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ARTICLE INFO ABSTRACT

Keywords: Ni-base superalloys, like Inconel 625, are extensively used in several applications due to their good performance
Inconel 625 at high temperature and their corrosion resistance. The high costs of these alloys promote their usage as coatings
Cold spray

deposited onto cheaper materials. This practice improves the component performance without an excessive
increment in price. Cold Spray (CS) deposition is a relatively new technology that could be considered as a real
solid-state coating processing method. Consequently, no oxides are formed during CS deposition and the coatings
do not lose their potential oxidation resistance. However, mechanical and tribological behaviour of CS materials
is highly dependent on the processing parameters and powder feedstock properties. For these reasons, the aim of
this work is to evaluate the mechanical properties and the local wear behaviour of high-pressure CS Inconel 625
coatings deposited under different spraying conditions by using different particle size distributions of powders.
Nanoindentation tests were carried out on the coatings with a diamond Berkovich tip which determined the
elastic modulus and hardness. Additionally, microscratch tests were also conducted to compute the local wear
rate through the estimation of the removed volume. The cross profile of the residual grooves was recorded using
the same tip as the one used to make scratch tests. These measurements were checked by Atomic Force Mi-
croscopy (AFM) analysis. The values obtained by both techniques were similar in the validation tests. The local
wear rates were correlated with the mechanical properties and the scratch micromechanisms which were ana-
lysed in the scanning electron microscope. Finally, the results obtained were compared with those corresponding
to coatings processed by more traditional methods.

Local wear behaviour
Microscratch test

1. Introduction

Ni-base superalloys are extensively used in different industrial sec-
tors, like petrochemical [1,2], power generation [3,4], or aeronautical
ones [5], due to their good performance at high temperature and their
corrosion resistance. Inconel 625 is mainly a Ni-Cr-Mo alloy with some
additional alloying elements, like Nb and Fe, which has been used in
several applications for its excellent fabricability, high strength, and
performance in aggressive environments. Inconel 625 can operate from
cryogenic temperatures up to 982 °C. This is the primary reason for its
acceptance in the chemical processing field. The aeronautical sector has
chosen this material due to its high tensile, creep, and rupture strength
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which make it an interesting choice for aerospace applications [1,3,5].

Ni-base superalloys are reserved only to special components due to
their high cost, compared to stainless steels. Consequently, these alloys
are used when stainless steels are not suitable or when safety is critical
[6]. For these reasons, the use of Ni-base superalloys as coatings to
protect cheaper materials is a strategy to reduce costs whilst improving
the components' behaviour. However, losses in performance could be
observed, compared to bulk alloys, depending on the coating's pro-
cessing [7].

Traditionally, Inconel 625 coatings have been deposited by laser
cladding (LC) [8,9] and high temperature thermal spraying techniques,
such as atmospheric plasma spraying (APS) [10], wire arc spraying
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(ARC) [11] or high velocity oxy-fuel (HVOF) [12]. However, these
processing routes involve high temperatures which could promote the
formation of several oxides during deposition. Oxide formation reduces
the corrosion resistance of the coating and leads to its embrittlement
[13], decreasing the mechanical performance. Cold gas dynamic spray
(CGDS), or simply cold spray (CS), deposition is a relatively new tech-
nology that can be considered as a real solid-state coating processing
method. CS or kinetic deposition was discovered at the Institute of
Theoretical and Applied Mechanics at Novosibirsk, Russia, in the middle
of the 80s [14]. This technology is a high-rate materials deposition
process, in which micrometric powder particles are accelerated to the
substrate by a compressed gas jet at temperatures below their melting
point [14-16], acquiring supersonic velocities in the range of 500-1200
m/s [15].

Consequently, no oxides are formed during CS deposition and the
coatings do not lose their potential oxidation and corrosion resistance.
Upon impact with the substrate, the kinetic energy of the particles is
converted into severe plastic deformation and thermal energy, which
disrupts the thin surface oxide films that are present on both parts. This
allows intimate conformal contact between the surfaces under high local
pressure, permitting bonding to occur by mechanical interlocking
[17,18]. The successive accumulation of powder particles, plastically
deformed and bonded together, builds up the coating. The characteristic
solid-state condition of the deposition process promotes no phase
transformations during cold spraying and lower tensile residual stresses
in the coatings, compared with other thermal spraying techniques such
as: plasma, flame, detonation and HVOF spraying [19,20].

CS is able to deposit coatings with thickness >1 mm. This is partic-
ularly interesting to establish maintenance and overhaul protocols to
repair damaged components filling up the scraped parts by CS [21-23].
Conversely, the cold sprayed coating's performance is highly dependent
on processing parameters like standoff distance, gas temperature or
pressure, and also on powder particles characteristics, like size and
shape. For the deposition of the powder to occur on the substrate, it must
exceed a certain speed defined as critical velocity [19]. Schmidt et al.
[24] carried out a study of the impact of a particle of 25 pm in diameter
for a working temperature of 20 °C. These authors were able to predict
the deposition window of Inconel 625, showing a critical velocity of 700
m/s and an erosion velocity of 1750 m/s from which an erosion process
occurs, thus leading to the removal of material.

Assadi et al. [25] theoretically evaluated the parameter selection for
CS obtaining results in agreement with Pontarollo et al. [26]. They
established that the coatings produced with feedstock particles of larger
dimensions showed lower porosity levels than those obtained from finer
ones. A similar result was reported by Cavaliere et al. [27]. However,
Chaudhuri et al. [28] studied the microstructural evolution of Inconel
625 superalloy coatings deposited by CS on a 4130 chrome alloy steel
with medium carbon content. They reported successfully cold sprayed
coatings without any oxidation using a powder with a size ranging be-
tween 5 pm and 25 pm. Wu et al. [29] also successfully cold sprayed
Inconel 625 coatings on Al 6061 substrates. In this work, commercially
available Inconel 625 powder with the particle size ranging from 10 pm
to 70 pm was used as the feedstock in the cold spray deposition process.
Therefore, it appears that there is no clear optimal size of the particles
for spraying Inconel 625 coatings. In fact, other parameters, like the
nozzle design or the gas pressure, affect the optimal powder size.

