]. These increased deformation levels are also related to the residual
stresses that are expected to be higher in the regions close to the interface with the sub-
strate. This behavior is also related to the substrate material; in fact, for hard substrates,
the impacting particles experience more severe deformation with increased flattening and
increased residual stress accumulation. In the case of softer substrates, the energy that is
transferred to the bulk increases; as a consequence, lower deformation levels are experi-
enced by the particles. This is accompanied by a decrease in the residual stress accumu-
lated by the coating [49]. This behavior is strictly linked to the particle deformation be-
havior, depending on the substrate and on the particle hardness, in fact, the deformation
mode of the splatting material can shift from adiabatic shear instability to interface insta-
bility [16,17]. This is related to the energy behavior during impact that governs the coating
formation and its adhesion to the substrate. It contemporarily activates the mechanisms
leading to bonding and to the reduction in porosity of the coating. The factors influencing
the deformation of the sprayed particles are their velocity and the gas temperature. If the
velocity is too high, particles can erode the substrate or the previously deposited particles,
leading to the undesired phenomenon of low deformation. Exceeding the level of the gas
temperature can lead to a decrease in the particle flow stress with a drop in the plastic
work, despite particle deformation exponentially increasing with the increase in temper-
ature. As a matter of fact, an optimal balance must be provided between the impact veloc-



Metals 2022, 12, 780

7 of 24

Intensity (a.u.)

ity and the gas temperature [50]. For the present study, processing conditions (gas tem-
perature, particles dimensions, particles velocity) allowed for severe plastic deformation
upon impact with a high flattening ratio. Consequently, this was expected to introduce
high residual stress levels in the coating [51]. In this way, it was possible to improve the
fatigue performance of the coatings despite this behavior being related to the absolute
residual stress levels, as well as to their profile along the coating [52]. Residual stress is
also responsible for the high adhesion strength to the substrate if high levels are reached
in the regions close to the interface with the substrate [53].

The XRD profiles of the as-received particles and of the coating are shown in Figure
5. The XRD peaks of both the as-received powders and the as-sprayed coatings revealed
that the face-centered cubic structure was retained after severe plastic deformation of the
material. In addition, peak broadening was observed for the as-sprayed coating; this can
be attributed to the residual strain induced in the material upon impact. This aspect is
more precisely described during the discussion about the residual stress measurements
along the coating thickness.
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Figure 5. XRD profiles of the as-received powders and of the coating.

The coating microstructure characterized through transmission electron microscopy
revealed grain refinement due to the severe plastic deformation experienced by the parti-
cles during splatting (Figure 6).
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Figure 6. TEM microstructure of the coatings.

Figure 6 reveals a very fine microstructure with the main grains axes all oriented in
a direction perpendicular to the spray direction. The microstructure observed in Figure 6
confirms the well-known phenomenon of recrystallization taking place in cold-spray ma-
terials during processing.

The broadening of the peaks revealed the induction of residual stresses in the coating
as a consequence of the cold-spray processing. The XRD peaks at different levels from the
coating top surface, revealed by removing very thin layers before each measurement, al-
lowed for the definition of the residual stress profile as a function of the coating thickness
(Figure 7). The residual stresses in the same direction of the spray are shown in Figure 7b.
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Figure 7. XRD peak broadening (a); residual stresses measured from XRD peak broadening (b).

