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Figure 5. Anodic and cathodic polarization curves (in a 0.01 M NaCl solution) for pretreated samples.

Figura 6. SEM samples with different pretreatments after electrochemical tests: (a) BR, (b) CHT, (c) AFZ, (d) AHFZ and (e) ZPH, with 
magnitude of 1,000x and 5,000x.

Table 2. Values of parameters obtained from the simulation of the Tafel slopes.

Sample icorr (A.cm–2) Ecorr (V) Rp (Ω.cm²)

BR 1.01E-6 – 0.637 1,25E+4
CHT 9.70E-5 – 0.549 4.57E+3
AFZ 1.96E-4 – 0.602 2.41E+3

AHFZ 1.01E-4 – 0.623 2.21E+3
ZPH 1.89E-6 – 0.470 2.29E+4
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on the surface of the AFZ sample (Figure 6c), as well as 
the presence of clusters of corrosion products. The AHFZ 
sample (Figure 6d) exhibits surface porosity, the presence 
of cracks, and the formation of a large amount of corrosion 
products. For the ZPH sample (Figure 6e), the integrity of 
the pretreated coating was not affected in this experiment, 
with the film remaining even and without imperfections.

Table 3 shows the average thickness of the paint layer 
applied to the pretreated samples.

The adhesion test is intended to determine the adhesion 
between the paint and the metal substrate with different 
pretreatments. According the classification the ASTM 
D3359-0913, the adhesion observed refers to the 6B scale , 
where the edges of the cuts are completely smooth and none 
of the squares of the lattice is detached (Figure 7), featuring 
a perfect adherence.

The impact (Figure 8) and flexibility tests (Figure 9) 
showed similar performance between the pre-treatments, 
for all samples kept paint adhesion, with no cracks and less 
points detachment.

After exposure of 1272 hours salt spray, there is a 
significant difference in corrosion performance for samples 
painted for different employees pretreatments when 
evaluated according to the degree of blistering and rusting 
(Figure 10). The Table 4 shows the results the formation of 
the blistering throughout the period of exposure to salt spray.

It was found that the blistering degree was more intense 
in the ZPH sample, since the first 168 hours observed 
the appearance of blistering and during the test were 
intensifying reaching the classification D-2 (size 2 and 
dense distribution).

In their study Bajat et al.27  highlighted the importance 
of the roughness and the fostering phosphate based 
pretreatment on the formation of stronger bonds with 
polyester based coating. However the results of their study 
showed that the sample with phosphate coating painted 
with polyester resin showed no stability when exposed to 
a corrosive environment, showing similar behavior to the 
results obtained in this work.

Adhikari et al.28 studied adhesion and corrosion the 
aluminum substrates with pretreatments the zirconia based 
and the phosphate based in epoxy paint. The results show 
that when aluminum-coated surface is exposed to an aqueous 
environment the water molecules penetrate through the 

Figure 7. Pictures the samples subjected to adhesion test (a) BR, (b) CHT, (c) AFZ, (d) AHFZ and (e) ZPH.

Table 3. Average thickness of the paint layer applied to the 
pretreated samples

Sample Thickness (μm)
BR 69 ± 3

CHT 68 ± 8
AFZ 72 ± 1

AHFZ 81 ± 3
ZPH 74 ± 7
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Figure 8. Impact test for the samples: (a) BR, (b) CHT, (c) AFZ, (d) AHFZ and (e) ZPH.

Figure 9. Flexibility test for the samples: (a) BR, (b) CHT, (c) AFZ, (d) AHFZ and (e) ZPH.



Kerstner et al.1504 Materials Research

coating and accumulate in the coating/substrate interface, 
resulting in decreased adhesion strength and subsequent 
delamination of the paint layer.

Coatings nanoceramics showed lower degree blistering, 
and the CHT sample showed the best performance, with zero 
degree blistering. It was observed in the AFZ and AHFZ 
samples the formation of some medium blisters distributed 
over the whole surface.