Additionally, Ni base superalloy components are used in aero-
nautical and power generation engines [30]. These components can be
damaged by the impact of hard particles. These particles can be gravel or
sand, and when impacting on the surface, they produce small craters
which can lead to failures due to cracking [31]. Consequently, the
analysis of the hardness and wear behaviour of Inconel 625 coatings is
mandatory if they are to be used to repair damaged components. Shakil
et al. [32] reported a microhardness value of 2.3 GPa for the bulk
Inconel 625 alloy. This increment in the hardness value of the CS
coatings is commonly explained by the strain hardening developed
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during the spraying process [29].

Hardness and wear resistance are often related when the behaviour
of ductile materials is studied. Usually, the increase in hardness results
in the increase in wear resistance [33,34], unless the increased hardness
comes at a cost of excessive brittleness. Therefore, the CS Inconel 625
coatings are expected to have better tribological performance than the
bulk alloy. Wang et al. [35] carried out ball-on-disc tests onto bulk
Inconel 625 using SigN4 and GCrl5 ball with 6 mm diameter and a
normal load of 15 N. They reported values of the specific wear rates that
ranged from 5:107° t0 7.5-10"° mm>-N~1-m ! at room temperature. The
comparison of these values with those reported for the bulk material
reveals that the wear behaviour of the coatings strongly depends on the
test conditions and the behaviour of the material in the contact zone.
Tribochemical phenomena, such as the generation of mechanically
mixed layers or the formation of oxides, can also affect the wear
behaviour, especially in continuous sliding tests. These tribolayers are
developed during the wear tests and are formed by a mixture of oxides
and metallic particles, which could come from both sides in contact. This
subsurface layer is typically very fine-grained and could form a dense
coherent layer on the wear surface, usually very smooth, or could be
formed by a mixture of particles with similarities to mechanically
alloyed materials. Their effect may be diminished if alternative tests
such as one-way microscratches at the microscale are performed.
Consequently, these tests could provide information about the me-
chanical integrity of these coatings, with less influence from tribo-
chemical effects. Finally, the question arises of how much better are
Inconel 625 coatings that are processed by CS in comparison to those
obtained by other thermal spray techniques.

The study of the wear behaviour of Inconel 625 coatings has been
mainly limited to analysis on a macroscopic scale. At this scale, it is not
possible to discriminate the intrinsic wear resistance of the material
from the effect of the defects generated by the spraying process. In this
sense, microscratch tests allow an analysis of the wear resistance at local
level. These tests may facilitate the identification of the intrinsic wear
behaviour of the deposited material and the corresponding influence of
the spraying parameters. Thus, the aim of this work is to use micro-
scratch tests to evaluate the local wear behaviour of high-pressure CS
Inconel 625 coatings deposited under different conditions by using
powders with different particle size distributions. This study has been
extended to Inconel 625 coatings processed by other thermal spraying
techniques characterized by the melting of the deposited material.

2. Materials and methods
2.1. Feedstock powder and cold spray process

Inconel 625 (NiCr22Mo9Nb) coatings were deposited onto low car-
bon steels, S235JR structural steel substrates, using an ISS 5/11 CS
system (Impact Innovations GmbH, Rattenkirchen, Germany) with a
water-cooled OUT1/SiC nozzle. Previously, substrates were wiped with
ethanol. Inconel 625 powders were provided by Sandvik Osprey (Neath,
UK) and two size distributions were used: —25 + 5 ym (CS 1) and —38 +
15 pm (CS 2). Nominal chemical composition of Inconel 625 was 58 %
(min) of Ni, <5 % of Fe, 20-23 % of Cr, 8-10 % of Mo, 3,15-4,5 % of Nb
+ Ta, <0,4 % of Al, <0,4 % of Ti, 3,15-4,15 % of Nb, <0,5 % of Mn,
<0,5 % of Si, <0,015 of S and <1,0 % of Co, given by the supplier. Both
powders were gas-atomized, having a spherical particle shape as can be
seen in the Fig. 1. The two distributions fall into the category of fine and
coarse powders, respectively [26].

Inconel 625 coatings were deposited using N» as propellant gas at the
temperature of 1000 °C and a pressure of 5.5 MPa. This spraying tem-
perature was selected because it was close to the melting temperature of
the base material. The melting temperature for the Inconel 625 ranges
between 1290 and 1350 °C [36]. Therefore, the CS spraying process
occurred in the solid-state. Other parameters were a spray distance of 30
mm, a traverse speed of 500 mm/s, step of 1 mm, a powder feeding of
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Fig. 1. a) Inconel 625 powder morphology provided by Sandvik Osprey (Neath, UK). b) Distributions of the different powders CS 1 and CS 2.

29.6 g/min and a layer amount of 4 layers. In addition, samples
deposited by HVOF and ARC using the conditions presented previously
by Fantozzi et al. [37] were also analysed. Finally, the results obtained
were also compared with those presented by Verdi et al. [8,9] regarding
the local microscratch resistance of LC Inconel 625. This will permit the
comparison between the materials processed by CS and those deposited
by more conventional, high temperature techniques.

2.2. Microstructure

Metallographic samples of the different studied materials were cut
from the deposited coatings along the longitudinal cross section, parallel
to the spraying direction and along the perpendicular one. The samples
were ground using SiC papers up to 1200 grit and polished with a dia-
mond slurry of up to 1 pm nominal size. After that, the surfaces were
polished up to 0.5 pm using an alumina suspension. Subsequently, the
polished surfaces were cleaned in deionized water and degreased in
isopropyl alcohol. These samples were used to determine the hardness
and the wear behaviour. Several samples were chemically etched using
glyceregic reagent to reveal the microstructure. Two Scanning Electron
Microscopes (SEM), a Zeiss ULTRAplus field-emission scanning electron
microscope (Carl Zeiss AG, Oberkochen, Germany) and a Hitachi S3400
(Hitachi, Japan), were used to analyse the microstructure and the re-
sidual grooves of the microscratch tests. Both SEM were equipped with
Energy Dispersive X-ray microanalysis (EDX). Secondary (SE) and Back
Scattered Electron (BSE) images, with compositional contrast, were
obtained.

2.3. Mechanical characterization

Vickers microhardness (H,) tests were performed with a Buehler
2101 microhardness tester (Buehler, Esslingen, Germany) on the cross
sections of the coatings. The samples were polished following the pro-
cedure described above. The tests were performed following the rec-
ommendations of the ISO 6507-1 standard [38]. Both a load of 100 gf
and a dwell time of 12 s were used.

