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Abstract: Thermally sprayed 316L stainless steel coatings are commonly used on metallic structures
due to their corrosion and wear resistance when compared to carbon steel. Cold Gas Spray (CGS)
is a convenient thermal spray process to deposit 316L coatings, producing thick and very dense
coatings, with almost no deleterious changes on the feedstock properties to the coating condition.
The powder characteristics have influence on the microstructure of the coating, such as porosity
and oxide contents, which alter its corrosion and wear behavior. CGS is an efficient technique to
reduce the problems associated with material melting commonly found in other conventional thermal
spray methods. In this work, different 316L powders, produced by different manufacturers, were
deposited by CGS, applying the same equipment and parameters, with the objective to evaluate
the relation between the powders’ characteristics and coating properties. Their microstructure,
adherence, hardness, as well as the performance on corrosion and wear testing were evaluated. The
water atomized powders presented in general better results than gas atomized powders.

Keywords: 316L; cold gas spray; powder shape; corrosion; wear

1. Introduction

Metallic components and/or metallic structures are exposed to different conditions
during their lifetime. The operational and environmental conditions must be considered
during their design, fabrication, maintenance and inspection steps, since wear or corrosion
could occur in working conditions. For this reasons, the application of coatings on the new
components have been widely used, employing different techniques, such painting, gal-
vanizing, Physical Vapor Deposition (PVD), Chemical Vapor Deposition (CVD), welding,
thermal spraying, and other processes [1–4]. The selection of the protection methodology
and coating materials depends on its purpose, such corrosion, wear, or cavitation resistance,
or aesthetic purpose. Among thermal spray processes, CGS is a deposition technique used
to fabricate coatings or to repair worn areas of free standing parts [5–7]. Nowadays, CGS is
accepted as a spray technique capable of depositing thick metal layers on different sub-
strates at relatively low processing temperatures, maintaining the initial phase composition
of different feedstock powders. Since the starting powders used in CGS remain in the solid
state during the deposition, the most common defects of the high-temperature thermal
spray processes, such phase transformation or oxidation, can be avoided [8–11].

The 316L stainless steel offers high creep resistance, desirable machinability, and
significant tensile strength at high temperatures, as well as wear and corrosion resistance,
which accredit it to applications in aerospace, automotive, medical implants, pharmaceuti-
cals and biomedical industries, food preparation equipment, oil and gas sectors, marine,
and architectural applications [12]. It is also used to coat carbon steel or to repair 316L
damaged parts.

The feedstock powder for CGS can be manufactured by different techniques, resulting
in different powders characteristics and properties [13,14]. For example, the gas atomization
process produces spherical powders, while the water atomization confers to the powders
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an irregular shape, and it is typically a cheaper process than gas atomization [15,16]. About
the selection of an specific shape powders to be used in CGS, for Jeandin et al. [17], it
depends on the answering of two main questions: first, how the particles impinge during
the process and second, the nature of the bonding between two adjacent splats. It is clear
that both answers depend on the powder shape, which influences the particle deformation
at the impact and adhesion mechanisms. The resistance on tensile testing and the hardness
of Ag irregular powder CGS sprayed coatings were higher than the Ag spherical shape,
even after heat treatment [17]. Some mechanisms collaborate to the adhesion of the particles
to the substrate as listed by Sun et al. [18]: the adiabatic shear instability (ASI), caused by
the high velocity of the powder particle, breaks the natural oxide film on the surface of
both the particle and the substrate and the progressive plastic flow of the materials enables
metallic bonding at atomic scale through direct contact between the adjacent fresh metal
surfaces; mechanical interlocking, interfacial mixing, local melting and diffusion [19–23].

Particles velocity is among the most important parameters of CGS, which works
well in a window of operation, meaning that the particles must impact to the substrate
above a critical velocity and under a maximum velocity. It occurs due to the fact that slow
particles does not attach or anchor to the substrate and particles with an excessive velocity
erode the substrate [9]. It is well known that the higher the velocity of the particles, the
lower the porosity, the higher the adhesion strength and the higher the corrosion resistance
and hardness of the cold sprayed coating [10,12,24]. Fukanuma et al. [25] investigated
experimentally how particle morphology affects particle acceleration in a CGS supersonic
gas flow. They sprayed 316L powders with spherical and irregular morphologies, resulting
the irregular 316L particles is faster than the spherical ones at the same process conditions.
According to these authors, this is due to the higher drag coefficient of the angular particle.
Jodoin et al. [26], using the CGS process, measured the higher velocity for particles of Al
alloys cryomilled (irregular) than the atomized ones. Schmidt, Gaertner, and Kreye [24]
also presented the influence of the particle size on the velocity of particles, since the bigger
the particles the lower the velocity and the temperature reached, mainly due their mass
and inertia to the movement. Evaluating the size of 316L particles, Adachi and Ueda [27]
presents the smallest particles (–20 + 5 µm) producing denser CGS coatings than bigger
particles (–45 + 10 µm and –53 + 20 µm).

