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Abstract 

 

In this work, the corrosion resistance of WC-12Co and WC-25Co coatings obtained by Gas 

Cold Spray (GCS) onto Al 7075-T6 was studied. The microstructure of the feedstock powders 

and the cross section of samples before and after corrosion tests were characterized using 

scanning electron microscopy (SEM) and the composition of Al powder and samples were 

analyzed by x-ray diffraction. The corrosion resistance was evaluated by polarization 

resistance (PR), Tafel curves, Open circuit potential (EOCP) and Electrochemical Impedance 

Spectroscopy (EIS). The x-ray diffraction showed that the coatings formed are almost oxide 

free. The cross section images of coatings showed a dense structure, with low porosity and no 

cracks. The coating thickness was 65 µm for WC-12Co and 118 µm for WC-25Co. The 

electrochemical results of EIS after 600 h in NaCl 3.5% showed that WC-25Co is better than 

WC-12Co for the corrosion resistance. 
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Introduction 

 

WC-Co coatings are materials that combine high temperature resistance and abrasion 

of ceramics with the ductility of metallic materials (1). These properties have many 

applications in the aerospace, automotive and others (1, 2). These materials were originally 

applied as coatings using the technique of High-Velocity Oxy-Fuel (HVOF). This technique 

uses high temperatures during the deposition and may reach up to 3000 °C, promoting 
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particles melting that are then accelerated by a compressed gas flow over a surface (1, 3). The 

problems of the coatings produced by HVOF are intrinsic characteristics of the process which 

leads to the appearing of pores, cracks and chemical modification of the starting material (3, 

4). The arising of tensions and cracks occurs mainly between the layers of the deposited 

material, due to the quick solidification of sprayed particles, leading to a more porous coating 

that allows the electrolyte to penetrate the substrate, starting corrosion. The use of high 

temperatures leads to changes in the phases present in the starting material, promoting 

degradation, the formation of new oxides or brittle crystalline phases that can alter the 

mechanical and corrosion resistance of coatings (1, 3). 

Unlike the HVOF technique, in Gas Cold Spray, particles are heated to temperatures 

lower than 1000 °C and sprayed by a high-speed system between 500 m s
-1

 and 1200 m s
-1

. 

During impact with the substrate, the particles undergo severe plastic deformation and acquire 

a lenticular form through the perfect union of these lenticles, evolving to achieve a coating 

morphology. Due to the low temperatures used, no metallic oxidation occurs. Furthermore, 

the obtained coatings have high density, low porosity and thickness from 0.2 mm to 25 mm 

(5). 

Cermet coatings have been produced by Gas Cold Spray (GCS), providing better 

results than the HVOF considering the protection against corrosion and wear resistance (4, 6). 

Thicknesses up to 800 µm and hardness of about 2050 HV were obtained using GCS (7). A 

study comparing coatings obtained by these two techniques showed that they have a very 

dense microstructure and thickness of 211 µm (GCS) and 163 µm (HVOF). The adhesion of 

the GCS coating was (65 ± 4) MPa, almost three times greater than that of HVOF and the 

coatings hardness was about 900 HV (4). However, a more detailed study of these coatings 

performance, especially for corrosion, is required to clarify the mechanisms involved in its 

their corrosion. 

This study aimed at investigating the corrosion resistance, in NaCl 3.5%, of WC-Co 

coatings produced by GCS with different cobalt content (WC-12Co and WC-25Co) deposited 

on the alloy Al 7075-T6 at optimal spraying conditions (4, 8). 
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Methodology 

 

The powder used was a WC-Co cermet with 12 % or 25 % cobalt content obtained by 

agglomeration and sintering. This powder was processed by Fujimi Inc. (Kiyosu, Japan). The 

microstructure of the powders was characterized by Scanning Electron Microscopy (SEM), 

particle size distribution by Laser Diffraction (LS), and phase composition by X-ray 

diffraction (XRD).  

The substrate used for this study was the Al7075-T6 alloy. Rectangular coupons, 

50 mm × 20 mm × 5 mm, cut from sheet materials, were prepared by ground using 240 SiC 

paper and cleaned with acetone before cold spraying. The Kinetics 4000/17 kW (Cold Gas 

Technology, Ampfing, Germany) cold spray equipment with a maximum operating pressure 

of 40 bar and temperature of 800 °C, and limited to the use of nitrogen as the carrier gas was 

used to fabricate the WC-Co coatings under optimized spraying parameters (4, 8). The 

optimized parameters for WC-12Co were traversing velocity of 100 mm s
-1

,
 
distance from the 

substrate 10 mm and deposition of one layer. The WC-25Co coatings were performed with 

velocity of 250 mm s
-1

, distance from the substrate 20 mm and deposition of four layers. The 

other parameters, like pressure and temperature, were kept constant during the preparation of 

the coatings. 