Additionally, nanoindentation tests (NHT, Anton Paar - Tritec,
Corcelles, Switzerland) were carried out on the polished cross-sections
of the CS coatings using a Berkovich indenter, whose area function
was calibrated against a fuse silica standard. Load vs. penetration curves
were recorded using a maximum load of 10 mN, a holding time of 15 s,
and loading and unloading durations of 30 s (corresponding to linear
loading and unloading rates of 20 mN/min). Matrices consisting of 6
rows of 40 indents each, aligned parallel to the coating/substrate
interface direction, with a centre-centre spacing of 15 pm between
adjacent indents, were performed around the mid-thickness location on
the polished cross-sections, for a total of 240 indents on each sample.
The indentation hardness (Hyr) and indentation modulus (Ery) were
extracted from the load vs. penetration curves using the Oliver-Pharr
method according to the procedure laid out in the ISO 14577

standard. The results were expressed as mean + standard deviation.

2.4. Tribological characterization

Following the tests arrangement selected in previous studies to
evaluate the local wear behaviour of cold sprayed coatings [8,9,19],
single local microscratch tests were carried out to estimate the wear
resistance of the coatings. Both CS coatings were tested to evaluate the
effect of feedstock powder size distribution on the local wear perfor-
mance. Local microscratch tests were also performed onto the coatings
processed by the others deposition techniques.

Local microscratch tests were performed onto the top surface of the
polished coatings with a roughness Ra ~ 0,1 pm. Prior to the micro-
scratch tests, the samples were cleaned in deionized water and
degreased in isopropyl alcohol. A Nanoindenter G200 (Keysight Tech-
nologies Inc., Santa Rosa, CA, USA) was used to perform single direction
microscratch tests following the procedure described in [8,9]. The
nanoindenter was equipped with a Berkovich diamond indenter, with a
tip radius of 20 nm, using the largest edge as a leading border. Fig. 2a)
depicts a sketch of the experimental arrangement of the microscratch
tests.

The microscratch length, L, used was 300 pm and the microscratch
velocity was fixed at 10 pm s~'. The load applied during the micro-
scratch test, Fy, was 100 mN [8]. Five microscratch tests were performed
on each sprayed coating. Each microscratch was separated from the
adjacent ones by at least 60 pm. Four cross profiles were measured on
each residual groove to determine the removed volume per microscratch
length. Fig. 2b) shows an example of one of these cross profiles. They
were characterized by two quasi-triangular geometries above the free
surface of the coating. The third triangle area represents the displaced
material which was characterized by the semi-angle o, that was conse-
quence of the indenter passing through during the microscratching
process. The semi-angle value (a) was evaluated through the cross
profile generated onto the residual grooves when the microscratch tip
ran perpendicular to the direction of the microscratch test itself.

The residual groove volume per unit of microscratch distance, Vg,
was calculated using Eq. (1) [8]. This methodology and equation was
previously validated with residual groove AFM analysis performed on
Inconel 625 alloy coatings deposited by LC [8]. This wear parameter
represents the volume that is displaced out of the scratch groove
throughout the microscratch process. This volume is averaged over the
scratch length. Part of it is just displaced plastically by ploughing into
the lateral pile-ups. The remainder accumulates in front of the indenter
until it is removed by cutting and/or cracking.

v, = l/’“ e iy — Total volume displaced (mm3) o)
0

L Scratch length m

The dimensional local wear rate, k, was calculated from the V4
measurements through the Archard's equation [8]. The use of this vol-
ume is justified to obtain a wear rate even when all the displaced volume
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Fig. 2. a) Schematic display of the microscratch test arrangement. b) Representative microscratch cross profile (vertical axis is augmented to facilitate the iden-

tification of the details of the cross profile).

was accumulated at the residual edges due to plastic deformation.

mm?

()

Fig. 2b) shows a representative cross profile of a residual scratch
groove. The area that extends from the highest peak of the pile-ups to the
deepest valley represents the material displaced in front of the indenter
as a consequence of the indenter's movement until reaching the distance
in which this cross profile was obtained. Consequently, this area rep-
resents the displaced volume per scratch length unit, V4. Additionally,
the areas corresponding to the pile-ups represent the volume per unit
length of the material plastically displaced by ploughing, V. Conse-
quently, the removed volume per unit of scratch distance, V;, can be
obtained as the difference between the displaced volume, Vg, and the
volume accumulated by plastic deformation at the edges of the residual
groove, V.

k=
Fy

(2)

3. Results and discussion
3.1. Microstructure of the coatings

Fig. 3 shows representative cross sections of Inconel 625 coatings
deposited by HVOF (Fig. 3a) and ARC (Fig. 3b). Fantozzi et al. [37]

analysed the microstructure of coatings processed using HVOF and ARC
processes. Coatings deposited by HVOF showed Cr and Nb rich oxides
located at the boundaries of the splats which were, instead, poorer in Ni.
However, inside the splats the Ni content increased. In the case of ARC
coatings, the main constituents of the oxides were Mo and Nb oxides.
The main difference between the microstructure of the coatings pro-
cessed by these techniques is that splats in the ARC coating were more
flattened and fragmented than those in the coatings deposited by HVOF.
Verdi et al. [8] observed a columnar dendritic microstructure in the LC
coatings. A brighter secondary phase, enriched in Nb and Mo, was
observed at the grain boundaries inside these LC coatings.

Table 1 presents the thickness measured on the different coatings:
values corresponding to materials processed by HVOF, ARC and LC
[8,37] are also included for comparison. These thickness values were
measured on images like those shown in Fig. 4. The thickness values
presented for the CS coatings, CS 1 and CS 2, suggest a correlation be-
tween thickness and particle size distribution. The smaller particles were
accelerated at faster speeds [39], promoting higher cohesion between
splats, and favouring a denser, hence thinner, coating [19,40].

The HVOF and ARC coatings were also dense, but the presence of
different levels of greyscale contrast reveals the presence of significant
amounts of oxide inclusions (Fig. 3). The HVOF coating, in particular,
shows a non-uniform distribution of oxide inclusions (Fig. 3a), which

~ Coating

Interface zone

Substrat

e

Fig. 3. Representative SEM SE images of the cross sections: a) HVOF coatings; b) ARC coatings.
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Table 1
Thickness of the coatings processed by CS. The results corresponding to HVOF,
ARC and LC are also included for comparison [8,37].