This work aims to evaluate the effect of the 316L feedstock powders characteristics
on the CGS coatings properties, microstructures, corrosion, and wear performance. To
accomplish this objective, fully dense 316L coatings were prepared via CGS, using four
different 316L commercial starting powders. The powders characteristics and properties
were measured, as the microstructure and mechanical properties of each coating, and their
wear and corrosion resistance.

2. Materials and Methods
2.1. Feedstock Powders

For the tests carried out in this work, four different 316L commercial powders were
used, two powders are specially designed for CGS technology and prepared by water at-
omization: 316L-CGS_1 (Ref: 316L from Daye, Shijiazhuang, China) and 316L-CGS_2
(Ref: SS316L from Plasma Giken, Saitama, Japan). While the other two are specific
powders for conventional thermal spraying techniques and obtained by gas atomization:
316L-HVOF (Ref: DiammalloyTM 1003 from Oerlikon, Westbury, NY, USA) and 316L-APS
(Ref: 316L from Sandvik, Neath, UK). In Table 1 the powders properties and characteristics
informed by the manufacturers are summarized.
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Table 1. Feedstock materials.

Powder Identification
Nominal Composition (wt.%)

Particle Size Distribution (µm) Fabrication Process
Cr Ni Mo Mn Si Fe

316L-CGS_1 17.6 - 2.7 0.3 0.8 Bal. −40 + 15 Water atomized
316L-CGS_2 <18 <14 <3 - <1 Bal. −45 + 10 Water atomized
316L-HVOF 17 12 2.5 - 2.3 Bal. −45 + 11 Gas atomized
316L-APS 17 12 2.5 2 1 Bal. −45 + 20 Gas atomized

2.2. Cold Gas Spray Conditions

All the 316L powders were deposited onto flat low carbon steel substrates
(S235JR type, 20 × 50 × 5 mm3) previously grit-blasted with alumina for roughness greater
than Ra 7 µm and Ry 40 µm. Coatings were prepared by CGS using a CGT Kinetiks 4000
equipment (Impact Innovations Gmbh, Haun, Germany) fitted with a water-cooled SiC
nozzle. For all the coatings, four layers were sprayed at a 500 mms−1 axial velocity using
N2 as a propellant gas at 4 MPa and 800 ◦C of gas pressure and temperature, respectively.

The deposition efficiency shown by each powder was calculated as the ratio of mass
gained by the substrate after spraying and the mass of powder consumed during the
spraying time. Identical spraying conditions to those above indicated were used for
carrying out these analysis and a scale AE100 (Mettler, Columbus, OH, USA) was used for
mass measuring.

2.3. Powder and Coating Characterization

The actual particle size distribution of feedstock powders was determined in triplicate
by dry mode Laser Scattering (LS) techniques using a LS13320 equipment (Beckman Coulter,
Brea, CA, USA), according to ASTM B822-02 standard [28]. The nominal composition of
316L powders was analyzed by inductively couple plasma (ICP) using an ICP-OES 3200 RL
equipment (Perkin Elmer Optima, Waltham, MA, USA) available in the CCiTUB facilities
ascribed to the University of Barcelona (Barcelona, Spain). In addition, the apparent density
and flowability of the powders were measured, in accordance with the ASTM B212-99 [29]
and ASTM B213-03 standards [30], respectively.

The metallographic preparation of coatings and powders cross-section was carried out
in accordance with the ASTM E1920-03 [31] and ASTM E3-01 [32] standards and the etching
was done in aqua regia reagent (30 mL HCl, 10 mL HNO3, and 20 mL H2O). A DMI5000M
(Leica, Wetzlar, Germany) microscope was used for the Optical Microscopy (OM) and
coating thickness measurement, following the standard ASTM B487-85 standard [33], as an
average of 10 thickness values. For Scanning Electron Microscopy (SEM) was used a Pro
Desktop SEM equipment (Thermo Fisher Phenom, Eindhoven, Netherlands). The coatings
porosity was analyzed with the software ImageJ on OM images at 200x magnification,
according to ASTM E2109-01 standard [34].