Before and after the electrochemical measurements, SEM images and cross-section 

chemical analyses (EDS) of the samples were taken. For that, the samples were cut and 

embedded in conductive resin, groun with silicon carbide sandpaper with granulometry 600 

and 1200, and then polished with diamond suspension of 6 m, 3 m and 1 m, washed with 

water and ethanol, and dried in air flow. The coatings thickness was measured from SEM 

images using the Image J software and analyses of phases present in the coatings were 

performed by means of XRD measurements. 

A three-electrode electrochemical cell was used: Ag|AgCl|KClsat electrode coupled to 

a Luggin capillary was used as a reference electrode; Pt-network was the auxiliary and coated 

or uncoated substrate was the working electrode, which was fixed at the bottom of the 

electrochemical cell. The area of the specimen exposed to the electrolyte solution was 1 cm
2
. 

The corrosion resistance was evaluated by electrochemical measurements at room 

temperature, aerated and unstirred 3.5 % NaCl solution. All measurements were done using 

Gamry Reference 600 systems. Open circuit potential (EOCP) was performed during 18 h 
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before polarizations analysis. Tafel polarization experiments were performed after 18 h of 

EOCP, using a scan rate of 0.166 mV s
-1

 and a potential range from - 0.050 V/ EOCP to + 0.300 

V/ EOCP. EIS measurements were performed after 1 h and every 24 h of immersion up to 

600 h. The frequency range was from 100 kHz to 5 mHz, by applying a sinusoidal potential 

perturbation of 10 mV r.m.s vs. EOCP with 10 points/frequency decade. The EIS results were 

fitted using electrical equivalent circuit (EEC) using the Z-view
® 

program.  

 

Results and discussion 

 

The LS analyses showed that the particles size of both powders were micrometric in 

the range 8 µm - 26 µm and average size of 19 µm. SEM images of the free surface (Figure 1) 

showed that both powders had similar spherical morphology and were fairly uniform. These 

features helped the coatings formation, since smaller particles with regular forms can achieve 

higher speed during spraying, reaching the substrate with higher kinetic energy, allowing 

greater plastic deformation and the formation of a thicker and compact coating (2). 

 

     

Figure 1 - SEM micrographs of the free surface of the studied experimental A) 

WC–12Co and B) WC–25Co cermet powder. 

 

 

The diffractogram profiles (Figure 2) of the samples and the starting material showed 

the same characteristic peaks. The WC and Co phases were observed while W2C, W, Co6W6C 

and Co3W3C phases were absent. Therefore there were no changes in the material 

composition, and the obtained coatings were homogeneous, as well as the starting materials. 

The formed coatings were almost free of oxides and chemical reactions, which may lead to 

the non-occurrence of new phases during the processing. This was due to the GCS utilizes 

low temperatures and the kinetic energy instead of heat energy (5, 9, 10).  

A) B) 
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Figure 2 - X-ray diffractograms for A) WC-12Co 

powder and WC-12Co coating and B) WC-25Co 

powder and WC-25Co coating. 

 

Figure 3 shows the cross section SEM images of the coatings obtained with optimized 

conditions. The optimum spraying conditions produced a relatively uniform coating without 

interconnected porosity and cracks. The coating thickness was (65±5) µm for WC-12Co and 

(118±6) µm for WC-25Co. The distribution of WC particles in the Co binder was uniform, 

which led to WC–Co coatings with high abrasion and friction resistance (8). The top layer of 

coatings was less compact than the bottom layers, which agree with the literature (11, 12) 
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which describes the CSG coatings as mainly consisting of a top layer with some porosity and 

a dense bottom layer. 

   

Figure 3 - SEM image of WC-Co coatings onto Al7075-T6. A) WC-12Co and B) WC-25Co 

 

 Figure 4 and Table 1 show the electrochemical results obtained at short immersion 

times. The EOCP values (Figure 4) initially decreased due to the dissolution of oxides from the 

sample surface and then stabilized at around -0.32 V/Ag|AgCl|KClsat (WC-12Co) and -

0.42 V/Ag|AgCl|KClsat (WC-25Co) (6). The exposed metallic phase was oxidized since the 

beginning of the immersion with the reduction of dissolved O2, which mainly occurred at the 

WC phase (13). At OCP conditions, the electrochemical behavior of the WC-Co-based 

cermets was dominated by the selective dissolution of Co from the binder phase (13, 14). 

Cobalt was more susceptible to corrosion in acidic and neutral solutions, while the WC phase 

was more active in alkaline electrolytes (14). 
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Figure 4 - A) Open-circuit potential vs time and B) Tafel curves obtained after 18 h 

in the NaCl 3.5 % at 25 
o
C and 0.166 mV s

-1
. 

 

A) B) 
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The polarization measurements (Figure 4B) showed a non-passive behavior for both 

coatings. The corrosion potential for WC-12Co coating was more positive (-

0.33 V/Ag|AgCl|KClsat) than  for WC-25Co coating (-0.42 V/Ag|AgCl|KClsat), suggesting that 

the corrosion is facilitate by increasing the cobalt content. The current densities and 

polarization resistance estimated from the polarization resistance measured after 18 h in NaCl 

are shown in Table 1. Larger RP values and low corrosion current densities were observed for 

the sample with the lower quantity of cobalt. 

