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In this paper, development and characterization of cold sprayed protective pure Al coatings on a non-regular steel 
surface will be proposed. The research is oriented to the optimization of the deposition route selecting the most 
appropriate process parameters and the really applicable layer thickness, and on the  study of how the defects and 
the imperfections of the substrate influence the coating performance and the corrosion resistance of the coated 
material.   
 

1 Introduction 
 
 
Due to their outstanding mechanical strength and 
relatively low cost, steel is widely used in our modern 
society. It is considered a strategic material for many 
industrial applications. However, the tendency to 
oxidize in environment containing halide ions or 
aggressive species can limit its applications [1-3], that 
can be reduced by ani corrosion coating. Cr (VI) 
compounds are the most commonly used 
anticorrosion layers, but due to their high toxicity 
makes this solution less attractive [4-6] and a strong 
effort is taking on to substitute them with other non-
toxic elements [7-9]. Actually, various technological 
solutions are available to deposit protective layers onto 
steel substrate. Some of them are related to nitriding 
processes, physical vapour deposition, chemical 
vapour deposition  or atmosphere plasma jet 
metallization [10, 11]. High-velocity oxy fuel  process 
has attracted much attention for coating realization, 
due to its ability of creating coatings with lower 
porosity, higher hardness, superior bond strength and 
less decarburization compared to many of the other 
thermal spraying methods [12, 13].  
Aluminium and its alloys are remarkable materials for 
different industrial applications and the driving force 
for their use, apart from their performance,  is 
principally coming from the need to moderate the CO2 
gas emission, which is considered one of the most 
important product responsible for the generation of the 
greenhouse effect. Full or partial replacement of a 
heavier steel counterparts with lighter elements (Al, 
Mg, Ti based alloys) or the combined use of steel and 
light alloys is a growing topic [14]. The corrosion 
resistance of aluminium comes  from its facility to 
develop a natural oxide film on the surface reducing 
the corrosion rate. Due to the hydrogen discharge, the 
electrodeposition of Al from aqueous solution is  
difficult, while high vacuum techniques, i.e. chemical 
vapour deposition and physical vapour deposition are 
time-consuming and very expensive too. 
Electrodeposition from molten salts constitutes a 
reliable solution, but the high temperature involved 
makes this route inadequate for some applications. 
Additionally, it reveals high energy consumption, 
pollutant emission  and  difficult realization of the 
procedures. The development of a molten salts called 
“room temperature molten salts”, gives different 
occasion to the development of this process. The 

main difficulty using this kind of materials is related to 
their water and air stability [15] and the development 
of ionic liquids in order to reach higher stability is still 
now limited. The room temperature ionic liquid, 
namely AlCl3-[EMIm]Cl has a number of attractive 
features such as very low vapour pressure, relatively 
high electrical conductivity and a wide electrochemical 
potential window and they can be considered as 
potential electrolytes for the electrolytic extraction, 
recycling, refining and deposition of aluminium. 
Anyway, carefully managing the ionic liquids, the 
deposition can be realized [16, 17], but it appears 
difficult to do it in a totally safely manner.  
On the other hand, cold spray (CS) as low-
temperature coating process is developed and is still 
to be more and more  employed for the quick 
realization of a compact coating layer onto different 
substrate materials. Several material systems have 
already been coated using CS and generally speaking 
the suitability of the material used in this process is 
mostly governed by their deformation properties. 
Materials with relatively low melting point and lower 
mechanical strength satisfy this condition and  Zn, Al, 
Cu and their alloys are ideal materials for this purpose 
[18- 20]; however the deposition of strong metals such 
as Ti is also possible [21].  Recently, the deposition of 
diamond was also demonstrated possible using 
powder that are cladded with a ductile phase [23].  
In this context, the aim of the present paper concerns 
to the development and characterization of cold 
sprayed protective Al coatings on a non-regular steel 
surface. The research is carryed out with a twofold 
purpose: one of them is oriented on the optimization of 
the deposition route selecting the most appropriate 
process parameters (i.e. velocity orprotective 
environment.) and the really applicable layer 
thickness, while the second one is targeted to 
investigate how the defects and the imperfections of 
the substrate influences the coating performance and 
the corrosion resistance of the material.   
 

2 Materials and methods 
 
 

2.1 Coated samples: substrate,  coating 

material and deposition technique 
 
The material used as substrate in the present 
investigation was an AISI 1045 steel with 0.43 C, 0.80 
Mn, 0.20 Si, 0.02 S, and <0.09 P, supplied in bars and 



subsequently sectioned and prepared according to the 
specific application. Commercially pure Al (99.5%) 
was used for the deposition.  
The nozzle used was a de-laval deisgn, with 6mm exit 
diameter. Samples were generated using nitrogen and 
helium as processing gas, with a level of temperature 
pre-heating.    
 