In order to compare the phases and crystal structure of the feedstock powders and CGS
coatings, the XRD equipment X’Pert PRO MPD (PANalytical, Malvern, United Kingdom)
was used with a radiation of Cu Kα (λ = 1.5418 Å) from 5◦ to 120◦ 2θ with a 0.017◦ step,
measuring 80 s per step.

Microhardness of coatings was measured by means of a HMV (Shimadzu, Tokyo,
Japan) equipment, following the ASTM E384-99 standard [35], applying a load of 0.3 kgf
(3 N) (HV0.3). Microhardness values were averages from 10 indentations in Vickers scale
for each coating.

The adhesion strength of the coatings was measured using a tensile test, in accordance
with the ASTM C633-13 standard [36], mounting the coated sample to the uncoated coun-
terpart using the epoxy resin adhesive Ultrabond 100 (HTK, Hamburg, Germany) cured
at 180 ◦C for 1 h, with traction-adhesive strength of 70 MPa. Three tests for each mate-
rial were performed in a MCH-102 ME (Servosis, Madrid, Spain) equipment at a rate of
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0.01 mms−1 until both counterparts are separated. The results were classified according to
the maximum tensile strength and the failure observed (cohesive, adhesive, or glue failure).

The performance of the coatings in abrasive conditions was evaluated by means of
the Rubber Wheel method, ASTM G65-00 standard [37]. This test was performed with the
OL-2000 (CM4, Cervello, Spain) equipment at a velocity of 139 rpm, with a force of 50 N, a
22.6 cm diameter wheel and Ottawa silica sand as the abrasive agent (Sibelco, Barcelona,
Spain) with less than 0.5% moisture). For the analysis of the sliding wear resistance of
the 316L coatings, ball-on-disk tests were carried out following the scheme presented in
Figure 1, in accordance with ASTM G99-04 standard [38]. For this test, the samples were
previously prepared, by grinding and polishing up to the maximum roughness Ra 0.8 µm.
The tests were performed at room temperature (27 ± 2 ◦C) and maximum 20% moisture in
dry conditions using a WC–Co ball (∅ = 11 mm), with a sliding rate of 0.13 m·s−1 for a total
sliding distance of 1000 m. During the test, the coefficient of friction (CoF) between the
surfaces was recorded and plotted for the load of 10 N with the acquisition rate of 1 value
per lap, with a total of 22737 CoF values. The wear volume loss of the ball on disk samples
was calculated by the Equation (1), as recommended by the ASTM G99-04 standard [38],
where R is the wear track radius, d is the wear track width, and r is the ball radius. The
friction wear rate is the disk volume loss divided by load and sliding distance.

Disk Volume Loss = 2πR
[

r2 sin−1
(

d
2r

)
−

(
d
4

)(
4r2 − d2

)1/2
]

(1)
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Figure 1. (a) scheme and (b) equipment for ball-on-disk testing, (1) sample, (2) ball, (3) load, (4) wear
path on sample, and (5) rotation direction of sample.

Potentiodynamic polarization measurements were carried out, in accordance with the
ASTM G59-97 [39] and ASTM G102-89 [40] standards, to determine corrosion resistance
of the coatings in 3.5 wt.% NaCl water solution. Two different samples of each coatings
and reference bulks were used for corrosion tests as working electrode, with exposed
area of 1.0 cm2. The exposed surfaces were grinding up to the maximum roughness Ra
0.3 µm. A saturated calomel (3.0 M KCl) was the reference electrode and a platinum was
the counter electrode in the tests. A scan rate of 0.05 mV·s−1 and a potential range of
±25 mV with respect Eocp were used to acquire the polarization resistance (Rp), and from
−250 to 1050 mV with respect Eocp to acquire the polarization curves with a VSP (Biologic
Science Instruments, Seyssinet-Pariset, France) equipment. The corrosion potential (Ecorr)
and corrosion current (Icorr) were calculated with the software EC-Lab V10.44. Ecorr was
obtained from a Tafel Fit extrapolation, while Icorr was calculated according to the Stern-
Geary Equation (2).

Icorr =
(βa + βc)

2.3 × (βa + βc)× Rp
(2)

where, βa and βc are the anodic and cathodic currents, respectively, and Rp is the polariza-
tion resistance.
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To benchmark the wear and corrosion behavior of CGS 316L, the wear and corrosion
behavior of 316L bulk were also evaluated.

