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A B S T R A C T   

Along with corrosion, erosion is one of the main causes of damage to civil infrastructures. The continuous impact 
of fine particles carried by the air produces a deterioration in the elements of these structures. When this damage 
is significant, these elements are replaced by new ones. In this work, the possibility of extending the useful life of 
these components by spraying coatings on the damaged areas is proposed. In this sense, repair techniques such as 
cold spray deposition are possibilities for this purpose. Therefore, this study focuses on evaluating the erosion 
behaviour of stainless-steel coatings deposited on structural steel. In addition, the erosion results have been 
correlated with the model proposed by Hutchings, and an energetic interpretation of the erosion process through 
this model has been proposed. To carry out this study, stainless steel coatings have been deposited on carbon 
steel substrates to improve their resistance to corrosion. Different spraying temperatures, from 800 ◦C to 1100 ◦C, 
combined with different pressures of the carrier gas, from 40 to 70 bar, have been analysed. The elastic moduli of 
the coatings, and their stress-strain curve, have been determined by depth sensing indentation tests with Ber
kovich and spherical tips, respectively. Erosion tests with normal incidence have been programmed to obtain the 
corresponding erosion rates. From the results of this work, the optimal projection conditions of stainless steel on 
carbon steel substrates for the repair of civil infrastructures subjected to erosion processes could be identified.   

1. Introduction 

Cold spray (CS) is a thermal deposition technique in which metallic 
materials and alloys are deposited on substrates. In CS, the powder 
material is accelerated in a gas stream through a convergent-divergent 
nozzle at temperatures below the melting point of the sprayed mate
rial and at speeds up to two or three times the speed of sound (i.e., 500 
m/s or 1200 m/s) [1–3]. 

Since the particles are sprayed at a temperature below the melting 
point, CS is categorized as a solid-state deposition method in which the 
coating build-up mechanism occurs by plastic deformation. Therefore, 
CS minimizes or eliminates phenomena that are detrimental in con
ventional thermal spraying techniques, where the spraying tempera
tures reach the melting point of the material, such as thermally induced 
residual stresses, melting, oxidation, phase transformation, decomposi
tion, and grain growth [4]. Due to the fact that the adhesion process 
between sprayed particles and the substrate requires a high plastic 
deformation, it is necessary that the particle velocity should exceed a 

certain threshold value, the so-called critical impact velocity [2,5–8]. 
This velocity is dependent on the particle and substrate material prop
erties [9,10], as well as spraying conditions such as gas temperature, 
pressure and type, particles size, stand-off distance to the substrate, and 
geometry of the nozzle [2,11–13]. 

In general, the temperature and pressure of the gas have a decisive 
impact on the coating quality. Shabani Chafjiri et al. [14] deposited 
copper and alumina copper on an AZ31 alloy at different combinations 
of pressures and stand-off distance. They observed that increasing the 
pressure (10–30 bar) and decreasing the stand-off distance (3 cm–1 cm) 
leads to a decrease in porosity, achieving more dense coatings. 
Regarding an increase in temperature, Villa et al. [15] have shown that 
it contributes to this the compaction process. These authors deposited 
316L stainless steel (SS) powder onto an aluminium alloy substrate at 
different combinations of temperatures and pressures. The quality and 
deposition efficiency of the coating increased with increasing pressure 
and temperature. 

For the coatings to perform their repair function effectively, it is a 
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necessary condition that their properties be similar or improved with 
respect to the material they repair. One of the applications where 
damage is continuous is civil infrastructures, most of them made of 
which carbon steel. Low-carbon steel provides an eco-friendly solution 
for construction and structural applications. It is widely employed in the 
construction, petroleum, mining, hydropower, maritime, automotive, 
and chemical industries [16–18]. However, there are limits to the 
durability of carbon steel because of its low corrosion and erosion 
resistance. Carbon steel tubing and piping are susceptible to ero
sion–corrosion damage due to the erosive and corrosive nature of the 
produced fluid or gas [19]. A similar damage is the one suffered by the 
structural elements of civil infrastructures such as railway bridges, 
where the impact of fine particles transported by the wind and the effect 
of humidity generate a process of erosion combined with corrosion [20]. 
To identify these defects, regular assessments are carried out. These are 
intended to determine the replacement of damaged elements, although 
this generates a lot of waste. Therefore, the possibility of repairing these 
damaged areas rather than replacing them with new ones is considered. 
This generates a reduction in waste, creating a more sustainable infra
structure [21]. 