Coating Spray system Process gas  Feedstock Thickness
material (pm)
HVOF Diamond Jet Propane —45+15pm 406 + 8
Hybrid 2700 oxygen
(TUT)
Arc Sprayed OSU Hessler Air @ 1.6 mm 1010 + 56
(ARC)
Laser High-Power Diode Argon —150 + 75 1234 + 58
Cladding Laser pm
((X9))
Cold Spray 1~ Impact Ny —25+5pm 407 + 13
(CS 1) Innovations
Cold Spray 2 Impact N2 —38+15pum 329 + 26
(CS 2) Innovations

Surface & Coatings Technology 470 (2023) 129831

may be due to the fine size of the feedstock powder (Table 1). Previous
studies [41] have reported that the smallest particles may acquire a
velocity component parallel to the substrate surface during the spraying
process, increasing the interacting time with the stagnation flow.
Additionally, the HVOF technique uses a highly oxidizing gas (Table 1).
Both circumstances might promote the oxidizing process of the sprayed
particles. However, the large molten droplets and the less oxidizing
nature of the ARC technique (Table 1), could justify a lower oxidation of
the particles regarding to the HVOF ones, as shown in Fig. 3.

Fig. 5 shows SE images from both CS coatings: the substrate-coating
interface showed a good bonding with no signs of delamination. The
coatings are formed by plastically deformed particles with very few
pores located at the particles' boundaries. Indeed, it is often difficult to
identify the exact boundaries between adjacent particles. Consequently,
no oxides were observed, as it was expected in CS materials processed
below the melting point [14,15].

Fig. 6 shows that the cold-spray particles developed strong solid-

Fig. 4. Representative SEM SE images of the cross sections of cold sprayed coatings: a) CS 1; b) CS 2.

Fig. 5. SE images of cold sprayed Inconel 625 showing the coating-substrate interface and splats. a) and ¢) CS 1 (—25 + 5 pm). b) and d) CS 2 (—38 + 15 pm).
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Fig. 6. SEM SE overview (a) of the top surface of CS Inconel 625, with detail (b) of jetting around a particle.

state bonding. The magnified view of panel (b) highlights the formation
of jets around an impacted particle, which is the typical outcome of
adiabatic shear instabilities at the particle/substrate interfaces, and
particle/particle interfaces, as can be seen in Fig. 6. These features are
usually associated with strong bonding at least along the periphery of
the particle. The formation of such well-developed jets explains the tight

interparticle bonding seen in Fig. 6. The jetting process could be
observed at the substrate-coating interface of both CS coatings. There-
fore, good adhesion was expected of them. Furthermore, no significant
differences in the interface morphology (Fig. 5) were observed between
both CS coatings. It appears that the particle sizes used in the spraying
process of both coatings turned out to be suitable from the point of view

15.0kV 10.7mm x2.00k SE

Fig. 7. SE images of etched cold sprayed Inconel 625 samples showing a dendritic microstructure. a) and ¢) CS 1 (=25 + 5 pm). b) and d) CS 2 (—38 + 15 pm).
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of adhesion between the coating and the substrate. However, the effect
of particle size on the adhesion between coating and substrate is not
clear since it may also depend on the mechanical properties of the
particles and the substrate. For example, Pontarollo et al. [26] deposited
commercial Ni alloy (corresponding to the Inconel® 625 alloy) using
feedstock powders of two different particle size distributions onto
AISI316-L stainless steel by CS. In particular, Ni-alloy particles with size
distributions of —45 + 20 pm (coarse powders) and —20 + 5 pm (fine
powders) were sprayed. The gas used was nitrogen, the gas flow tem-
perature and pressure ranged between 600 °C and 700 °C and 30-40 bar,
respectively. The standoff distance was between 18 mm and 20 mm.
They observed that fine powders gave a porous and low adherent
coating with poor growth capability. On the contrary, a well adherent
coating, with a porosity lower than 3 % and a dendritic microstructure,
was obtained by using coarse powders. Conversely, Poirier et al. [42]
deposited H13 chromium hot-work tool steel powders (tool steel) with
particle size distributions nominally between 10 and 45 pm (coarse) and
<16 pm (fine). They concluded that the smaller particles were beneficial
for deposition rate and coating quality. However, when the coarse
powder was used, the coatings microstructure exhibited poor adhesion.

To analyse the microstructure inside the splats, etched samples were
observed by SEM. This analysis was carried out on the top surface. Fig. 7
shows that both CS 1 and CS 2 samples retain the dendritic micro-
structures of the gas-atomized feedstock powders, as could be expected
for a fully solid-state deposition process. This dendrite structure was
generated due to rapid cooling during the atomization process selected
to produce the Inconel 625 particles [29]. Magnified views in panels
Fig. 7c and d suggest that dendrites were plastically deformed to various
extents across the impacted particles. The powder size distribution af-
fects the dendrites size. The smaller particles possessed finer dendrites
because of their higher cooling rate during the original gas-atomization
process. Next to the particle boundaries, dendrites show particularly
extensive plastic deformation, up to the point of being almost indistin-
guishable, as a result of the adiabatic shear instability and jetting phe-
nomena previously shown in Fig. 6. This is especially clear in Fig. 7b,
perhaps due to the interior of the coarser particles being less plastically
deformed so the contrast with the highly deformed boundary is more
apparent. Deformation, however, is more extensive throughout the finer
particles (Fig. 7a), so the contrast between the interior and the boundary
is visually less marked.
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3.2. Mechanical properties