3. Results and Discussions
3.1. Characterization of Powders

Shown in Figure 2a–h are SEM images of the feedstock powders used in this study
are shown. These images clearly show the differences in morphology found for these
powders regarding their manufacturing process. As expected, the water atomized powders
(316L-CGS_1 and 316L-CGS_2) show an irregular morphology, while the gas atomized
powders (316L-HVOF and 316L-APS) are composed of quasi-spherical particles, with
satellite particles attached to the bigger particles of the 316-APS. These differences are
mentioned by Lagutkin et al. [15], who explained that the high spheroidicity of the gas
atomized powders as a result of using an inert gas in the atomization process. The amount
of satellite particles in gas atomized powders is attributed to the fabrication process’
parameters by Beckers et al. [14], since the satellite are particles previously solidified that
collide and adhere to the bigger particles, and their formation is influenced by the particle
concentration in a atomization flow, the direction of atomizing gas jets, the design of the
atomizing chamber, and other parameters [14]. On the other hand, the irregular shape
of water atomized powders may be attributed to the relative higher cooling rates during
solidification compared to the gas atomizing process [41]. A microstructure of austenite
grains was revealed by observing the powders’ cross-section in a SEM. These grains are
identical to the presented by Sklyar et al. [42], with presence of smaller grain size in the
smaller particles due to their faster solidification process.
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Figure 2. SEM of three dimensional and etched cross section images of powders at 1000× and 7000×,
respectively. (a,b) 316L-CGS_1, (c,d) 316L-CGS_2, (e,f) 316L-HVOF, and (g,h) 316L-APS.

In order to corroborate the chemical composition and crystallographic structure of the
powders used in this study, the content of alloying elements and the identification of phases
in the 316L powders was carried out by ICP and XRD, respectively. The composition of the
powders is shown in Table 2, which were in agreement with the 316L reference, as expected.
Only a exception was observed for 316L-APS powder, the Ni and Mo amounts closely out
of range. The XRD diffractograms corresponding to all the 316L powders are shown in
Figure 3 and their phase analysis indicates the presence of one only phase, austenite γ

(reference code: 00-023-0298), in all of the feedstock powders.

Table 2. Chemical composition of the 316L feedstock powders. wt.%.

Material Cr Ni Mo Mn Mg S P Si Fe

316L-CGS_1 16.03 12.27 2.57 0.52 <0.1 <0.5 <0.5 <2.0 Bal.
316L-CGS_2 16.32 11.19 2.16 0.09 <0.1 <0.5 <0.5 <2.0 Bal.
316L-HVOF 16.42 10.12 2.07 1.37 <0.1 <0.5 <0.5 <2.0 Bal.
316L-APS 17.07 9.55 1.83 0.55 <0.1 <0.5 <0.5 <2.0 Bal.

316L reference [43] 16.0
18.0

10.0
14.0

2.00
3.00

2.00
max - 0.030

max
0.045
max

0.75
max Bal.
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Figure 3. XRD patterns of the 316L feedstock powders.

The mentioned differences observed in the particle size between powders were con-
firmed by the LS technique. Figure 4 shows the particle size distribution histograms
obtained by this method for all the powders. In the graphs it can be clearly observed
that only the 316L-APS powder presentes a narrower particle size distribution and its
volume of small particles, observed in Figure 2d, was too low and did not contributes
significantly for its histogram in Figure 2d, while for the other three powders, the curves
were quite wide. In case of the water-atomized powders, 316L-CGS_1 and 316L-CGS_2,
this result is common result, since the particle size distribution curve obtained by LS might
under- and over-estimate the volume of the particles due to the irregular shape of the
particles. Distribution size parameters (d10 and d90) and apparent density of the powders
are included in Table 3.
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Table 3. Particle distribution, apparent density, and flow rate of the 316L feedstock powders.

Material

Particle Size Distribution
(µm) Morphology Apparent Density

(g·cm−3)
Flow Rate

(g·s−1)
Powder Feed Rate

(g·s−1)
d10 * d90 **

316L-CGS_1 16 60 Irregular 3.03 ± 0.01 9.03 ± 0.36 0.43
316L-CGS_2 17 60 Irregular 2.86 ± 0.01 8.21 ± 0.49 0.41
316L-HVOF 19 47 Quasi-spherical 4.47 ± 0.01 17.61 ± 0.40 0.55
316L-APS 29 47 Quasi-spherical *** 3.73 ± 0.01 13.44 ± 0.65 0.50

* d10: 10% of the powder have size under this value; ** d90: 90% of the powder have size under this value; *** Presence of satellite particles.