In this work, the possibility of using the CS technique to deposit 
coatings on the damaged areas of these carbon steel components is 
considered. The viability of CS for this purpose, requires that the man
ufactured coating has, at least, the same behaviour and properties as the 
material it repairs, that is, the deposited coating must be resistant to 
both erosion and corrosion. This last condition can be guaranteed by 
depositing austenitic stainless steel on the carbon steel material. 

There are previous studies in which the erosion behaviour of carbon 
steel and austenitic stainless steel were analysed. Islam et al. [22] ana
lysed the effect of microstructure on erosion behaviour of carbon steel 
used for oil and gas pipes. In that study, sets of erosion experiments were 
carried out on AISI 1018 and AISI 1080 steels at different impingement 
angles to identify the effect of microstructure on erosion and to inves
tigate the degradation mechanisms. They concluded that the erosion 
rates of both steels increased with increasing particle velocity and 
decreased with increasing impact angle. Additionally, they reported that 
at low impact angle, ploughing, and cutting were the dominant erosion 
mechanism. However, at high impact angle, flattening of ridges, and 
fracture were the dominant process of metal removal. 

Other research on the solid particle erosion behaviour of stainless 
steel 201, 304, 316, and 420 was carried out by Chowdhury et al. [23]. 
In this work, the erosion tests were based on ASTM G-32. They analysed 
the influence of different velocities (40–60 m/s) and impingement an
gles (15–90◦) on the erosion rates. With respect to abrasive particles, 
they used silica sand, aluminium oxide, and ferric oxide, with particle 
sizes smaller than 150 μm and 150–300 μm. They noted that all steels 
had a maximum erosion rate at a 60◦ impingement angle. Analysing the 
erosion tracks by scanning electron microscopy, plastic deformation was 
identified as the dominant mechanism. Consequently, all steels pre
sented ductile behaviour during the erosion process. 

Currently there are different analytical models that relate the erosion 
wear rate with material properties. One of the most used is the model 
proposed by Hutchings [24]. This author presented a theoretical anal
ysis for the erosion of metals by spheres at normal incidence. This model 
uses a criterion based on the critical plastic strain. That is, when the 
material reaches a threshold value of plastic deformation, the erosion 
phenomenon occurs. According to this model, the erosion rate, Terosion, is 
given by the following equation [24]: 

Terosion =KD
ρ σ1/2v3

ε2
c H3/2 (1)  

where ρ is the target material density, σ is the eroding particles’ density, 
H is the indentation hardness of the metal target, and εc represents the 
critical strain. The KD coefficient refers to the fraction of material 
removed with respect to the indentation volume, that is, this parameter 

describes the severity of the erosion process. The hardness of the metal 
may be calculated from measurements of indentations, but the critical 
strain is not readily measured and must be derived from experimental 
measurements of the erosion rate. Hussain et al. [25] determined the 
critical strain at normal impingement angle for different velocities from 
experimental erosion tests carried out onto ferritic stainless steels, 
austenitic stainless steel, and low carbon steel. However, its determi
nation requires assuming a certain value for the fraction of the volume of 
the indentation that is removed during the erosion process. These au
thors considered a value of 1 for this fraction. Therefore, the evaluation 
of the erosion process severity through this model is not straightforward. 

Therefore, to consider the possibility of implementing this repair 
technique, it is necessary to know the erosion resistance of the coatings 
obtained by CS. In this way, the optimal spraying conditions for 
repairing damaged components by erosion could be identified. How
ever, there are not many works where the erosion behaviour of steel 
coatings deposited by the cold spray technique is studied. Singh et al. 
[26] performed a comparative erosion wear study of uncoated, high 
velocity oxy-fuel (HVOF)-coated, and CS-coated samples of T-91 steel. 
They programmed erosion tests at 800 ◦C for different impingement 
angles. They observed that the maximum weight loss of samples during 
the erosive process was at a 30◦ impingement angle and a 2 g/min flow 
rate. Additionally, they reported that the cold sprayed coatings showed 
the highest wear resistance. Unfortunately, we have not found recent 
publications on the study of erosion of stainless-steel coatings deposited 
by the cold spray technique. This circumstance has been the driving 
force for this research. 