As it can be observed by Figure 7b, compressive residual stresses were induced in
the coating. The maximum compressive residual stresses were around 200 MPa very close
to the substrate. The magnitude of the stresses decreased toward the top of the coating
and toward the substrate. This profile is believed to provide good fatigue properties of
the coating because of the intense residual stresses and the high adhesion of the coating
to the substrate [9]. High residual stresses take place with rapid cooling of the sprayed
material after severe plastic deformation upon impact [54]. This leads to the well-known
phenomenon of shock loading with a consequent ultrahigh strain rate, leading to low heat
dissipation [55]. In general, the residual stress development among splats is very complex,
related to complex combinations of temperature, time-dependent localized deformation,
temperature effects and defects, and thermal stress relaxation [56]. Here, all mechanisms
leading to the induction of the compressive residual stress state were recognized. They
were related to the elastoplastic deformation of the substrate and the particles (local com-
pressive), to the full plastification of the substrate and the particles (similar to shot peen-
ing), and to the particle grain refinement and high dislocation density (local micro residual
stresses). Depending on how these mechanisms evolve and how they separately contrib-
ute to the stress accumulation, the residual stress profile and characteristics can largely be
modified.

The main effect of residual stresses on the fatigue behavior of the coatings is delami-
nation retardation as a result of good adhesion to the substrate [57]. This is mainly at-
tributed to the role of cold-sprayed particles in decreasing the tensile residual strains and
increasing the compressive strains in the radial direction. This aspect is amplified by the
increase in the gas temperature; this, in fact, leads to an increased flattening ratio and then
improved uniform plastic deformation [58], especially in the case of very hard sprayed
particles [59].
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The nanoindentation hardness as a function of the distance from the substrate is
shown in Figure 8.
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Figure 8. Hardness profile of the studied coatings.

The coating’s hardness decreased from 3.8 GPa close to the coating—substrate inter-
face to 2 GPa on the coating surface. During cold spraying, many hardening mechanisms
take place during the adiabatic shear, such as grain local nanostructuring, work harden-
ing, dynamic precipitation, and dispersion strengthening, depending on the impact en-
ergy density, which is related to the process parameters, the particle dimensions, and the
intrinsic particle strength [60]. An additional contribution to the hardening, highlighted
by the hardness profile, is given by the peening effect of the particles impacting the pre-
viously deposited ones. Another contribution is due to the more pronounced grain refine-
ment in the zones close to the substrate surface [61].

In general, the fatigue behavior of cold-sprayed coatings is difficult to investigate
because of the reduced volume with respect to the substrate [62,63]. In addition, many
variables are related to the sample geometry, as well as to the loading mode [64]. In addi-
tion, the related fracture mechanisms are not conclusive; some studies focused on the as-
pect that cracks nucleate mainly in correspondence with the coating voids [65]. Other sci-
entific evidence has indicated that, depending on the substrate’s surface preparation, fa-
tigue damage takes place in correspondence with the surface flaws [66]. Many studies
converged on the main conclusion that cold-spray coatings tend to improve the fatigue
life of the coated samples [67-69]. In general, the deformation mode and the effect on fa-
tigue life are due to the material pair, process parameters, and surface preparation [70].

In the present study, the cyclic behavior of the coatings was evaluated through three-
point bending tests conducted at various levels of the maximum stroke. The load versus



Metals 2022, 12, 780

12 of 24

Stroke (mm)

stroke curves for different maximum deformation imposed on the samples during cyclic
bending are shown in Figure 9.
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Figure 9. Cyclic bending curves performed at different maximum vertical deformation.

Cracks were all located in the zone of maximum bending and maximum stress con-
centration (the center of the notch), with the main central crack opening upon increasing
the maximum load and the number of cycles. In our previous study [37], the coating duc-
tility behavior under monotonic or cyclic bending was related to the number of cracks
produced on the surface before the coating delamination. In the present case, the main
crack nucleated in correspondence with the center of the notch for all maximum defor-
mations imposed during tests. This was mainly due to the fact that cyclic loading led to
the relaxation of residual stresses in the zone of maximum stress concentration. As a con-
sequence, residual stresses decreased because the dislocations induced by cyclic loading
converted the strain energy of macro residual strain into plastic strain. This took place
overcoming a given critical value of the applied load, and its effect increased with the
applied strain.