2.2 Morphological analysis and corrosion 

resistance evaluation 
 
Coated samples have been carefully extracted by a 
cutting procedure from the macro samples and then 
have been prepared by a typical metallographic 
technique involving mounting and polishing 
procedures. The microstructure of the samples has 
been investigated using an optical microscope, (OM, 
MeF4 Reichart-Jung) and Scanning Electron 
Microscopy (SEM, Leo 1450VP) equipped with Energy 
X-rays Dispersive Spectroscopy unit (EDS, Oxford 
microprobe) used for compositional analysis. X-ray 
technique (X-ray, PANanalytical tool with Cu Kα 
wavelength of 1.5418 Å) has been employed to verify 
the deposition, to identify the different phases present 
and to give a qualitative and comparative information 
about the presence of the residual stress in the 
interested regions. 
The corrosion resistance of the samples has been 
investigated by the accelerated salt spray chamber 
test. The corrosion resistance has been monitored on 
the whole sample surface inserted in the test chamber 
containing the corrosive media.The solution used was 
NaCl 5wt% and the test has been carried out for 168 
hours.  The chamber was maintained at a temperature 
of 35°C for the entire test period of the test. At pre-set 
intervals the samples have been extracted from the 
chamber, they have been inspected and introduced 
again in the chamber till the end of the test. Following 
the complete immersion, the samples have been 
cleaned by water and ethanol washing and then have 
been dried. Following the visual inspection of the 
whole configuration, some significant areas have been 
observed by SEM and EDS analysis and comparison 
of different zones has been carried out.   
 
 

3 Results and discussion 

 
The Al powders used for the research has been 
analysed by SEM, EDS and X-Ray. The morphology of 
the powders is reported in Fig.1. Globular grain shape 
and a relatively regular variation of the grains size 
(20÷40 µm) can be evidenced. The Xray pattern will 
be illustrated later on together with the diffraction 
patterns of the substrate and the coating layer.  
Some preliminary studied have been carried out using 
an AISI 1045 steel sheets and performing some thin 
layer deposition in order to identify the starting 
parameters for the deposition (Fig.1 right side).  . In 
this case, N2 was used at 30bar inlet pressure, using 
78, 155, 224 and 268 C (top to bottom) as nozzle inlet 
temperature.    
 

 

  
 

Fig. 1. SEM micrograph for the powders used for 
coating (left) and photos oft he preliminary coatings 
(right). 
 

Using N2 as carrier gas a porous and irregular coating 
layer was realized (Fig.2a) with N2 at 30bar, 250C, and 
with a nozzle Transverse Speed (TS) of 15mm/s.The 
coating geometry is in the form of “tracks”; thus, to 
cover the full surface tracks were overlapped (4mm)  
Generally, porosity can act as crack initiation site 
during service compromising the real lifetime of the 
coated surface. To overcome  this step the further 
coating have been realized on some steel disks using 
helium as carrier gas, with 10bar inlet pressure, room 
temperature, and 60mm/s for TS. The same tracks 
overlap as for the nitrogen case was used. 
These conditions generate a more homogeneous 
coating layer with no presence of macro-porosity 
(Fig.2b). The samples coated with N2 have been 
abandoned, while those obtained using He have been 
submitted to further investigations in order to assess 
the coating performance, the adhesion of the coating 
to the steel substrate and its corrosion resistance. 
                 

 
 
 

Fig. 2. Photographs of the coating realized with N2 (a) 
and with  He (b) as particle carrier gas. . 
 
After cutting and standard metallographic preparation, 
X-Ray diffraction measurement (Fig. 3) reveals that 
the coating perfectly covers the steel substrate. It can 
also be observed that during the deposition process 
no phase change arise.  

a b 



 
Fig. 3. X-ray pattern showing showing the diffraction 
signs fort he substrate, starting coating material and 
the coated  steel. 
 
Similar to the initial powder the coating diffraction 
pattern shown the presence of Al peaks, matching the 
JCPDS 01-089-2837 data card. There are no 
important oxidation and the absence of any chemical 
reactions during the deposition process has been 
detected.  
SEM analysis has been carried out to evaluate the 
coating adhesion to the substrate, the thickness of the 
coating produced, the  presence of internal porosity 
and to identify the possible defects. Fig. 4 reports the 
SEM microstructures for two realized thicknesses: 
Fig.4a, b are related to a coating thickness of about 
480 µm and Fig.4 c, d with a coating thickness of 
about 1.2 mm, respectively. At higher magnification, it 
is evidenced that a continuous coating layer with good 
adhesion has been obtained spraying a thinner layer 
(Fig.4c) compared to the thicker one (Fig.4d). The 
interface between the substrate and the coating layer 
in this case is more or less defect free (Fig.4b). 
Contrarily, in the case of denser layer the development 
of some cracks and the presence of porosities have 
been revealed, highlighted with yellow arrows in 
Fig.4d.  
 