In this work, the behaviour against erosion of 316L stainless steel 
coatings deposited on a low carbon S355J2 steel by the cold spray 
technique was analysed. For this, coatings were deposited under 
different spraying conditions. A morphological and microstructural 
characterisation was performed on each coating to estimate the thick
ness and porosity in previous research [27]. Erosion tests were carried 
out at room temperature and the erosion rates for each coating were 
estimated. To correlate the erosion behaviour of the coatings with their 
mechanical properties, instrumented indentation tests were performed 
with a spherical indenter and the corresponding stress-strain curves 
were obtained. From these curves, an energetic model was proposed to 
estimate the severity of the erosion process of the coatings. 

2. Material and methods 

Stainless steel 316L powders with a particle size of − 50 + 15 μm 
were sprayed onto low carbon S355J2 steel by CS with Plasma Giken 
PCS 1000 equipment (Saitama, Japan). The coatings were sprayed under 
different pressures, 40–70 bar, and temperatures, 800 ◦C to 1100 ◦C, 
using nitrogen as the propellant gas. The deposition was performed at 
Thermal Spray Centre in Barcelona (Spain). The rest of the spraying 
parameters can be consulted in previous reports [27,28]. Table 1 
detailed the CS temperatures and pressures values. 

Morphological characterisation was carried out by optical micro
scopy (Motic BA310 Met-T, Xiamen, China) and scanning electron mi
croscopy (SEM) (Hitachi S3400 N, Tokyo, Japan) in order to evaluate 
the coatings’ thickness and porosity. Cross sections of the different 
coatings were obtained by a cutting process with an alumina wheel 
(Isomet 5000 Buehler). Subsequently, a metallographic procedure was 
carried out according to the ASTM E3-95 standard. Therefore, these 
samples were embedded in a low stiffness resin and, afterwards, were 
roughed with SiC papers and polished with a diamond suspension up to 
1 μm. A total of 10 images were taken along each coating with a Moti
cam 3.0 MP digital camera. The thickness and porosity values were 
obtained using image analysis software (Motic Images Advanced 3.2). 

Nanoindentation tests (matrix of 10x5 on each coating) were pro
grammed to determine the elastic modulus (E) and hardnesses (H) of the 
316L coating and S355J2 substrate using a Nanoindenter G200 equip
ment (Agilent, USA). The continuous stiffness measurement (CSM) 
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methodology was selected and a Berkovich tip with a tip radius of 20 nm 
was used. During the indentation tests, multiple loading-unloading cy
cles of 2 nm of displacement were superimposed on the main loading 
process with a frequency of 35 Hz up to 1000 nm of total penetration 
depth [27]. The values of both properties were obtained for each cycle 
according to the Oliver-Phar methodology [29]. Therefore, an evolution 
of E and H with the penetration depth could be obtained during the main 
indentation cycle. Additionally, another batch of nanoindentation tests 
were carried out by mounting spherical tips with two different radii, 5 
μm and 500 μm. The purpose of these tests was to obtain the indentation 
stress-strain curves of the coatings using the same CSM methodology 
previously described and the equations proposed by Pathak et al. [30]. 
This methodology allows extracting evolution of the force, P, displace
ment of the indenter, ht, and the contact stiffness, S, between indenter 
and indented surface. Combining these data with the equations pro
posed by Pathak et al., it was possible to obtain the corresponding 
indentation stress-strain curves for each coating. The indentation stress, 
σind and indentation strain, εind, were defined through the following 
equations [30,31]. 

σind =
P
Ac

=
P

π a2 (2)  

where Ac is the contact area and a is the contact radius: 

εind =
ht

2.4 a
(3) 

The contact radius, a, can be estimated through the contact stiffness, 
S, according to the following equation [32]: 

a=
S

2 • E∗
(4)  

where E* represents the effective modulus define according to Equation 
(5): 

1
E∗

=
1 − υ2

E
+

1 − υi
2

Ei
(5) 

E* considers that the elastic displacements occur both in the indenter 
and in the material and depends on the tip indenter’s properties (terms 
with the sub-index i) and those of the material (terms without a sub- 
index). In this work, diamond indenters were used, hence the Pois
son’s ratio was 0.07 and the elastic modulus was 1140 GPa. The in
dentations carried out using the tip with the lower radius were used to 
capture the elastic response of the material. The tip with the higher 
radius was selected to obtain the plastic behaviour of the coating. 

