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1. Introduction
The corrosion of metallic materials causes many 

industrial problems, decreasing equipment life spans and 
leading to their maintenance or even replacement and, 
costing time and money1.

Protective coatings are used on metal materials to 
inhibit corrosion and to preserve the materials. The 
coating materials can be metals, ceramics, polymers, or 
combinations thereof, and their selection depends on the 
design requirements and the coating application2.

The phosphating process is the most widely used metal 
pretreatment process for ferrous substrates3, and has been 
used for various applications in many industrial fields4. The 
most important application of the phosphating process is as 
a pretreatment for finishing paint, where it increases the film 
adhesion to the substrate, improving the paint barrier effect, 
thus avoiding the subcutaneous corrosion progress. Studies 
show that the resistence corrosion performance of painted 
metals is approximately 700 times greater when the metal 
is phosphatized prior to painting5.

Little research has been conducted to find alternative 
processes to phosphate coatings. The study by Li et al.6 
presented an alternative method to phosphate pretreatment 
based on Mn-Zn, which is free of hazardous compounds 
such as nitrides, chromium and nickel. According to the 
authors, this pretreatment resulted in a high level of adhesion 

to the substrate, good uniformity, and effective protection 
against corrosion.

Nanoceramic coatings are promising alternatives to 
phosphate coatings7-9, with numerous industrial applications, 
mainly due to their high resistance to wear and erosion, 
protection against corrosion, and thermal insulation3. 
This new process allows for the production of nanometer 
scale coatings of metal substrates (iron, steel, zinc, and 
aluminum) based on a combination of a nano-structured 
metal oxide type ceramic with metals such as titanium and/
or zirconium10,11. Nanoceramics are thin, uniform layers with 
special properties that enable the coatings to be painted such 
as adhesion, flexibility and increased corrosion resistance 
compared to iron phosphate and zinc12.

This work aims to investigate commercial nanoceramic 
coatings and to compare their properties with the 
conventional zinc phosphating process using 1010 steel as 
the substrate.

2. Experimental
This work used AISI 1010 steel panels as the substrate 

(dimensions of 50 × 177 × 0.45 mm thick), with the 
following chemical composition: 0.1014 C, 0.01 Si, 
0.42 Mn, 0.01 P, 0.007 S, 0.033 Al and 0.011 Cr (in wt%). 
Three commercial nanoceramics formulations (without 
phosphates) were used, and a commercial phosphatizing 
solution based on zinc phosphate was used for surface 
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pretreatment (Table 1). The operating parameters followed 
the manufacturer’s recommendations.

The samples were characterized by scanning electron 
microscopy (SEM) using a JEOL 6060 microscope. The 
surface wettability was determined by contact angle 
measurements, using the sessile drop method.

The electrochemical polarization test was carried out 
with a potentiostat/galvanostat Autolab and a conventional 
three-electrode cell: the sample was set as a working 
electrode, a platinum electrode acting as an auxiliary 
electrode and the reference electrode a saturated calomel 
electrode (SCE). A 0.01 M NaCl solution (pH~6) was used 
as the electrolyte (STP Conditions). A 0.626 cm2 area was 
analyzed.

It is applied a black powder polyester paint on the 
pretreated samples to evaluate the effect the combination of 
the pretreatment with organic coating. The paint application 
was made   in the cabin containing an electrostatic system 
(brand Erzinger) using a flow rate of 1.5 m³.h–1 and 80 kV 
voltage, after the samples were cured in an oven for 20 

minutes at 200 °C. The layer thickness paint was measured 
at three different points and was calculated   averaged.

The adhesion, impact and flexibility tests the samples 
pretreated and painted was performed in accordance to 
ASTM D3359-0913, ASTM D 2794-9914 and ABNT NBR 
10545-8815, respectively.

The test evaluation of corrosion was based on ASTM 
B 117-0716, performed in a salt spray chamber (YU Heng 
Instrument Co. LTD, model HY-952b Salt Spray Tester), 
where the painted panels were placed 15° from the vertical 
position, with total time of 1272 hours of exposure, with 
evaluation performed every 24 hour cycle. The painted 
samples were characterized by corrosion behavior according 
to ASTM D 714-0217 and ASTM D 610-0818 standards that 
evaluate the evolution of the degree of rusting and blistering 
of painted surfaces respectively.

Figure 1 shows the sequence of steps taken the 
development of this study and the characterization tests 
performed on the samples.

Figure 1. Schematic illustration of steps and tests.

Table 1. Description of the samples.