 

Table 1 - Corrosion parameters estimated from the resistance 

 polarization curves. 

Parameter CSG 12% CSG 25% 

RP (k Ω cm
2
) 2.30 ± 0.13 1.46 ± 0.04 

Ecorr(mV/Ag|AgCl|KClsat)  -326.40 ± 0.40 -425.17 ± 0.26 

icorr (μA cm
−2

) 11.27 ± 0.65 17.90 ± 0.45 

 

Electrochemical impedance spectroscopy measurements were performed for all 

samples each 24 h and for several days of immersion. The equivalent electrical circuit (EEC) 

RS (CPE1(R1(CPE2R2))) (Figure 5 C) was used to fit the experimental data obtained for both 

WC-12Co and WC-25Co samples. The circuit was chosen taking into account the samples 

structure and the best fitting for the experimental values, giving a lower residual error in each 

parameter of the equivalent circuit. Figure 5 shows EIS diagrams that illustrate the impedance 

behavior of the samples in chloride solution and at 500 h of immersion. The complex plane 

plots show two asymmetry semicircles for the samples with an increasing of the real 

impedance at low frequencies (Figure 5(A)). The Bode - ɸ plot versus log (f) showed two 

time constants: the first in medium frequencies (MF) and the second not very well defined at 

low frequency range (LF).  
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Rs CPE1

R1 CPE2

R2

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPE1-T Fixed(X) 0 N/A N/A

CPE1-P Fixed(X) 1 N/A N/A

R1 Fixed(X) 0 N/A N/A

CPE2-T Fixed(X) 0 N/A N/A

CPE2-P Fixed(X) 1 N/A N/A

R2 Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0.001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

 

Figure 5 – EIS diagrams, experimental data (symbol) and fitting (solid line) at 500 h of 

immersion: A) Nyquist plots and B) log |Z| vs. log(f)  and Φ degree vs. log(f) Bode 

plots. C) Electrical equivalent circuit used to fit the EIS data.  

 

The RS represents the resistance of the solution, R1 the electrical resistance of the 

solution within pores of the top layer and CPE1 the constant phase element, which was related 

to the capacitance of the porous layer. The (R2/CPE2) was related to the electrochemical 

processes taking place at dense bottom/electrolyte interface. The CPE2 is the constant phase 

element and was related to the electrical double layer capacitance and R2 was associated to the 

charge transfer resistance at the electrolyte/dense bottom layer interface (12). The CPE has 

been commonly used to account for the non-ideal behavior of the coating due to the surface 

heterogeneity, roughness, and lack of homogeneity on the electrode surface capacitance 

distribution (15, 16). 

For short times of immersion, the CPE1 values increased and were stabilized after 40 h 

(WC-12Co) and 150 h (WC-25Co) and the R1 values oscillated for short immersion times and 

stabilized after 30 h probably due to dissolution/passivation of oxides on the surface sample. 

The CPE2 and R2 values have also varied for short times and have stabilized with the 

increase of time. A sharp decrease of R1 values was observed for WC-12Co after 420 h of 

immersion, while the CPE1 values increased, which was attributed to the increased of the 

active area due to the partial dissolution of the porous layer. At this immersion time, EOCP 

values were found to be -0.72 V/Ag|AgCl|KClsat, a value very close to that obtained for the Al 

A) 

C) 

B) 
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alloy, indicating that the electrolyte achieved the substrate. The cross section SEM images 

(Figure 6 A) revealed a strong attack and pathways followed by the electrolyte to achieve 

some regions of the substrate, causing great damaged to the coating.  

 

   

Figure 6 - SEM images of the (a) WC-12Co and (b) WC-25Co coatings after immersion in 

chloride solution for long immersion times ≈ 600 h.  
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Figure 7 - Graphs of the CPE and R values with time obtained in NaCl 3.5%. 
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For WC-25Co the R1 and CPE1 values were constant after 600 h of immersion. The 

cross section SEM images after EIS showed no substrate corrosion due to dense coating 

obtained (Figure 6 B). Oxides formation was seen only in the zone close to the surface top. 

Some cracks were formed inside the coatings, 40 µm from the top layer, probably emerged 

during the cross section preparation and the oxide growth in the first layers of coatings. EDX 

analysis of the corroded surface revealed only tungsten carbide, cobalt, oxygen and chlorine 

as the main constituents of the corrosion products. Aluminum was not found indicating that 

the electrolyte did not reach the substrate after 600 h of immersion. 

 

Conclusions 

 

The EIS results indicated that the WC-25Co coating has a behavior of the dense 

barrier, which prevents contact of the electrolyte with the substrate. The fitting of EIS for this 

coating showed that resistance and capacitance have maintained constant for large immersion 

times due to the bottom layer behavior. The results showed that the GCS technique has a great 

potential for the carbides coatings production with a high corrosion resistance. 
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