The mechanical properties were measured in the cross sections and
carried out on a micro and nano scale. Fig. 8 shows the average and
standard deviation of the microhardness values measured on the coat-
ings processed by CS, HVOF and ARC. The value of microhardness of LC
technique has been obtained by the reference [8]. The horizontal line
represents the hardness value of 2.3 GPa for the bulk material [32]. The
coatings deposited by CS exhibited higher values than those processed
by conventional techniques. This tendency could be a consequence of
the plastic deformation induced during the CS deposition process and
can be observed in Fig. 7. If the sprayed material exhibits strain hard-
ening, higher hardness values are to be expected in coatings deposited
by CS. Indeed, Inconel 625 shows work hardening behaviour [38]. From
the data supplied by the powder manufacturer, considering the Tabor
relationship between hardness and yield strength, an approximate
hardness value of 2.52 GPa could be obtained. Consequently, the ten-
dency observed in Fig. 8 was expected. Wu et al. [29] sprayed Inconel
625 powder (10 pm to 70 pm) by CS. In this investigation, nitrogen (N3)
was used as the propellant gas, heated to 1000 °C and pressurized to 4.7
MPa. The nozzle was positioned perpendicular to the substrate surfaces
with a standoff distance of 30 mm. The microhardness of the resulting
coatings was 4.29 + 0.43 GPa, 4.40 + 0.37 GPa and 4.48 + 0.53 GPa for
indentation loads of 0.5 kgf, 0.3 kgf and 0.1 kgf, respectively. Although
there is a certain trend in the values, the differences are not significant.
Even so, these values are considerably larger than those reported for the
bulk alloy. Borchers et al. [43] compared the deformation behaviour of
316L stainless steel powders in cold spraying and explosive powder
compaction, subsequently correlating the observed microstructures with
the respective energy inputs. They used gas atomised austenitic steel
316L powders with three different powder size distributions, <22 pm
(fine), 15 to 45 pm (medium) and 53 to 177 pm (coarse). They reported
an inversely proportional relation between particle size and hardness,
therefore confirming that the greater the plastic deformation (which
occurs with finer particles), the greater the hardness. This tendency can
also be observed in Fig. 8 comparing the hardness of both CS coatings,
which is also consistent with the observation that the interior of coarser
particles was less plastically deformed (Fig. 7b). Nonetheless, the dif-
ference between the hardness values of the CS 1 and CS 2 coatings is
rather small, compared with the associated standard deviations. In this
respect, it is interesting to note that slightly higher statistical scatter was
observed for the coatings sprayed with larger particles.
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Fig. 8. Microhardness values of the coatings processed by different techniques.
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Conversely, the lowest microhardness values were obtained for the
coatings deposited by the ARC and LC processes. Yung et al. [44]
measured the Vickers microhardness of Inconel 625 coatings deposited
by wire ARC onto SS304L plates and reported an average value of 3.32
GPa. This value corresponds to that shown in Fig. 8 for the ARC tech-
nique. This hardness value, which was lower than the ones measured on
CS and HVOF coatings, may be related to the poorer interlamellar
cohesion since in-flight velocities in ARC spraying are lower than in CS
and HVOF. In addition, the strain hardening which takes place during
deposition is much lower in ARC sprayed and LC coatings due to the
lower particles' velocity, compared with that observed in HVOF and, ina
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major extent, in CS. The coarser lamellae and the presence of a relatively
large fraction of oxides may also compromise the strength of the ARC
coatings, justifying their lower hardness values [45]. However, the LC
coating shows even lower hardness. This result may be related to the
significant dilution identified in these coatings due to the high heat input
during the deposition process [45]. Feng et al. [46] studied the Vickers
microhardness and wear behaviour of Inconel 625 coatings fabricated
by LC and shielded metal arc welding. Additionally, both properties
were correlated to the coatings' microstructure. They observed a sig-
nificant zone of the coating affected by the Fe-dilution process. This
phenomenon affected the hardness of the coatings. Values between 2.4
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GPa and 2.6 GPa were reported for the LC coatings' hardness. The
hardness values shown in Fig. 8 are within this reported range.

According to Fig. 8, the HVOF technique provided the highest
hardness among the conventional thermally sprayed ones. Chen et al.
[47] sprayed Inconel 625 on a 5-mm thick 304 L stainless steel substrate
by flame, ARC, plasma, and HVOF spray techniques. They measured the
hardness of the coatings through nanoindentation tests using a depth-
sensing MTS Nano Indenter XPW with a Berkovich-type pyramidal
diamond tip and continuous stiffness measurement methodology. They
reported a value of 4.9 GPa and 6.6 GPa for the coatings processed by
ARC spraying and HVOF, respectively. They justified the higher hard-
ness values of the HVOF-sprayed sample through the severe plastic
deformation of the splats during the deposition process. These hardness
values are significantly higher than those obtained in our work (Fig. 8).
However, the relative ranking between HVOF and ARC coatings was
similar. It must be taken into account that the hardness measurements
are affected by the scale of the test, increasing the hardness measured as
the indentation size is reduced. The size of the nanoindentations per-
formed by Chen et al. is significatively smaller than the size of the
microindentations performed in this work [46].

To investigate the mechanical properties of the CS coatings in more
detail, nanoindentation tests were additionally carried out as described
in the Materials and Methods section. At a low load of 10 mN, the
maximum depth is around 200-215 nm; therefore, the indents are small
enough that the associated elastic and (even more) plastic deformation
fields fall within a single particle. Thus, the nanoindentation test mostly
returns the properties of the material at the intra-particle level, unlike
the micro-indentation tests, where indents of a much larger size affect a
wider volume of material, encompassing several particles, their in-
terfaces, as well as inter-particle pores and defects. In fact, the micro-
hardness values of the CS coatings shown in Fig. 8 correspond to an
indentation diagonal of approximately 20 pm, which is comparable to or
larger than the size of the primary particles (Table 1). Because the
plastically deformed region extends to an even larger region, it is clear
that the microindentation data reflects the response of more than one
particle, thus encompassing the effect of their interfaces as well.

To verify that the nanoindentation results mainly reflect the prop-
erties at the intra-particle level, a Weibull plot of the cumulative prob-
ability of indentation hardness, Hjr, and elastic modulus, E;r, values are
shown in Fig. 9. Indeed, the Weibull distribution is usually regarded as
the most appropriate to describe the hardness distribution of thermal
spray coatings [48-50]. If the tested material is homogeneous, data can
be expected to follow a single Weibull distribution, thus returning a
linear Weibull plot [50]. On the other hand, multiple slopes reflecting
the co-existence of several Weibull distributions are expected if me-
chanically different regions exist (as would be the case if there were two
or more microstructurally and mechanically distinct areas in the coat-
ings [51], which could also be represented by particles' interiors and
weak inter-particle boundaries or pores [52]).

The plot in Fig. 9a shows that the values of CS coatings tend to follow
a single linear distribution: linear fits to each data set usually return R?
values above 0.9; and usually only a limited number of outliers exist at
the extremes of each distribution. This result corroborates the initial
assumption that nanoindentations reflect intra-particle properties and
are scarcely affected by weak boundaries and pores. Because indents
were randomly distributed across the section of the coatings, it can also
be assumed that in fact there were only few weak interparticle bound-
aries in the samples. Fig. 9b shows the Weibull distribution for HVOF,
ARC and LC coatings. As in the CS samples, the linear fits for the HVOF
and ARC samples yielded R? values >0.9, and only a limited number of
atypical values have been obtained at the extremes of each distribution.
Consequently, this result revealed a quasi-homogeneous response of
these coatings, indicating a homogeneous microstructure inside the
splats, corroborating the microstructure studies reported by Fantozzi
et al. [37]. However, the distribution showed by the LC samples is
characteristic of a slightly less homogeneous microstructure, with R?
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values close to 0.9. This result agrees with the columnar dendritic with
secondary phases observed by Verdi et al. [8] for these coatings.