Sample Description
Operational parameters

Concentration
(%v/v)

Temperature (°C) Time (s)

BR Blank reference --- --- ---
CHT Nanoceramic trivalent chromium based 3 23-25 60
AFZ Nanoceramic fluorzirconium acid based 3 23-25 60

AHFZ Nanoceramic hexafluorzirconium acid based 6 23-25 60

ZPH Coating zinc phosphate based A = 70 (g.L–1)
B =1.6 (g.L–1) 27 300
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3. Results and Discussion
The SEM micrographs (Figure 2) demonstred that the 

CHT sample (Figure 2b) exhibited a uniform layer covering 
the surface, with protuberances observed on the surface.

The AHFZ and AFZ samples (Figure 2c-d) also present 
a uniform layer covering their surfaces, with small granular 
deposits distributed throughout the surface. The ZPH sample 
(Figure 2e) presents a uniform phosphated coating formed 
by irregular lamellar crystals. According to Banczek et al. 
and Moore et al.19-20, the morphology observed in the 
phosphate sample is common due to the formation of 
hopeite, which consists of hydrated zinc phosphate (Zn3 
(PO4)2. 2H2O)19-20.

Figure 3 shows the images obtained for the contact angle 
measurements by the sessile drop method. The nanoceramic 
coating samples (Figure 3b-d) exhibited contact angles over 
100°, indicating hydrophobic surface behavior. Hydrophobic 
surfaces are considered anti-corrosives because they repel 
water, minimizing the corrosion electrochemical reaction21. 
Among the coatings tested here, the AFZ sample (Figure 3c) 
showed the highest contact angle, indicating the lowest 
wettability.

Studies show that wettability can be directly influenced 
by the surface roughness, with an inversely proportional 
ratio between them22-24. However, it is important to consider 
that in addition to morphology, surface composition also 
influences the wettability of the substrate25-26. Thus, whereas 
the roughness observed for systems pre-treatments studied 
was very similar, and that the chemical composition of these 
is distinct, can assumes that the difference in wettability is 

influenced by the chemical composition of the film formed. 
The ZPH sample (Figure 3d) showed a lower contact angle 
(lower than 90°), indicating a higher wettability (hydrophilic 
behavior), while all the nanoceramic coatings presented 
contact angles of approximately 100° (hydrophobic 
behavior). This result indicates that the nanoceramic coating 
contributes to increasing the surface hydrophobicity.

Figure 4 is present the open circuit potential (OCP) 
monitored for one hour. The CHT pretreated material 
exhibited an initial decrease in potential, possibly due to 
the presence of defects in the coating, followed by a small 
stable potential range, indicating that corrosion products 
block further corrosive action. After the corrosion products 
are dissolved in solution, a new and permanent corrosive 
attack occurs. For the AFZ and AHFZ coatings, the 
corrosive attack occurs swiftly and intensely, as indicated 
by the active potentials observed for these systems during 
OCP monitoring. ZPH pretreatment at less active potential 
compared to the nanoceramic coating, exhibiting the best 
electrochemical behavior in terms of open circuit potential.

Figure 5 shows the polarization curves and Table 2 
presents the   corrosion density current values (icorr), corrosion 
potential values (Ecorr) and polarization resistance values 
(Rp), obtained by a Tafel simulation from the polarization 
curves.

The ZPH coating followed by the nanoceramic CHT 
coating exhibition lower icorr values and higher Ecorr and Rp 
values compared to the two other nanoceramic coatings 
AFZ (fluorzirconium acid based nanoceramic) and AHFZ 
(hexafluorzirconium acid based nanoceramic), which exhibit 
similar behavior. This result demonstrates the effect of 

Figure 2. SEM samples with different pretreatments: (a) BR, (b) CHT, (c) AFZ, (d) AHFZ and (e) ZPH, with magnitude of 1,000x and 5,000x.
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Figure 3. Contact angle measurements by the sessile drop method for the different pre-treatments: (a) BR, (b) CHT, (c)AFZ, (d) AHFZ 
and (e) ZPH.

Figure 4. OCP diagram (in a 0.01 M NaCl solution) for pretreated samples.

the coating composition on the corrosion performance of 
pretreatment coatings and shows that the best protective 
behavior is conferred to the substrate pretreated with zinc 
phosphate and trivalent chromium based nanoceramic.

Figure 6 shows the SEM images of the samples after the 
electrochemical potentiodynamic polarization test. The CHT 
sample (Figure 6b) presented is attacked uniformly due to 
the presence of cracks in the coating. Cracks were observed 
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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.
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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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