The erosion tests were programmed according to ASTM G76 re
quirements [33]. Multi-angular abrasive particles of alumina with an 
average size of 50 μm were used. A similar particle geometry has been 

previously selected by other authors [34]. The distance between the 
nozzle and coating was 10 mm. The abrasive particles were sprayed with 
a speed of 80 m/s and an impingement angle of 90◦ with regards to the 
target surface. These tests were performed at different times (10, 15, 20, 
25, and 30 min). Before each erosion test, each sample was ultrasoni
cally cleaned in an ethanol bath for 10 min. After that, they were dried in 
a furnace at 60 ◦C for 10 min. Finally, each sample was weighed in a 
balance. A similar procedure was followed on each sample after the 
erosion test. The erosion rates, Terosion, were estimated using the dif
ference in weight before and after the test, i.e., the material mass 
removed, and the mass of the incident particles, according to the 
following equation [35]: 

Terosion =
Material mass removed

mass of the incident particles
(6) 

The eroded samples were metallographically prepared following the 
same procedure as that described for morphological and microstructural 
characterization. 

3. Results and discussions 

Fig. 1 represents the thickness and porosity values measured on each 
coating. All coatings exhibited a thickness higher than 400 μm. The 
coatings deposited at a spraying temperature of 800 ◦C are the ones with 
the highest thickness. However, these coatings are the ones with the 
highest porosity. This makes this spraying condition not ideal for 
depositing 316L coatings. For spraying temperatures higher than this 
value, the thickness decreased significantly, with no relevant differences 
between 900 ◦C, 1000 ◦C, and 1100 ◦C; no significant effect from the 
pressure was observed. With respect to the porosity on each coating, the 
higher the spraying pressure, the lower the porosity. This tendency was 
observed for coatings deposited at 800 ◦C, 900 ◦C, and 1000 ◦C. How
ever, no tendency was observed for the coating sprayed at 1100 ◦C. 
Additionally, the higher the spraying temperature, the lower the 
porosity. This tendency has also been previously reported by other au
thors [14,36–38]. The results shown in Fig. 1 were previously reported 
by Cortés et al. [27]. Knowing the value of the coatings’ thickness is 
important to ensure that the material removed in the erosion tests is 
restricted to the coating material and that the substrate has never been 
eroded during these tests. 

Fig. 2 shows representative SEM images of cross sections corre
sponding to CS_800_50 and CS_1100_50 coatings, representing two 
extreme spraying conditions within the range analysed in this work. 
Both images show the arrangement of splats in the respective deposits. 
Comparing both images, it can be observed that the splats corresponding 
to the CS_1100_50 coating show a larger capacity for deformation and 
conformation, being able to adapt to more complex geometries pro
moting a reduction of porosity or a lack of continuity between the splats. 
In addition, the internal structure of the splats also presents differences. 
CS_1100_50 coatings are characterised by having splats whose internal 
structure consists of elongated grains according to the direction of 
highest strain. This higher deformation capacity observed in the coat
ings deposited at 1100 ◦C compared to those deposited at 800 ◦C may be 
related to a decrease in the yield strength of the particles because of the 
increase in the spraying temperature [39]. This could explain the ten
dency observed in the porosity (Fig. 1). A higher temperature during 
deposition favours a better accommodation of the splats, avoiding 
porosity. Consequently, the plastic deformation accumulated in the 
coatings deposited at the highest temperature will be higher than that 
accumulated in the materials deposited at lower temperatures. The 
microstructure of the coatings deposited at 1100 ◦C is hardened by 
plastic deformation, like a work-hardened metal, reducing their defor
mation capability during service. Similar results were obtained by 
Shabani et al. [14]. 

Indentation tests were carried out on both the coatings and the 
substrates (S355J2 and SS316L). The aim of these tests is to obtain the 

Table 1 
Temperatures and pressures values for the CS process.  

CS conditions 

Temperature (ᵒC) Gas pressure (bar) Sample 

800 40 CS_800_40 
50 CS_800_50 
60 CS_800_60 
70 CS_800_70 

900 40 CS_900_40 
50 CS_900_50 
60 CS_900_60 
70 CS_900_70 

1000 40 CS_1000_40 
50 CS_1000_50 
60 CS_1000_60 
70 CS_1000_70 

1100 50 CS_1100_50 
60 CS_1100_60 
70 CS_1100_70  
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elastic moduli. First, there must exist a linear relationship between 
contact stiffness and displacement into the surface for a homogeneous 
and isotropic material [32,40]. In this type of material, any loss of 
linearity may be due to the presence of defects such as porosity, cracks, 
or a lack of continuity. For this reason, it is necessary for this linear 
relationship to be present, ensuring that the results extracted from the 
indentation tests reflect the actual behaviour of the material. Fig. 3 a) 
shows two representative tests for the different substrates (S355J2 and 
SS316L). In both graphs, the substrates present a linear tendency. 