Then, various cyclic tests were conducted at different constant maximum strokes,
and the tests were interrupted in order to observe the appearance of the first crack, the
number of cycles for this damage initiation was recorded per each test. The summary is
shown in Figure 10 where the maximum stroke is plotted as a function of the number of
cycles until the first crack appearance.
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Figure 10. Number of cycles at which the first coating damage was observed at different maximum
strokes.

As expected, the first crack nucleated at a lower number of bending cycles as the
maximum stroke increased.

The aspects of the coating tested at the maximum stroke of 1.2 mm for different cycles
are shown in Figure 11.

Figure 11. Coating behavior for different bending cycles at the maximum stroke of 1.2 mm. The
crack was confined at the notch tip and continued to grow as the number of loading cycles increased.
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The crack nucleated in the center of the notch and then propagated toward the coat-
ing thickness up to final delamination. Very few papers provided a conclusive explanation
of this decoherent behavior of cold-spray coatings. A highly accepted model considers the
adhesion energy to cause failure at the interface [53]. This energy is released at the inter-
face upon cyclic loading. If the strain energy release rate is lower than the adhesion energy
of the coating, then the propagating crack will transition from the coating into the sub-
strate. Conversely, if the strain energy release rate is higher than the adhesion energy, the
propagating crack will interact with the interface layer, and debonding of the coating from
the substrate may occur. This is due to the behavior of the coating approaching the inter-
face; as a consequence of the material discontinuity, the crack intensity is modified, and
the crack moves along the substrate—coating interface [71]. As a matter of fact, the mecha-
nism of coating decohesion is very similar to that reported in [54] even if, in the present
case, cyclic loading was performed in a three-point bending test instead of a four-point
bending test. As a matter of fact, crack initiation took place on the surface and then led to
branching with consequent coating layer spallation. As shown by the fracture surface ob-
servations, cracks initiated on the surface in correspondence with the void locations or in
correspondence with defects due to undeformed particles that remained embedded in the
coating layer.

At higher magnification, it was possible to follow the damage evolution acting on the
coating during cyclic bending (Figure 12).

First crack

Figure 12. Damage evolution in the coating after different cycles of bending loading at 1.2 mm max-
imum stroke. As is clear from the pictures, the crack nucleated at the center of the notch without
any additional crack at the notch periphery.
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Compared with Ni-based superalloys with notched substrate described in [38], it is
clear that the present coating revealed a lower density of cracks before delamination.

In addition, in [37], multiple delaminations were observed in the sample, while, in
the present case, the main crack governed the coating delamination in its vicinity. This
behavior was also explained as the optimal adhesion experienced by the coating thanks
to the selected processing parameters. In the case of the HEAs employed in the present
paper, higher temperature and higher pressure were employed for the coating deposition.
Thus, it is reasonable that particles impacted with increased velocity, experiencing a more
pronounced severe plastic deformation leading to higher splat and better adhesion to the
substrate because of the enhanced peening effect. This was confirmed by the increased
flattening ratio experienced by the particles of the present work and described in Figure
3. Therefore, in conclusion, the employed process parameters (1100 °C and 7 MPa) led to
a more compact coating with remarkable particle deformation upon impact with a conse-
quent high adhesion of the coating to the substrate and high residual stress levels. This
led to a fatigue behavior of the coating completely different from that revealed by particles
with similar strength and dimensions employed to produce cold-sprayed coatings ob-
tained at lower temperature and pressure. Hence, even if a more macroscopic brittleness
could be revealed, a better coating adhesion was obtained, especially under cyclic loading.
This was also due to the high temperature employed in the present study that led to opti-
mal adhesion of the coatings to the substrate [55]. In fact, as the deposition temperature
increased, multiple cracks on the coating surface tended to disappear, and only one main
crack governed the coating fracture behavior. Thus, high deposition temperatures led to
higher adhesion and better performance in terms of crack initiation, as demonstrated in
[13,34,37].

The fracture surface of the notched sample after rupture is shown in Figure 13.