It is therefore appropriate to treat each data set as a single distri-
bution. Table 2 shows the elastic modulus, E;r, and the nanohardness,
Hj, obtained from the nanoindentation tests carried out onto CS (CS 1
and CS 2), HVOF, ARC and LC coatings.

Of all the spraying techniques analysed in this work, the main focus
is on cold spraying which has the unique characteristic of being carried
out in the solid-state. Therefore, whilst we employed microindentation
to test the hardness of all samples, including HVOF, ARC and LC samples
employed as references, we decided to deepen the analysis through
nanoindentation. The results obtained from HVOF, ARC and LC samples
were used as reference; while for CS samples, we wanted to check the
intra-particle properties to verify the extent of work-hardening, and to
verify the interparticle cohesion through the comparison between nano-
and micro-hardness. In fact, at a low load of 10 mN, the maximum depth
is around 200-215 nm; therefore, the indents are small enough that the
associated elastic and (even more) plastic deformation fields fall within
a single particle. Thus, the nanoindentation test mostly returns the
properties of the material at the intra-particle level, unlike the micro-
indentation tests, where indents of much larger size affect a wider vol-
ume of material, encompassing several particles, their interfaces, as well
as inter-particle pores and defects. Whilst it is already known that, in
conventional thermal spray coatings (e.g. by HVOF and, even more,
ARC) the interlamellar cohesion is always somewhat of a weak link, it
was interesting to check whether this is true also for the cold sprayed
samples. The comparison between the results in Fig. 8 and Table 2
suggests that this is not much the case as the decrease in hardness from
nano to micro level because of lamellar boundaries is limited.

The Ejr values of the two CS samples, respectively equal to 228 + 43
GPa and 207 + 34 GPa, are very similar given the associated error
ranges, and they are consistent with the elastic modulus of bulk Inconel
625 which is reported as 207 GPa [53]. Again, this corroborates the
above assumption that the nanoindentation tests return “intrinsic”
properties at the intra-particle level. Indeed, the elastic modulus of a
material depends mostly on its chemical composition and is neither
affected by its microstructure nor its work-hardening condition. There-
fore, the elastic modulus of the particles is expected not to differ from
that of bulk Inconel 625, whatever the degree of work-hardening.
However, the other coatings showed values significantly lower than
the nominal one. Probably, this result was a consequence of the effect of
the weakness in the interlaminar cohesion characteristic of conventional
thermal spraying techniques and that could affect the force-
displacement curves acting as defects, resulting in a less rigid material.

Interestingly, even the Hjr values obtained by nanoindentation
(Table 2) are only slightly higher than the microhardness of the corre-
sponding coatings (Fig. 8). A scale-effect is usually expected in the
hardness response of thermal spray coatings [54]. As a growing exten-
sion of lamellar interfaces is affected by indents at increasingly high
loads, there is a correspondingly higher chance that such interfaces
surrender during indenter penetration, allowing for inelastic deforma-
tion and resulting in a lower measured hardness. The low drop observed
in this case is thus another indication of strong inter-particle bonding. In
the case of CS coatings, it is consistent with the previous detection of
jetting along particle boundaries (Fig. 6) and the correspondingly tight
boundaries (Fig. 7).

Table 2

Nanoindentation results for the CS coatings.
Sample Hir [GPa] Err [GPa]
CS1 5.32+0.77 228 + 43
CS 2 5.22 £0.74 207 + 34
HVOF 5.05 + 0.73 180 + 11
ARC 4.90 = 0.70 185+ 12
LC 3.90 + 0.40 194 +£17
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3.3. Local wear behaviour

Microscratch tests allowed us to measure the local wear behaviour of
the coatings. The displaced volume was estimated through Eq. (1). Then,
the local wear rate was determined using Eq. (2). Fig. 10 shows SEM
images of representative microscratch grooves obtained on the top
surface coatings processed by the different spraying techniques.

Common morphological characteristics of the residual grooves
generated onto the coatings processed by the different techniques can be
identified. Plastically strained material was accumulated along the
borders of the residual grooves (details of Fig. 10f, g, h, i), revealing a
microploughing mechanism of wear during the microscratch tests. This
phenomenon is characterized by the material piling up on the sides of
the microscratch grooves [9]. In these images, both the grooves and the
side ridges were constant in size for the coatings tested in this work.
Then, the wear process may be stationary and also the predominant
wear mechanisms [55]. Additionally, the material accumulated in front
of the indenter that is not part of the pile-ups is removed by other
mechanisms such as microcutting. The morphological characteristics of
the residual grooves on the LC coatings generated by scratch have been
previously investigated and described by Verdi et al. [8,9], reporting a
combination of two wear mechanisms: microploughing and micro-
cutting (Fig. 10j). The LC residual grooves showed a limited presence of
piling-up material on the sides of the scratch tracks, pointing to the
presence of reduced plastic deformation. Consequently, the micro-
cutting mechanism contribution is required to justify their wear rates.
The microscratch grooves corresponding to the coatings processed by
ARC and HVOF also exhibit some cracks revealing an additional
mechanism of wear characterized by microcracking (Fig. 10h, i). These
cracks appear to follow interparticle boundaries and/or oxide in-
clusions, thus highlighting the detrimental role of these features for the
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tribological response of the corresponding coatings.

According to Fig. 10, the aspect ratio of the residual grooves was
similar for the coatings tested in this work. Consequently, the higher the
residual depth of the scratch tests, the higher the wear rates. Fig. 11
shows representative cross profiles of the scratch tests for the coatings
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Fig. 11. Representative microscratch tests cross profiles by the different tech-
niques.
LC coatings cross profile data extracted from [57].