Fig. 3 b) shows the elastic modulus evolution for SS316L and S355J2, 

applying the Oliver-Phar methodology on each cycle of the CSM record 
[29]. The elastic moduli remain constant in the interval from 200 to 
1000 nm, according to the linear tendency shown in Fig. 3 a). Therefore, 
this range was used to obtain the average values for both materials, 
reporting values of 209 ± 7 GPa and 181 ± 9 GPa for S355J2 and 
SS316L, respectively. 

The contact stiffness evolution with respect to displacement into the 
surface of a representative test for each coating is shown in Fig. 4. In 
most of the curves, a linear relationship was observed up to the 
maximum penetration depth. However, under some spraying 

Fig. 1. Thickness and porosity values of the cold sprayed coatings.  

Fig. 2. SEM images of cross sections corresponding to cold sprayed coatings deposited at a) 800 ◦C – 50 bar (CS_800_50) and b) 1100 ◦C – 50 bar (CS_1100_50). A 
detailed image of the microstructure is also included, revealing the morphology within the splats. 

Fig. 3. a) Representative test for contact stiffness versus displacement into surface; b) Elastic modulus values versus displacement into surface for the substrate 
(SS316L) and substrate (S355J2). 
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conditions, a loss of linearity for contact stiffness occurs above a certain 
penetration depth. For coatings sprayed at 800 ◦C, a good linear fit for 
contact stiffness is observed for spray pressures of 50, 60, and 70 bar up 
to the maximum penetration depth of 1000 nm. However, for coatings 
sprayed at 40 bar, a loss of linearity is observed from 700 nm onwards. 
Similar behaviour was observed for coatings sprayed at 900 ◦C. Contact 
stiffness linearity was observed for coatings deposited at 50, 60, and 70 
bar; however, at 40 bar, non-linear behaviour was observed from 500 
nm onwards. For coatings deposited at 1000 ◦C, the pressures of 50, 60, 
and 70 bar show a linear trend. However, for 40 bar, a loss of linearity 
occurs beginning at 600 nm of penetration. For a spray temperature of 
1100 ◦C, the coatings showed linearity up to 400 nm of penetration 
depth for all coatings. 

This loss of linearity observed in several coatings may be due to 
defects present in the microstructure of the coatings such as porosity, 
lack of continuity or cracking. According to the microstructure observed 
in previous research [31], coatings deposited at a pressure of 40 bar 
showed a lack of cohesion between splats combined with significant 
porosity. Therefore, the evolutions of the elastic moduli have been 
restricted only to the range of penetration depths for which the contact 
stiffness showed a linear trend. Fig. 5 shows the elastic modulus evo
lution for each coating calculated from the contact stiffness data corre
sponding to the linear range (Fig. 4) after applying the Oliver-Pharr 
method [29]. The elastic modulus values remained constant with the 
penetration depth in this linear range considered. 

To determine the elastic-plastic behaviour of the materials, 

nanoindentation test were performed using two spherical indenters. 
Tests with a tip radius of 5 μm were used to determine the plastic branch, 
and tests with a tip radius of 500 μm were used to obtain the elastic 
branch. The development of the stress-strain curves was carried out in 
accordance with the equations determined by Pathak et al. [30]. The 
results are presented in Fig. 6. In the corresponding stress-strain curves, 
two zones can be distinguished. The left zone, for strain values below 
0.03, represents the elastic behaviour of the material. The right zone, for 
higher strains, depicts the plastic one. 

The region with the lower indentation strain, obtained through in
dentations made with a 500 μm radius indenter, is characterised by a 
linear trend. The slope allowed for the determination of the elastic 
modulus (E) by applying Hooke’s law and assuming isotropic, homo
geneous, and linear elastic behaviour for the material. The elastic 
modulus obtained for the substrates was 198 ± 28 GPa for S355J2 and 
170 ± 12 GPa for SS316L. The values obtained by both indenters for the 
substrates have been reported by previous works [41–45]. Beghini et al. 
[46] proposed a finite element simulation method to deduce the 
stress-strain curves; these authors performed the study on SS316L, 
obtaining an elastic modulus of 180 ± 4 GPa. This made it possible to 
validate the method of obtaining the curves by spherical indentations, as 
well as the equations used to determine the stress-strain curves. 