Table 5 shows the results of the evaluation of rusting 
during the period of exposure to salt spray.

Observed appearance of corrosion points occurred in 
the AFZ and AHFZ samples after 504 hours and in the CHT 
sample in 1032 hours. It was observed in some samples the 
stabilization of these points of corrosion, but in others these 
have spread throughout the surface analysis. In the ending 
test the AFZ and AHFZ samples presenting the highest 
degree of rust, indicating greater severity of the corrosion.

It was observed the appearance the corrosion points in 
the ZPH sample after 72 hours; however along the exposure 
to salt spray, the rust was less intense than in nanoceramics 
samples.

Organic coatings provide corrosion protection acting 
as a barrier between the substrate and the environment. 
However, depending on coating thickness, substrate type, 
treatment applied to the surface and of the exposure time and 
the composition of the medium, these coatings present levels 
of permeability to water and oxygen29, which promotes 
corrosion the metal substrate.

All samples showed formation of corrosion but not 
observed a relation between the thicknesses of the paint 
layer with corrosion resistance, since the sample CHT 
showed better corrosion protective performance even with 
less thickness paint.

Table 4. Blistering of the samples after salt spray.

Time (h) BR CHT AFZ AHFZ ZPH
24 F-10 F-10 F-10 F-10 F-10
168 F-10 F-10 F-10 F-10 F-4
360 F-10 F-10 F-10 F-10 M-2
504 F-10 F-10 F-10 F-10 F-6 M-2
696 F-10 F-10 F-4 F-10 F-6 MD-2
840 F-10 F-10 M-4 F-4 F-6 MD-2

1032 F-10 F-10 M-4 F-4 D-2
1176 F-10 F-10 M-4 F-4 D-2
1272 MD-2 F-10 M-4 M-4 D-2

Legend: Frequency of blistering: D - Dense; MD - Medium dense; M – Medium and F – Few. Size blisters: n° 10 represent no blistering; n° 8 represent 
smallest size blister easily seen by the unaided eye and blistering standards n° 6, 4, and 2 represent progressively larger sizes.

Figura 10. Blistering and rusting for the samples: (a) BR, (b) CHT, (c) AFZ, (d) AHFZ and (e) ZPH, after 1272 of exposure to salt spray.
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Table 5. Rusting of the samples after salt spray.

Time (h) BR CHT AFZ AHFZ ZPH
24 10 10 10 10 10
72 10 10 10 10 9S

168 10 10 10 10 9S
360 10 10 10 10 9S
504 10 10 9S 8S 7S
696 10 10 8S 7G 9S 7S
840 10 10 6G 7G 4S 5S

1032 10 8S 6G 7G 4S 5S
1176 10 4S 6G 4G 4G 4S 5S
1272 10P 6S 6G 3G 4G 4S 4S

Legend: Rust grade of surface: Spot (S), General (G) and Pinpoint (P). Percent of rurface rusted: 10 (<0.01%), 9 (0.01 – 0.03%), 8 (0.03 – 0.1%), 7 (0.1 – 
0.3% ), 6 (0.3 – 1.0%), 5 (1.0 – 3.0%), 4 (3.0 – 10.0%), 3(10.0 – 16.0%), 2 (16.0 – 33.0%), 1 (33.0 – 50.0%) and 0 (> 50.0%).

4. Conclusions
The results obtained in this work showed that 

nanoceramic coatings exhibited contact angles greater than 
90°, indicating hydrophobic behavior. The zinc phosphate 
sample presented a higher open circuit potential, with lower 
current density values and higher corrosion potential values, 
presenting the best electrochemical behavior.

The CHT sample exhibits the best performance among 
the coatings tested here. This result confirms, that the 

chemical composition of the coating is extremely important, 
as chromium compounds are corrosion inhibitors and act by 
blocking the corrosive action at the metal/coating interface.
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