The flow rate and the flowability of the powders was also measured by means of
a Hall funnel, ASTM B213-03 [30], are indicated in Table 3. Powder flowability is an
important characteristic of powders for CGS as it influences the powder feed rate that may
be achieved in the CGS equipment. In this respect, an increase of the powder flow rate of
the would lead to an increase of the powder feed rate on the same spraying conditions, as
confirmed in Table 3, with the highest value of apparent density, flow rate, and powder
feed rate seen for the same powder, 316L-HVOF. Bearing in mind that all the powders
had been sprayed under identical spraying conditions, feed rate may show a significant
effect on the deposition efficiency and coating characteristics, as it will determine the
amount of particles introduced into the powder laden jet, and, hence, it will affect the final
particle temperature and/or velocity. The lower values presented in Table 3 for the water
atomized powders, 316L-CGS_1 and 316L-CGS_2, are related to the shape of the particles,
since the spherical shape tends to have higher flowability, and to the d90 value of particle
size distribution, which is 60 µm for the water atomized powders and 47 µm for the gas
atomized powders.

From the comparison of the SEM and LS data with the flow rate results for each
powder, it can be interpreted that the morphology and size of the powder particles clearly
affect to the flowability of the powders. Thus, the quasi-spherical powders showed a higher
flow rate than the water-atomized materials as it is widely accepted that an irregular shape
of particles has a detrimental effect on its flow rate. Unexpectedly, the flow rate measured
for the 316L-APS powder (with the narrowest particle size distribution) points out that
this material did not show higher flowability than the 316L-HVOF powder. This result can
be justified by the presence of the satellite particles on the surface of the biggest particles
among the samples, Figure 2, which significantly decreased its flowability. The powder
feeding rate achieved by each powder under identical spraying conditions is included in
Table 3.

3.2. Characterization of Coatings

The OM cross section images recorded for the CGS coatings deposited in this study
are shown in Figure 5a–h. In these images, it can be observed that all the coatings showed
the densified and typical structure of CGS coatings, with the deformed powder particles
forming the lamellae/splats structure, clearly seen in the etched samples. The etching
also revealed the severe grain deformation in the periphery of the particles. In addition,
the Figure 6 presents an example of interface substrate/coating revealing the severe de-
formation of the carbon steel substrate and the intermixing between the coating and
substrate materials, which are anchoring mechanisms of the CGS coatings [21–23]. The
coating/substrate interfaces also did not present inclusions of alumina from sandblasting
preparation process nor delamination.
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study are shown in Figure 5a–h. In these images, it can be observed that all the coatings 
showed the densified and typical structure of CGS coatings, with the deformed powder 
particles forming the lamellae/splats structure, clearly seen in the etched samples. The 
etching also revealed the severe grain deformation in the periphery of the particles. In 
addition, the Figure 6 presents an example of interface substrate/coating revealing the 
severe defor-mation of the carbon steel substrate and the intermixing between the coating 
and substrate materials, which are anchoring mechanisms of the CGS coatings [21–23]. 
The coating/sub-strate interfaces also did not present inclusions of alumina from 
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Figure 6. SEM of the interface substrate/coating of 316L-CGS_1 obtained at 3000×.

For comparative reasons, the porosity of all the coatings was calculated by means
of image analysis and the values obtained are included in Table 4. It is worth indicating
that these porosity percentages are calculated as a mean value of ten images for each
material, and for this reason, the OM images shown in Figure 5 do not necessarily represent
this mean value. It is accepted that the density of the coating and deposition efficiency
are directly related to the particle size distribution, shape of the feedstock particles, and
CGS parameters [44], as the amount of small particle composing the size distribution had
severe influence on the porosity of CGS coatings, as related by Spencer and Zhang [45],
presenting increasing of porosity with the powder d10 value. In this respect, coatings
showing high density and deposition efficiency would be expected when the material used
has a smaller d10 value in the particle size distribution and spherical morphology, favoring
their flattening and homogeneity of splats phase in the coating, when compared to coatings
obtained by irregular shape feedstock powders [44].

Table 4. Properties of the 316L coatings.