Fig. 7 presents a comparison of the elastic moduli obtained by both 
indenters for each coating. It was observed that the higher the spraying 
pressure, the higher the elastic modulus. However, this trend is not 
significant if the corresponding standard deviations are considered. In 

Fig. 4. Representative test for contact stiffness versus displacement into the surface under different spraying conditions.  
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the case of a Berkovich tip, eliminating the effect of porosity and other 
defects in the estimation of the elastic modulus becomes more difficult 
when they are present in higher proportions. This is attempted with the 
restriction of calculating the elastic modulus from contact stiffness data 
that show a linear trend with penetration depth. However, when the 
presence of defects is greater, ensuring that all contact stiffness data 
meet this condition is more difficult. This could happen with the data 
analysis of the coatings deposited at the lower spraying pressures, where 
the presence of defects may be higher (Fig. 1). Additionally, the elastic 
modulus values determined from the elastic region of the indentation 
stress-strain curves agree with previous studies reported by other re
searchers [46]. Sundararajan et al. [47] determined the elastic moduli of 
several CS coatings to demonstrate the usefulness of this property in 
quantifying the extent of inter-splat cracking. They programmed nano
indentation tests on Cu, Ag, Zn, Ta, Nb, Ti, and 316L stainless steel 
coatings using a Berkovich tip and applying the Oliver-Pharr method 
[29] on the force-displacement data. They reported a value of 193 GPa 
for the elastic modulus of SS 316L coatings. Additionally, Cortés et al. 
[28] compared the performance of 316L coatings processed by CS with 
those deposited by HVOF onto S355-J2 structural steel. They deposited 
316L coatings at 900 ◦C and 50, 60, or 70 bar. In their work, the me
chanical response of the coatings was measured by nanoindentation 
tests. They obtained elastic modulus values of 165 GPa, 175 GPa, and 
185 GPa for the coatings deposited at 50, 60, and 70 bar, respectively. 
This study revealed the influence of porosity on the elastic modulus, 
indicating that the lower the porosity, the higher the elastic modulus. 

The purpose of erosion tests is to evaluate the resistance of the 

material to wear by successive impacts of abrasive particles on its sur
face. In the methodology section, the erosion rate was defined as the 
ratio between the removed material mass and the mass of abrasive 
incident particles, according to Equation (6). Fig. 8 shows the erosion 
rates for all coatings and substrates. The coatings showed a similar or 
even better erosion resistance than the substrates. Only coatings sprayed 
at 1100 ◦C had worse resistance. Considering the coatings, no significant 
effect of the spraying pressure and temperature on the wear rates was 
observed. However, the coatings deposited at 1100 ◦C showed the 
highest erosion rates, even greater than those obtained on the substrates. 
This may be due to the activation of other mechanisms during the 
erosion process. In fact, the appearance of cracks was reported in pre
vious research [27], acting as a synergistic process. The hardened 
microstructure of these coatings showed a lower deformation capacity, 
which could facilitate the appearance of this new erosion mechanism. 

Fig. 9 shows representative cross sections of the residual eroded 
imprints of the coatings deposited at 800 ◦C, 900 ◦C, 1000 ◦C, and 
1100 ◦C at 60 bar. The erosion process has never reached the substrate. 
Consequently, the erosion rates were not affected by the substrates. 
When comparing the cross sections of the eroded coatings, the one 
sprayed at 1100 ◦C showed the highest depth and width of the residual 
imprints. Additionally, the surface contour of the residual imprint was 
characterised by the presence of subsurface cracks, revealing the acti
vation of an additional mechanism to that of plastic deformation, gov
erned by a cracking phenomenon favoured by the lower deformation 
capacity of these coatings. This could justify the higher erosion rate 
observed after the erosion test, as referenced above. 

Fig. 5. Evolution of the elastic modulus versus displacement into surface for the coatings. A representative curve for each coating is presented.  
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Fig. 10 shows representative details of the surfaces of the eroded 
residual imprints obtained on the coatings deposited at 800 ◦C, 900 ◦C, 
1000 ◦C, and 1100 ◦C at 60 bar. These surfaces were characterised by 
severe plastic deformation revealed by a controlling ploughing phe
nomenon; this behaviour is characteristic for ductile materials [23,35, 
48]. According to Hutching’s studies, this is the mechanism that controls 
the erosion process at normal incidence on ductile materials [24]. 