EHT = 20.00 kv Signal A = SE1 Date :8 Feb 2022
WD =12.5 mm Mag= 500X Time :12:58:47

Figure 13. Fracture surface of the notched sample tested at the maximum stroke of 1.2 mm.

Here, the main fracture mechanism was due to particle—particle decohesion with lo-
cal ductility features experienced at the particle—particle interfaces (Figure 14).
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Figure 14. Local ductility features observed at the particle—particle interfaces after fracture.

The fatigue crack mechanism is dependent on the applied stress and the crack size in
comparison with the material microstructural features [72]. In many cases, the shift from
transparticular to interparticular crack propagation depends on the stress intensity. This
is attributed to the change in the dimension of the plastic zone ahead of the crack propa-
gation tip. In this case, weaker particles and more microvoids can be encountered along
the crack propagation path, leading to particle—particle decohesion instead of interparticle
fracture. Therefore, this general behavior can lead to very brittle coating behavior at low
intensity; otherwise, more ductile features can be observed at low intensities. This has
been demonstrated by post-spray heat treatments leading to an increase in coating ductil-
ity with consequent decreased fatigue crack growth, thanks to improved interparticle
bonding [35]. This is also due to basic powder metallurgy mechanisms leading to a de-
crease in the void effect on the local diffusion around the microvoids formed during the
spray operations. In addition, the different precipitation states of heat-treated alloys can
act as a barrier to the crack propagation [73]. Furthermore, a finer microstructure with an
optimal deposition can act as a crack retardant. In general, for the same powders, cold-
spray coatings show a finer microstructure due to the higher impact velocity as a conse-
quence of the more severe plastic deformation upon impact. In this case, a compact coat-
ing coupled with a fine microstructure can provide a greater number of grain boundaries
impeding the slip during loading [74]. This is demonstrated by a more faceted fracture
surface aspect due to the increased resistance of each particle.

Many particles showed the formation of local striations typical of the cyclic loading
the samples were subjected to (Figure 15).
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Figure 15. Local fatigue mechanisms observed on single particles after fracture.

On the contrary, particles impacting with lower velocity led to coatings with de-
creased bonding strength, fracture toughness, and a very brittle fracture surface [75].
Again, the fracture behavior was governed by the particle-particle bonding strength. This
was governed by the shear instability upon impact that led to heat being retained by the
particles, leading to an improvement of the particle—particle bond strength.

In this case, the main fracture mechanism was due to particle—particle decohesion.
The main difference is that, as the maximum stroke increased, the formation of large voids
on the surface increased (Figure 16).
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Figure 16. Voids at the particle—particle interface for the notched sample tested at the maximum
stroke of 1.8 mm.

By observing the zones of the fracture surface where voids were individuated, it
should be highlighted that these voids tended to form where particles appeared with their
original aspect (Figure 17).

- g7

Date 8'F
Time :13

Figure 17. Decohesion at the interfaces of undeformed particles in the samples cyclically bent at the
maximum stroke of 1.8 mm.

Hence, in these zones, particles experienced low deformation, while particle—particle
interlocking and local cohesion did not take place. These zones had low resistance to load-
ing and, as a consequence, large voids were formed.

Accordingly, even if local fatigue mechanisms could be individuated on each particle
surface, particle—particle decohesion also took place in the case of largely deformed parti-
cles (Figure 18).
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- e
EHT =20.00 k\/
WD =0 mm

Figure 18. Fatigue mechanisms in deformed particles and particle-particle decohesion in the sample
cyclically bent at the maximum stroke of 1.8 mm.