Material Hardness (HV0.3) Thickness (µm) Porosity (%) Adherence (MPa) Deposition Efficiency (%)

316L-CGS_1 356 ± 23 420 ± 26 0.1 ± 0.0 29.4 ± 4.9 97
316L-CGS_2 348 ± 48 331 ± 28 0.2 ± 0.0 19.7 ± 2.4 85
316L-HVOF 353 ± 44 517 ± 21 0.2 ± 0.1 11.0 ± 1.9 92
316L-APS 344 ± 25 381 ± 12 0.4 ± 0.2 4.5 ± 2.1 80

All the coatings prepared in this study showed porosity percentages lower than 0.5%,
regardless of the raw material features. These values of porosity are even lower than
the values presented by other authors: 1.9% [27], 2.2% [46], 3.3% [8], and 1.86% [5], for
identical coating materials and process. Even as the differences between coatings are
not significant, the porosity results suggests that for those 316L powders, higher coating
density may be achieved when water atomized powders (irregular morphology), with
lower d10 value than the spheroidal, are used for CGS deposition. The powder 316L-APS,
even with higher powder feed rate and apparent density, 0.50 g·s−1 and 3.73 ± 0.01 g.cm−3,
respectively, presented the lowest deposition efficiency, 80%, which resulted in the thinnest
coating, 381 ± 12 µm. This is justified by the particle distribution and highest d10 value,



Coatings 2021, 11, 168 11 of 18

29 µm, which influenced reducing the particle energy at the impact on the substrate, and
consequently the particle flattening and anchoring.

To complete the characterization of the coatings, the microhardness and adhesion
strength of these 316L CGS coatings were also analyzed. The average values of micro-
hardness measured for the coatings are shown in Table 4. They did not reveal significant
differences among the different coatings, and are close to the mean values obtained by
other authors: 358 HV [12], 370 HV [6], and 325 HV [47]. The CGS hardness values should
be compared to other thermally sprayed 316L coatings: 190 HV [48] for flame spraying,
270 HV [48] and 312 HV [49] for HVOF, 325 HV for arc spraying [50], and 262 HV for
APS [49]. The CGS process characteristics of lower temperature and higher velocity of
particles than other processes justify its higher coating hardness, since its higher particles’
velocity promotes the increasing in hardness due to their plastic strain hardening [51],
and the relative low temperature prevents the material recrystallization, thus enabling
the ASI mechanism, as explained by Sun et al. [18]. In addition, all the coatings show a
hardness in the range to that reported for 316L bulk materials, 350 HV0.3, approximately.
It is worth underlining that the tests carried out onto the cross-section of all coatings did
not present significant variation or gradient in the microhardness values from the interface
substrate/coating to the top surface of the coating. These data are in agreement with
the information previously interpreted from the microstructure characterization, which
suggested no difference in porosity and particle-to-particle cohesion for all the 316L CGS
coatings. Additionally, the indentation marks on the coatings are presented in Figure 7,
showing that no cracks growing is generated from these marks, legitimating the measures.

Coatings 2021, 11, x FOR PEER REVIEW 11 of 18 
 

 

To complete the characterization of the coatings, the microhardness and adhesion 
strength of these 316L CGS coatings were also analyzed. The average values of microhard-
ness measured for the coatings are shown in Table 4. They did not reveal significant dif-
ferences among the different coatings, and are close to the mean values obtained by other 
authors: 358 HV [12], 370 HV [6], and 325 HV [46]. The CGS hardness values should be 
compared to other thermally sprayed 316L coatings: 190 HV [47] for flame spraying, 270 
HV [47] and 312 HV [48] for HVOF, 325 HV for arc spraying [49], and 262 HV for APS 
[48]. The CGS process characteristics of lower temperature and higher velocity of particles 
than other processes justify its higher coating hardness, since its higher particles’ velocity 
promotes the increasing in hardness due to their plastic strain hardening [50], and the 
relative low temperature prevents the material recrystallization, thus enabling the ASI 
mechanism, as explained by Sun et al. [18]. In addition, all the coatings show a hardness 
in the range to that reported for 316L bulk materials, 350 HV0.3, approximately. It is worth 
underlining that the tests carried out onto the cross-section of all coatings did not present 
significant variation or gradient in the microhardness values from the interface sub-
strate/coating to the top surface of the coating. These data are in agreement with the in-
formation previously interpreted from the microstructure characterization, which sug-
gested no difference in porosity and particle-to-particle cohesion for all the 316L CGS coat-
ings. Additionally, the indentation marks on the coatings are presented in Figure 7, show-
ing that no cracks growing is generated from these marks, legitimating the measures. 

  

  
Figure 7. Marks for hardness measurements of the coatings. (a) 316L-CGS_1, (b) 316L-CGS_2, (c) 316L-HVOF, and (d) 
316L-APS. 