The erosion behaviour of the coatings may be conditioned by their 
mechanical properties and therefore by their stress-strain curves. Pa
rameters associated with the mechanical response of the materials have 
been incorporated into different predictive erosion models. The erosion 
model proposed by Hutchings [24] includes the critical strain and the 
hardness of the material (Equation (1)). Additionally, the erosion model 
presented by Chen et al. [49] depends on the flow stress of the material. 
These mechanical properties are related to the corresponding 

stress-strain curve of the material. Consequently, the stress-strain curve 
of a coating could be used, and an energy model of the erosion process 
could be proposed. Given that the erosion process implies a plastic 
deformation, in this work, the plastic branch of the corresponding 
stress-strain curve has been considered when proposing an energy 
analysis of the erosion process on the 316L coatings sprayed by CS. 

First, the concept of erosion energy, Σ erosion, is defined as the energy 
that must be accumulated in the material for the erosion process to 
occur. This energy is accumulated through the successive impacts of 
erosive particles. The energy accumulated in the material to produce the 
elimination of a volume element, dV, is given by the following equation: 

dΣerosion = σ dε dV (7) 

Consequently, the mass of material removed because of the erosion 
process is the mass of material that has previously stored the energy 

Fig. 6. Stress-strain indentation curves test representative for the different projection conditions in addition to the n addition to substrate S355J2 and sub
strate SS316L. 

Fig. 7. Comparison of elastic modulus values of the coatings obtained from indentation tests with Berkovich and spherical tips.  
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necessary for it. The total erosion energy, Σ erosion, can then be expressed 
as: 

Σerosion =

∫∫

σ dε dV =

∫ εc

0
σ dε

∫ removed mass

0

dm
ρ (8)  

where, εc refers to the critical strain, defined in Equation (1). The first 
integral represents the area under the stress-strain curve of the plastic 
branch up to a maximum strain set by εc. The second integral represents 
the volume of material removed by erosion, expressed as a function of 
mass. To determine this erosion energy, the value of the εc should have 
be previously estimated. Some researchers have indicated that for 
ductile materials, this critical strain is around 15 % [50,51]. Therefore, 
the area under the stress-strain curve, Λ, is calculated for a strain in
terval between 5 and 15 %, and the erosion energy is given by: 

Σerosion =Λ |εc=0.05− 0.15 •
removed mass

ρ (9) 

The material is eroded because of the continuous damage induced by 
the impact of the erosive particles. They impact the surface of the 

material with a certain kinetic energy. Consequently, the amount of 
energy available to produce erosion is a fraction of the total kinetic 
energy transferred by the particles that reach the surface of the material. 
Therefore, this kinetic energy can be obtained according to the following 
equation: 

Σincident =
1
2
• mass of erosive particles • v2

p (10)  

where vp refers to the incident particle velocity. 
Both energies can be related through an energy threshold ratio for 

the erosion process, ⴄ, defined as the fraction of energy required to 
activate the erosion process. Considering this definition and the 
expression of the erosion rate according to Equation (6), it is possible to 
define this ratio through the following relationship: 

η= Σerosion

Σincident
=

2 • Λ |εc=0.05− 0.15

ρ • v2
p

• Terosion (11) 

The possible values for this ratio range from 0 to 1. When this 
parameter is 0, the total incident energy produces erosion. However, if 
the value is 1, no erosion occurs. Therefore, this parameter is related to 
the severity of the erosion process. The lower the value of this param
eter, the higher the erosion rates. 

The erosion model proposed by Hutchings [24] is applicable when 
the experimental tests are carried out at normal incidence. In such cases, 
the dominant erosion mechanism is ploughing controlled by plastic 
deformation developed by the material [34,52,53]. Accordingly, mate
rial removal takes place when the material reaches a threshold value of 
the strain, εc. Therefore, this erosion model includes a plastic behaviour 
criterion. Then, if the erosion model proposed by Hutchings [24] is 
considered, the activating threshold ratio of the erosion process, η, could 
give an energetic meaning to the KD parameter (Equation (1)). To 
corroborate this assumption, it is necessary to calculate values of the KD 
parameter for the coatings analysed in this work. Values of KD have been 
obtained from the erosion rates of the coatings (Fig. 8) while considering 
the hardness values previously reported [27] and setting a value for the 
critical strain of 15 %. 