 
 

Fig. 4. SEM micrographs of the coated samples, 
showing: a general overview (a, c), detail on the cross 
sections (b, d) 
 
Preliminary results concerning the residual stress 
present in the coating and on the subsequent layer are 
in good agreement with the data reported in [19],  

increasing the coating layer thickness a decrease of 
the shear adhesive bond strength occurs due to the 
accumulated residual stress in the coating layer.   
 
The coating layer with thickness of about 1.2 mm did 
not provide an adequate protection to the substrate. 
Within a few hours of its exposure to the corrosive 
media the steel substrate has been highly corroded 
and the surface is totally covered by corrosion 
products principaly made of iron oxide (rust). In such 
situations no significative differences between the un-
coated and coated substrate appear. The porosity of 
the coating and the large cracks growth illustrated in 
Fig.4d determine the corrosion performance and in 
this case it cause the rapid failure of the substrate with 
very high corrosion rate.  
 
On the other hand, the samples with thinner thickness, 
as expected, has very promising corrosion resistance 
up to 168 h. Generally, the disposition of the samples 
in the salt chamber is like that reported in Fig.5, while 
the photos of the samples extracted and  examined 
periodically have been illustrated  in Fig.6, indicating 
also their performance in the corrosion media in hour.  
The un-coated sample shows after a short exposure, 
the first sign of the corrosion as in the early 
experiment and it proceed very quickly. After 168 h the 
surface is completely covered by the corrosion 
product. On the contrary, even if the coated steel show 
some differences compared to the initial state after its 
contact with the salt solution, the coating survives the 
entire period of the test. Formation of some sediment 
coming principally from the salt solution and partially 
from the oxidation of the Al has been detected. The 
coating layer loss its original shininess as reported in 
the photos on the right side in Fig.6. 
The most relevant origin of these weaknesses is 
related to the fact that only one side of the sample has 
been coated and the other sides are exposed to the 
corrosion  in a same way as the un-coated substrate.  
 
 

 
Fig. 5 Disposition of the samples in during accelerated 
salt chamber test 
 

The development of the iron oxide on these side is 
easily transported by the solution on the coated part. 
After carefully cleaning with acetone, the EDS analysis 



reveal only the presence of Al2O3 and NaCl as major 
compunds as reported in Fig.7. 
 

 
 

Fig. 6. Photographs of the un-coated and coated 
samples, taken at prefixed time, after their 
permanence in a salt spray chamber. 
 

 
Fig. 7. Results of EDS analysis showing the area 
where the analysis was performed and the 
compositional analysis results.  
 
As introduced, the sample shows some imperfections 
as indicated by the yellow arrows in Fig.8b which are 

more accentuated after corrosion test as reported in 
Fig.8c. 
. 

 
Fig. 8. SEM micrographs of the coated samples 
showing the zone with the presence of defect (b) and 
some details of the coating in the defect free area (c) 
and in the area with no macro defect (a). 
 
It appears that defects are critical from corrosion 
resistance point of view and have a negative outcome 
on the final coated surface lifetime. Defects play an 
important role because they stop the passivation of the 
active pits on the surface, therefore in such cases 
pitting corrosion propagation rapidly occurs. Close to 
the defect zone, a higher amount of rust has been 
deposited on the top of the Al coating layer, which 



during the time cause a rapid corrosion of the whole 
surfaces.  
The adhesion of the coating layer is compromised  in 
the region close to the defect and the coating layer is 
detached from the substrate as reported in the 
highlighted area of Fig.8 a. In other regions, with no 
significant imperfections the coating layer adher 
properly to the substrate (Fig.4b) and the interface is 
continuous. In such areas on the top of the coating 
only the sign of the compounds described in the 
previous section has been detected. The research 
pointed out that  the covering all the sides of the 
sample, if achieved with no significative defects, can 
lead to a good protection against corrosion 
 

4 Conclusions 

 
In the present paper development and characterization 
of cold sprayed protective Al coatings on a non-regular 
steel surface were performed. The research was 
focalized, firstly, one the optimization of the deposition 
route choosing the most suitable process parameters 
and the most appropriate layer thickness and 
furthermore to investigate how the defects of the 
substrate influence the coating performances and the 
corrosion resistance of the coated material.  
Cold spray method is appropriate technique for Al 
deposition because thank to the low process 
temperature do not involve any phase transformation 
during deposition.  
A coating of about 480 µm thickness was deposited 
successfully onto AISI 1045 steel substrate, using 
helium as carrier gas with 10 bar nozzle inlet pressure.  
The research demonstrates that defects are 
dangerous as corrosion resistance concerns and 
compromise the adhesion of the coating layer to the 
substrate, negatively influencing the device lifetime.  
The feasibility of the cold spray deposition in case of 
non-conformal substrates was demonstrated. Some 
on-going research is related to the realization of 
coating with no significant defects and including all the 
walls of the sample by creating a barrier against 
corrosion. 
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