As mentioned, the adhesion strength of the coatings was also measured and the data 
collected are included in Table 4. In addition, all the coating show adhesive failure be-
tween coating and substrate, since all of the coatings were completely detached from the 
substrate. The adherence of 316L CGS coatings is presented with a wide range of values 
in the literature: >53 MPa [45], >60 MPa [51], 80 MPa [52], and 13 MPa [53]. Comparing 
these references with Table 4, all of the studied 316L CGS coatings presented relative low 

Figure 7. Marks for hardness measurements of the coatings. (a) 316L-CGS_1, (b) 316L-CGS_2, (c) 316L-HVOF, and (d)
316L-APS.

As mentioned, the adhesion strength of the coatings was also measured and the
data collected are included in Table 4. In addition, all the coating show adhesive failure
between coating and substrate, since all of the coatings were completely detached from the
substrate. The adherence of 316L CGS coatings is presented with a wide range of values in



Coatings 2021, 11, 168 12 of 18

the literature: >53 MPa [46], >60 MPa [52], 80 MPa [53], and 13 MPa [54]. Comparing these
references with Table 4, all of the studied 316L CGS coatings presented relative low values,
even lower to 5 MPa for the 316L-APS coating. In spite of this, significant differences
are shown between coatings, which can be ordered in terms of adherence as follows
316L-CGS_1 > 316L-CGS_2 > 316L-HVOF > 316L-APS. These differences between all the
coatings might indicate that better adhesion of particles to the substrate is achieved for
the water atomized 316L-CGS_1 powder. This material also showed the higher deposition
efficiency, which had been related with a higher particle velocity. Thus, the adhesion results
will suggest that this powder would reach the higher particle temperature, favoring the
particle plastic deformation during the impact and, as a result, the anchoring of the coating
to the substrate.

3.3. Corrosion Performance Testing

For the evaluation of the performance of theses coatings in a corrosive media, potentio-
dynamic experiments were conducted with all the CGS coatings. The polarization curves
obtained in these experiments are shown in Figure 8. In this figure, the polarization curve
measured for a 316L bulk component is also included for comparative reasons. From these
curves, Ecorr and Icorr values characteristic for each coating were inferred. A significant
difference in these parameters can be observed between coatings, as the 316L coatings
obtained by means of the water atomized powders had corrosion potentials and current
values closer to the 316L bulk reference than the gas atomized powders. This might suggest
that the water atomized powders lead to the deposition of more compact coatings, which
allows eliminating the effect of the substrate on the polarization response.
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All the curves obtained for the 316L CGS coatings show the typical evolution expected
for 316L materials. Looking at the anodic side of the polarization curve, it is observed that
all the coatings showed a passivation region starting at low anodic potential. In agreement
with Ecorr and Icorr values, the CGS show a higher current intensity in this passivation
region than that shown by the 316L bulk. This clearly indicates that, although in all the
cases the coating is passivated, the 316L will be corroded or consumed at a higher rate than
for the benchmark material. As previously observed, the water atomized powders allow
depositing coating with a lower passive current intensity than the gas atomized precursors.
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Despite the differences observed between coatings and 316L bulk material, it is worth
indicating that the 316L-CGS_1 coatings showed an Epitting value very close to that observed
for the reference material, indicating that the passive layer of this coating remains stable
up to the identical anodic polarization for these two materials.

From these results (Table 5), it cannot be suggested the reparation of any 316L part
CGS as a promising solution considering the great performance differences between bulk
material and CGS coatings. In this respect, the differences in Ecorr indicate that the in-
corporation of this 316L layer to a 316L surface may generate galvanic couples which
will worsen the resistance of this part to the corrosive media, accelerating its degradation
and mass loss [55,56]. Anyway, comparing the results between water atomized (316L-
CGS_1 and 316L-CGS_2) and gas atomized (316L-HVOF and 316L-APS) powders, it is
clear that the first ones are more resistant to corrosion than those obtained with an ideal
spherical powder.

Table 5. Results of corrosion testing and abrasion rate for 316L CGS coatings and bulk.

Material Current Density icorr (µA·cm−2) Potential of Corrosion Ecorr (mV) Polarization Resistance Rp (kΩ)

316L-CGS_1 2.120 −356.332 36.119
316L-CGS_2 0.897 −315.189 45.640
316L-HVOF 3.244 −541.909 15.518
316L-APS 2.373 −546.627 14.322
316L bulk 0.100 −239.738 50.080

3.4. Tribological Behavior Testing

The coefficient of friction (CoF) between a WC-Co counterpart and the 316L CGS
coatings was measured by means of ball-on-disk experiments. Figure 9 presents the
evolution of the CoF obtained during the experiment for all the coatings and a 316L bulk
material. The CoF values calculated at the end of the experiment, when the system reached
a stationary behavior are included in Table 6. Similar CoF were measured for all the
coatings prepared by CGS, independently of the powder used for their deposition. The
316L bulk CoF, 0.746, is close to results seen in literature with the same testing load, 0.7 [57]
and 0.8 [58]; however, the CoF of all the coatings were higher than the bulk, with the
highest CoF for the 316L-APS, 0.934.
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Table 6. Results of ball-on-disk testing for 316L coatings and bulk.