Fig. 11 shows a comparison between ⴄ and KD. The ⴄ values for the 
substrates and coatings were small, ranging between 0.003 and 0.009, so 
the energy needed to activate the erosion process was also small, 
revealing a high severity of the erosion process. The η values for the 
coatings were higher than the ones obtained for the substrates. Conse
quently, the energy dissipated by the volume of plastically strained 
material for the substrates was lower than that exhibited by the coatings. 
This could be explained by the hardened microstructure formed in the 
coatings though the CS process. Additionally, it seems that this ratio was 
not affected by the spraying parameters. However, the values observed 
for coatings deposited at 1100 ◦C were significantly higher. A similar 
tendency was observed for the KD parameter. 

Fig. 8. Erosion rate values by different spraying conditions and substrates.  

Fig. 9. Cross sections of the erosion tracks at 60 bar with different tempera
tures: a) 800 ◦C, b) 900 ◦C, c) 1000 ◦C and d) 1100 ◦C. 
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Comparing the ⴄ values with the erosion rates (Figs. 8 and 11), the 
substrates showed lower ⴄ values and higher erosion rates than those 
showed by the coatings. However, the coatings sprayed at 1100 ◦C 
showed higher values of this ratio and higher erosion rates. Therefore, 
the lower the ⴄ value, the higher the wear rate and. consequently, the 
severity of the erosion process. The anomalous behaviour shown by the 
coatings deposited at 1100 ◦C could be due to another additional phe
nomenon, such as the generation of cracks, which could act as a syn
ergistic process to damage by erosion. This circumstance was previously 
pointed out by Cortés et al. [27]. 

4. Conclusions 

316L stainless steel coatings were deposited onto S355J2 carbon 
steel substrates to improve their resistance to erosion. Different spraying 
temperatures, 800 ◦C, 900 ◦C, 1000 ◦C and 1100 ◦C, combined with 
different pressures of the carrier gas, 40, 50, 60, and 70 bar, were ana
lysed. The erosion rates of the coatings were determined and an energy 
threshold ratio was proposed to evaluate the severity of the erosion 
process. This work yielded the following conclusions.  

• Regarding the morphology analysis of the coatings’ microstructure, 
the thicknesses of the coatings did not show a clear correlation with 
the spraying conditions. The coatings sprayed at 800 ◦C are those 
with the highest values. However, they are the coatings with the 
greatest porosity. Nevertheless, when the coatings were sprayed at 
900 ◦C and 1000 ◦C, an effect of the spray pressure was observed so 
that the higher the pressure, the lower the porosity. The existence of 
a relationship between porosity and spraying conditions is desirable 
from the point of view of coating manufacturing. Since this rela
tionship is more pronounced when spraying at 1000 ◦C, this tem
perature was revealed as the ideal one to generate 316L coatings by 
cold spraying. Furthermore, higher thicknesses were obtained for 
pressures of 50 and 60 bar. However, coatings deposited at 50 bar 
exhibited higher porosity. Consequently, 60 bar was revealed as the 
optimal pressure to spray 316L coatings by CS. 

• Regarding the elastic modulus, the values obtained by both in
denters, Berkovich and spherical, were similar, and no tendency with 
respect to the spraying parameters was observed. Consequently, the 
coatings are constituted by the same phases, regardless of the 
spraying conditions. This condition is characteristic of the CS 
process. 

Fig. 10. Representative details of the surface of the eroded residual imprints at 60 bar with different temperatures: a) 800 ◦C, b) 900 ◦C, c) 1000 ◦C and d) 1100 ◦C.  

Fig. 11. Values of KD parameter and the efficiency of the erosion process for the substrates and the different coatings.  
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• Considering the erosion behaviour, the coatings showed similar or 
even lower erosion rates than the substrates. The coatings presented 
similar erosion rates, with no significant effect of spraying condi
tions, and the dominant wear mechanism was plastic deformation. 
Only coatings sprayed at 1100 ◦C had worse erosion resistance, 
probably due to the activation of an additional mechanism aligned 
with the propagation of cracks. This result discards the condition of 
1100 ◦C for the spraying of 316L coatings by CS.  

• Additionally, the mechanical response of the coatings was included 
in the erosion behaviour of the coatings through an energetic bal
ance. An energy threshold ratio was proposed that allows for 
discriminating the severity of the erosion process. This coefficient 
revealed the significantly poor erosion behaviour of the coatings 
deposited at 1100 ◦C of spraying temperature. This circumstance 
allowed for this temperature of coating deposition to be ruled out 
from the point of view of erosion. 
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