Fig. 10. SE Images of microscratch grooves: a) CS 1 (powder —25 + 5 pm); b) CS 2 (powder —38 + 15 pm); ¢); HVOF coating; d) ARC sprayed coating; e) LC coating.
), g), h), i) and j) high magnification images from the squared regions in a), b), c), d) and e).
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tested in this work. The ARC sprayed coatings showed the higher re-
sidual depth with a value of 950 nm. Conversely, CS coatings revealed
the lower ones. Therefore, the local wear rates (Fig. 12) were consistent
with the depths of the residual grooves (Fig. 11), revealing a relationship
between both. Additionally, the highest depth of the scratch grooves was
ten times lower than the coatings' thickness. Therefore, no influence of
the substrate was expected [56].

Fig. 12 shows the dimensional local wear rates determined from Eq.
(2). All values were higher than 1073 mm3-(N-m)’1, as commented
below. CS coatings showed the lowest wear rates. Conversely, ARC and
LC coatings exhibited the highest wear rates, which were related to their
low hardness compared to CS and HVOF coatings. As mentioned above,
microploughing and microcutting mechanisms were identified onto CS
coatings, whereas the wear grooves on the HVOF and ARC coatings may
also be affected by an additional mechanism, microcracking (Fig. 10g
and h). This may generate a synergistic effect with the other mechanisms
and increase the overall wear rate. Additionally, despite showing similar
wear mechanisms to those observed for the CS coatings, the LC coatings
exhibited higher wear rates (Fig. 12). This result may reveal the
contribution of mechanical properties, such as hardness and the wear
behaviour.

Fig. 12 shows the relation between dimensional local wear rate, k,
and hardness, Hy, for the different techniques. The comparison showed
that, generally, the hardness was inversely proportional to k. Namely,
coatings with the highest hardness values showed the lowest dimen-
sional local wear rates. This tendency is characteristic of wear domi-
nated by plastic deformation [58]. Therefore, both wear mechanisms
identified on the residual scratch grooves, i.e., microploughing and
microcutting, were governed by the plastic deformation.

However, the microcracking mechanism observed on HVOF and ARC
coatings may have had some influence on the wear process, enhancing
the effect of wear on HVOF and ARC coatings. This was particularly
apparent for the ARC coating, which showed a higher average wear rate
than the LC one despite its higher hardness (Fig. 12). This was likely a
consequence of the additional contribution of brittle fracture to the
dimensional wear rate of the ARC coating, as will be discussed later.

Conversely, the CS coatings showed the lowest k values with the
highest values of hardness, confirming that the plastic deformation and
tight inter-particle boundaries resulting from the solid-state deposition
process had a particularly favourable effect on the abrasive wear resis-
tance of these samples. This result revealed that the lower the ductility of
the coating, the lower the wear rate, thus validating the assumption that
the wear process of the coatings was dominated by plastic deformation.
A similar conclusion was previously reported by Cavaliere et al. [27] for
Inconel 625 CS coatings. Additionally, no significant effect of the grain
size was observed.

From the cross profiles of the residual scratch grooves (Fig. 2b), it is
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possible to estimate the contribution of each of the wear mechanisms
that were identified through the analysis of SEM images. The ploughing
contribution may be estimated from the V,/V; ratio. The material
removal contribution due to microcutting and/or microcracking may be
evaluated from (Vy - V},)/V; relationship.

The results are shown in Fig. 13. In the LC and ARC coatings, the
removal mechanisms are dominant with respect to the ploughing one.
Consequently, the ability of both coatings to accommodate the displaced
material on the groove edges may be limited. It should be noted that this
method cannot differentiate between ductile removal (cutting) and
brittle cracking. It is likely that brittle cracking contributed somewhat to
the material removal from the ARC coating, whilst the LC coating was
probably affected almost exclusively by cutting. By contrast, the CS
coatings exhibited better ability to accommodate material displaced
above the edges of the scratch groove, increasing the size of the pile-ups
and making ploughing the dominant wear mechanism. This may be
particularly advantageous for wear resistance because ploughed mate-
rial is removed from the surface more slowly, through plastic fatigue
upon repeated abrasive grooving [59].

The type and contribution of each wear mechanism activated during
the scratch test could be affected by the microstructure of the coating.
Thus, as shown in Fig. 10, CS coatings were characterized by a
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Fig. 13. Wear mechanisms contributions for each coating activated during the
scratch process.

25 6
O k-10% (mm®-N"-m™)

— [ Microhardness, H (GPa) | 5
e 20 f Y s
E ; T g
% l 1 | I
z 1 B
o 15 ] I I o
£ | . 18 &
nv I l E »
o 10 r 1 T
= 12 L
o ®
S
5 1 £

0 0

cs1 cs2 HVOF ARC Lc

Fig. 12. Relation between wear rate and microhardness from the different techniques.

LC coatings data from [9,57].

11



R. Cortés et al.

continuous morphology with no splat boundaries observed. This
microstructure could justify an easier development of the ploughing
wear mechanism, as compared with cutting, in the CS material. How-
ever, HVOF and ARC coatings present a morphology characterized by a
high percentage of defects, which may explain a lower tolerance to
plastic deformation and a higher contribution of the cutting mechanism
in the wear process than that observed for CS coatings. Moreover, this
lack of continuity could have favoured the formation of cracks during
the scratch process.

To corroborate the above assumptions on wear mechanisms, it is
useful to analyse the dimensionless wear coefficient which is related to
the dimensional one through Hy, according to the following expression

[9]:

K =k-H, 3)
where K is the dimensionless wear coefficient, and it is a measure of the
likelihood that an asperity contact leads to material removal. The K
value will depend on the mechanisms that are activated during the wear
process [60].