Material Abrasion Rate (mm3·N−1·m−1) CoF Friction Wear Rate (mm3·N−1·m−1)

316L-CGS_1 1.70 × 10−4 0.869 ± 0.070 1.651 × 10−4

316L-CGS_2 1.32 × 10−4 0.857 ± 0.073 1.251 × 10−4

316L-HVOF 1.60 × 10−4 0.841 ± 0.077 1.619 × 10−4

316L-APS 2.25 × 10−4 0.934 ± 0.078 2.228 × 10−4

316L bulk 1.91 × 10−4 0.746 ± 0.100 1.692 × 10−4

The wear mechanism of the coating and bulk samples was partially abrasive type,
with typical furrows in the direction of the ball relative movement, indicated as area (1) in
Figure 10b. Some debris act as a third body during the sliding wear and these materials are
extensively deformed and adhered to the worn surface of wear track, presented as area
(2) in Figure 10b, which refers to adhesive type wear mechanism. The wear tracks on the
coatings samples are presented in Figure 11. The ratio of abrasive/adhesive type wear was
higher for the bulk than for the coatings, prevailing the abrasive mode. The EDS mapping
of the coating and bulk samples revealed the oxidation of the debris adhered to the wear
track, as exemplified by the 316L bulk analysis in Figure 10c–f. The sample 316L-APS had
the highest friction wear rate, 2.23 × 10−4 mm3·N−1·m−1, while the 316L-CGS_2 had the
lowest one, 1.25 × 10−4·mm3·N−1·m−1; however, this discrepancy of values is too small
and the materials presented very similar friction performance.
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Shown in Figure 12 the mass loss measured for the 316L CGS coatings under abrasive
conditions, by means of dry rubber wheel tests are shown. In addition, in Table 6 the wear
rate calculated for each coating from the mass loss values obtained in these experiments
is included. From the comparison of these results, it can be interpreted that the coat-
ings obtained with the water atomized (316L-CGS_1 and 316L-CGS_2) and gas atomized
(316L-HVOF) powders allow obtaining 316L coatings with an abrasion resistance even
higher than a 316L bulk material.
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The abrasion resistance of a material is directly related to its Young´s modulus (E),
hardness, toughness, and compactness as presented by Fu, Li, and Li [59]. According to
this, the close values for the abrasion results on the rubber wheel testing, for these three
coatings, 316L-CGS_1, 316L-CGS_2, and 316L.HVOF, can be explained, since these CGS
layers, showed very low porosity and similar hardness to the bulk material. Finally, the
316L-APS coating showed the lower abrasion resistance, which can be directly related to
its physical properties, as this was the coating with the highest porosity and the lowest
adhesion strength among the coatings prepared.

4. Conclusions

Four different 316L powders were evaluated to be used as feedstock for CGS process.
The water atomized powders (316L-CGS_1 and 316L-CGS_2) presented irregular mor-
phology, lower apparent density, flow rate, and powder feed rate than the gas atomized
powders (316L-HVOF and 316L-APS), which had quasi-spherical morphology.

The coatings obtained by CGS with these powders were thick and dense, with porosity
lower than 0.6%. The coatings hardness had values close to the 316L bulk, 350 HV, and their
morphologies presented severe grain deformation on the starting powders microstructure.
The coatings produced from water atomized powders had significant higher adhesion than
the gas atomized ones; however this distinction was not clear for the deposition efficiency,
which was above 80% for all the materials.

The coatings produced from water atomized powders had potential of corrosion and
polarization resistance closer to the 316L bulk than the gas atomized ones. But this tendency
was not evident for the wear performance, CoF, abrasion rate, and friction wear rate. The
316L-APS presented the worst performance for all of the performance testing.

Considering the results obtained in this comparative study, it can be concluded that
there is no particular advantage to using gas atomized 316L powders over water atomized
316L powders. Thus, the four 316L feedstock powders tested, can be ranked as adequate
for CGS technology as follows: 316L-CGS_1 > 316L-CGS_2 > 316L-HVOF > 316L-APS.
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