This behavior was due to the microstructure of the starting particles and to their be-
havior upon slatting. In fact, variation in the powder particle microstructure can lead to
different impact physics and ultimate impact morphology [76]. In fact, the morphology of
deformed particles can shift from a perfect half-sphere with radial jetting zones to the
same half-sphere with irregular protuberances to triangular shapes with threefold sym-
metry to square-like shapes with fourfold symmetry. Obviously, as the morphology
changes, so do the particle-particle bonding and the overall coating resistance. This vari-
ation in the morphology is dependent on the starting particle microstructure, as it moves
from an equiaxed microstructure, the deformed particle morphology shifts from a perfect
half-sphere with radial jets toward other morphologies. Therefore, as the microstructure
moves from an equiaxed grain, the particle—particle adhesion surfaces are reduced, voids
form, and the fracture surface aspect appears more brittle. In this view, the impact and
bonding behavior of particles and the consequent fracture aspect can also largely vary for
a nonuniform grain size and shape distribution.

Another fundamental factor is represented by the effect on crack initiation and prop-
agation related to the properties of the feedstock powders [77-79]. Crack initiation as
transparticle fracture is dependent on the splatting of the particles; at high loads, high-
quality splatted powders reveal a mixture of interparticular and trasnparticular fracture
aspects during crack propagation. This reveals the quality of the particle-particle bonding
at high deformations. As a matter of fact, only strongly bonded particle-particle interfaces
are able to transfer the load producing local plastic deformation indicated by the occur-
rence of nonbrittle features on the fracture surface. This is demonstrated by other scientific
studies where crack propagation was improved because of proper post-deposition heat
treatments leading to an increase in particle-particle bonding because of local diffusion
processes taking place at the particle-particle interfaces [72]. This was confirmed by crack
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initiation and growth behavior of aluminum alloys where the crack initiation is accompa-
nied by a flat aspect of the crack path, which becomes more tortuous as the crack propa-
gates toward final failure. This change from transparticular to mixed interparticular and
transparticular crack propagation is in correspondence with the increase in the local load-
ing conditions as the crack propagates. This has also been observed in other hard materials
such as cold-sprayed metal matrix composites where brittleness was much more pro-
nounced with respect to the unreinforced base materials [75], as well as in stainless-steel
cold-spray deposits [77]. In this case, it can be underlined that both grain size (due to
particle splatting) and strain hardening (due to loading) are responsible for the transpar-
ticular deformation.

4. Conclusions

Cold-spray coatings were produced at 1100 °C and 7 MPa, obtaining FeCoCrNiMn
equiatomic high-entropy alloy deposits with very low porosity and high hardness, and
with a thickness of 500 um. This was due to the large flattening ratio induced in the splat-
ted particles thanks to the employed processing parameters. This demonstrates that the
tuned employed process parameters were optimally settled for this specific high-entropy
alloy on the employed substrate. Obviously, the flattening ratio was more pronounced in
those regions very close to the substrate where the severe plastic deformation of the
sprayed material increased because of the continuous peening effect due to further im-
pacting particles.

The XRD analyses of the as-received powders and of the as-sprayed coatings re-
vealed the retention of the face-centered cubic structure of the high-entropy alloy. The
broadening of the XRD peaks revealed through layer-by-layer measurements allowed de-
fining the residual stress profile along the coating with maximum compressive stresses
close to 200 MPa at a distance of 100 um from the substrate-coating interface. The residual
stress profile appeared optimal for the fatigue strength of the coatings with compressive
characteristics in the inner layers.

The three-point bending cyclic tests, performed at a fixed value of the maximum
stroke on V-notched substrates, allowed defining the number of cycles before the appear-
ance of the first surface crack for a given value of the maximum imposed stroke. As ex-
pected, the first surface crack nucleated at a lower number of cycles as the maximum
stroke decreased. The crack aspect revealed a good adhesion of the coating to the sub-
strate.

The fracture mechanisms revealed a mixed brittleness character of the crack propa-
gation path with local ductile and fatigue features revealed on the fracture surface. Cracks
nucleated mainly at the surface defects with a mainly transparticular path at the first
stages of deformation, whereas a mixed transparticular and interparticular fracture be-
havior was revealed by the fracture surface. It is believed that microvoids and unde-
formed splat particles were responsible for the acceleration of the crack propagation.
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