Fig. 14 shows the dimensionless local wear coefficient of the coatings
deposited by the different techniques. All the coatings showed values
>40-1073, revealing a wear mechanism clearly dominated by abrasion
[61]. Consequently, the mechanical displacement of the material by the
action of the indenter sliding across the coatings'surfaces was developed
by an abrasive grooving wear mode. The ARC coatings showed greater
average dimensionless wear coefficients, probably because grooving
occurs by brittle fracture in addition to ductile grooving mechanisms
(ploughing or cutting). This corroborates the previous considerations.
By contrast, the lowest average dimensionless wear coefficient was ob-
tained with the LC coating. Although the widths of the associated error
bars make it difficult to differentiate the LC and CS samples, this result
reflects the near-complete absence of any brittle fracture phenomena on
the LC sample, due to the high cohesion of its microstructure. This
cohesion is at least as good as that of the CS samples. Consequently, the
greater wear loss of the LC coating is not due to the onset of brittle wear
mechanisms, consistent with the hypotheses put forward previously.
Grooving occurs by ductile mechanisms in both LC and CS samples.
However, due to the lower hardness of the LC coating, each ductile
grooving event leads to the displacement of a larger volume of material
(probably by cutting, when this result is coupled to the fraction of ma-
terial removal in Fig. 13) than it does on the harder CS samples.
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Notably, it appears that the HVOF sample also exhibits approxi-
mately the same dimensionless wear coefficient as the CS and LC sam-
ples, despite the visible occurrence of microcracking in Fig. 10g.
Therefore, it is inferred that microcracking phenomena are not espe-
cially influential on the overall displacement and loss of material from
the HVOF coating. Rather, this is more affected by the lower hardness of
this coating, compared to the CS ones, likely due to oxide inclusions and
interlamellar defects weakening the overall cohesion. Thus, the slightly
higher contribution of removal rather than ploughing mechanisms in the
HVOF sample (Fig. 13) can also be ascribed to cutting (like for the LC
coating) rather than brittle fracture.

It is worth highlighting the high values of wear rates obtained from a
microscratch test compared to those reported from dry sliding wear
tests. Wear rate values with orders of magnitude of 10™> and 10~*
mm>N1m™! are common in dry sliding wear tests. Gao et al. [62]
reported values of 1-10™> mm>-N~!-m™! for untreated bulk Inconel 625
under a ball-on-disc sliding wear test configuration. Similarly, Wu et al.
[29] studied the tribological properties of 625 coatings deposited on
6061 aluminum alloy using a high-pressure cold spray process. They
carried out dry sliding wear tests at room temperature on Inconel 625
coatings through a ball-on-disc arrangement. They reported values of
the specific wear rates that ranged between 10-10™> to 40-107°
mm3N~Lm™! depending on the sliding velocity. Srichen et al. [63] also
employed the ball-on-disc test to study the influence of heat treatments
on the tribological behaviour of ARC NiCrMoAl alloy coatings at room
temperature. For the as-sprayed coatings, they reported a specific wear
rate of 4-107° mm>-N~1-m ™. These wear rates values are significantly
lower than that obtained from microscratch tests in the present work
(Fig. 10). This discrepancy may have occurred, on the one hand, because
in the microscratch tests the formation of the mechanically mixed layers,
the occurrence of tribo-oxidation and wear of the counterbody asperities
are limited. All these phenomena can limit the wear loss of the coating.
Moreover, in the present tests, the calculation of the specific wear rate
according to Egs. (1) and (2) included both the fraction of material that
was plastically displaced without removal and the fraction of removed
material. In ball-on-disc tests, by contrast, the specific wear rate is
usually calculated only using the volume of removed material. If we
consider only the fraction of removed material according to Fig. 13, the
specific wear rates of the CS samples decrease to around 4-10~*
mm>3N~1.m~, which are closer to the upper limit of the range of spe-
cific wear rates reported in the literature. This also reflects the contri-
bution due to “pure” abrasive grooving, with no tribochemical/tribo-
oxidative contributions (e.g., mechanically mixed layers' formation
and/or tribo-oxidation, as mentioned above). Accordingly, the differ-
ence between single microscratch experiments and full ball-on-disc tests
may give a clear sign of the relevance of tribochemical phenomena in
mitigating the sliding wear loss against hard counterparts. Interestingly,
the large contribution of removal mechanisms (mostly cutting, based on
the earlier considerations) to the specific wear rate of the LC sample
means that its “removal-only” specific wear rate is still close to the value
listed in Fig. 12, i.e., above 1073 mm®N~1.m™!. This underlines how the
low hardness of the coarser and more diluted LC coating might be
especially detrimental to the wear resistance.

4. Conclusions

Inconel 625 coatings processed by CS, using two powder size dis-
tributions, and by several conventional techniques, including HVOF,
ARC and LC, were analysed. Microstructure, Vickers hardness, nano-
hardness and local wear behaviour were evaluated, leading to the
following conclusions.

e No oxides were observed in the CS coatings due to the low deposition
temperatures by SEM. CS coatings exhibit a plastically deformed
dendritic microstructure affected by the powder size distribution.
Finer powders originally contained a finer dendritic microstructure
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(which is retained in the CS coating) and undergo more extensive and
uniform plastic deformation upon impact.

CS materials exhibit the greatest hardness due to the plastic defor-
mation developed during deposition. No significant effects of powder
size distribution were detected. The lowest hardness was measured
in the ARC coating, due to limited interlamellar cohesion and
extensive oxidation, and the LC coating, due to dilution processes
during deposition.

e The main wear mechanism observed in all the deposited materials
was ductile grooving which could be specifically differentiated into
two sub-mechanisms: microploughing and microcutting. However,
ARC and HVOF coatings also exhibited microcracking. Especially in
the ARC coating, the latter wear mechanism is combined with plastic
grooving in a synergistic manner, increasing the local wear rate.

CS materials exhibited the highest wear resistance and no clear effect
from the particle size distribution was detected. HVOF and LC sam-
ples, despite exhibiting a similar tendency to ductile and brittle
grooving, suffered higher specific wear rates due to the lower
hardness. This also implied a greater tendency toward microcutting
(with direct removal of material) rather than microploughing (with
no material removal). Thus, when specific wear rates are calculated
based only on the removed fraction of material (i.e., excluding the
fraction of plastically displaced material), there is an even larger
difference between CS coatings, on the one hand, and LC and HVOF
coatings, on the other.

The microscratch test allows obtaining wear rates not affected by
other phenomena that depend on the wear test configuration, such as
tribo-oxidation or mechanically mixed layers. Thus, specific wear
rates under microscratch conditions are usually higher than in a
sliding wear test involving multiple contact events, like a ball-on-disc
test, and allow characterizing a purely “mechanical” response from
the material.

Therefore, from this work it can be concluded that the main wear
mechanism observed in all the deposited materials was ductile grooving,
regardless of the thermal spraying technique. The ductile character of
the metallic alloy dominates over the spraying technique. Consequently,
the analysis of the wear rates allows to conclude that the coatings
deposited by CS are those with the highest scratch wear resistance. This
result is directly related to a higher hardness exhibited by these coatings.
Finally, this behaviour seems to be independent of the powder size used
in the manufacturing process of the CS coatings, at least in the range
studied in this work.
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