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Abstract
In this work, the effectiveness of niobium coatings for the corrosion protection of carbon steel was studied. Three niobium 
resins, containing different molar proportions of citric acid:ethylene glycol, were coated separately onto samples of car-
bon steel (SAE 1020). The niobium layers were obtained by the polymeric precursor method (Pechini). Potentiodynamic 
polarization curves (anodic and cathodic) and electrochemical impedance spectroscopy were used to evaluate the corrosion 
resistance of the niobium-coated carbon steel samples in a 0.5 mol L−1 NaCl electrolyte solution. X-ray diffraction analysis 
of the niobium layers showed that they are composed of the niobates: NbO, NbO2 and Fe0.998Nb0.002. Surface observation by 
scanning electron microscopy revealed a uniformly deposited niobium coating on the surface. The electrochemical results 
showed that niobium was effective in the corrosion protection of the carbon steel substrate. The results also suggested that 
niobium can be coated onto the substrate to form a layer with advantageous corrosion properties.
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1  Introduction

Niobium oxides exhibit high corrosion resistance in cor-
rosive environments such as wet or dry chlorine, bromine, 
saturated brine, ferric chloride, hydrogen, sulfide, sulfur 
dioxide, nitric and chromic acids, and sulfuric and hydro-
chloric acids within the specified temperature range and 
concentration [1].

Surface treatments are used for metal corrosion protec-
tion; however, due to the toxicity problems generated with 
the use of these traditional treatments, niobium oxides arise 
as an alternative since their biocompatibility and efficiency 
as a corrosion protector are already proven [2, 3].

Niobium oxide films have been widely studied for cor-
rosion protection of various metallic materials due to their 
high resistance to corrosion, mechanical resistance, and 

biocompatibility [4–9]. Niobium coatings can be obtained 
by (i) hydrothermal synthesis [4–6], co-precipitation syn-
thesis [7, 8] (ii) the sol–gel technique [9–14] and (iii) the 
Pechini method [9, 15–18].

The Pechini method, or polymeric precursor method, is 
a modification of the sol–gel method that consists of the 
preparation of a resin with the desired metal complexed 
to the structure and calcinating it to form metallic oxides 
[19, 20]. The resin is prepared by reacting a chelating agent 
(usually a carboxylic acid) and the metallic precursor (usu-
ally a salt), followed by a polyesterification reaction by the 
addition of a polyalcohol [19–23]. This method stands out 
for the possibility to control the particle size, morphology 
and compositional homogeneity as well as a low toxicity 
and relatively moderate conditions of temperature, besides 
allowing production in large scale at relatively low costs 
[19–25].

Niobium oxides are commonly found as NbO, NbO2 and 
Nb2O5, where the element Nb has the oxidation state + 2, + 4 
and + 5 , respectively [26]. NbO crystallizes as a face-centered 
cube and is considered as a conductor [21, 26]. NbO2 crystal-
lizes in the tetragonal phase and is considered as a semicon-
ductor [21, 26]. Nb2O5 is the most thermodynamically stable 
state and can occur in the amorphous state or as different poly-
morphs (hexagonal, orthorhombic or monoclinic) depending 
of the crystallization temperature [26]. Nb2O5 is considered 
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as an insulant, therefore, it would be the ideal structure for the 
corrosion protection.

The variation in molar ratio between citric acid and ethylene 
glycol in the formation of niobium oxide films by the Pechini 
method has a great influence on the degree of polymerization. 
Films prepared with a high molar ratio of citric acid to ethyl-
ene glycol showed a crystalline structure, while those prepared 
a low ratio of the reactants have amorphous structures [13].

Raba et al. [27] carried out a comparative study between 
the sol–gel and Pechini methods for the preparation of Nb2O5 
powders. According to analyses made using scanning electron 
microscopy (SEM), the average size of the grains formed using 
the Pechini method was lower than that of grains obtained 
by the sol–gel method. In addition, it was demonstrated that 
the size of the grains formed by the sol–gel method is less 
uniform.

Rincón et al. [28] investigated the resistance to corrosion of 
a niobium carbide (NbC)-based coating applied on AISI 1045 
steel, using 3% NaCl solution as the electrolyte. The results 
indicated that the presence of NbC increased the corrosion 
resistance of the substrate, but there was a decrease in protec-
tion after exposure to the solution for 24 h. This decrease was 
attributed to the porosity of the coating.

Fernandes et al. [29] studied an NbC coating applied on 
AISI 52100 steel, which is used in machine bearings. This 
coating increased the corrosion resistance of the material, in 
addition to increasing the mechanical strength of the metal.

The objective of this work was to produce and characterize 
a niobium-based coating for corrosion protection of carbon 
steel (SAE 1020) by varying the molar ratio of citric acid (CA) 
to ethylene glycol (EG) in the niobium resin.

2 � Experimental

2.1 � Sample Preparation

The material used as substrate was a carbon steel (SAE 
1020) (composition in Table  1), from which samples 
(20 × 20 × 2 mm) were cut and then coated with niobium.

The sample surfaces were prepared for niobium coating 
by grinding with silicon carbide (SiC) emery paper in the 
sequence #220, #320, #400, #600 and #1220. After grind-
ing, the samples were rinsed with distilled water to remove 
any residual impurities, and dried. The polished plate was 
immersed in the resin for 15 min, then hanged to drain the 
excess of resin for 5 min followed by the calcination of the 
plates at 450 °C for 1 h in a preheated muffle furnace [19]. 
After calcination the plates were cleaned with a soft paint 

brush, rinsed with deionized water and dried to remove the 
organic material left.

The three resins were proposed to evaluate the effect of 
ethylene glycol on the corrosion protection promoted by the 
niobium coating (Table 2). Films prepared with a high molar 
ratio of citric acid to ethylene glycol showed a crystalline 
structure, while those prepared a low ratio of the reactants 
have amorphous structures [13].

The niobium coatings preparation and characterization of 
the metal samples followed the sequence of Fig. 1.

The resins for carbon steel coating were prepared by the 
Pechini method [19], using the following reagents: ethylene 
glycol (99.99%, Aldrich), citric acid (99.999%, Aldrich), and 
complex ammonium nitrate (NH4)3(NbO (C2O4)3)·H2O.

2.2 � Characterization of the Niobium Layers

The morphology of the niobium coatings was evaluated 
by SEM using a Tescan® Vega3 microscope, and their 
thickness was determined by thickness measurements at 

Table 1   Percentage composition 
of carbon steel alloy (1020), 
obtained by X-ray fluorescence

Element Fe Mn C

(%) 99.12 0.32 0.20

Table 2   Molar ratio EG/CA for resin preparation

Resin Molar ratio

Ethylene glycol Citric acid Nb:citric acid

1 4 1 1:10
2 8 1 1:10
3 12 1 1:10

Sample Prepara�on

Obtaining Resin
(Pechini Method)

Coa�ng Deposi�on

Calcina�on
(450°C)

Structural and 
electrochemical analysis

Fig. 1   Stages of preparation of the samples and resins used
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ten areas of the three different samples. The phases in the 
niobium layer were investigated by XRD with a Bruker D2 
phaser diffractometer, using CuKα radiation (1.5418 Å). 
The electrochemical behavior of the niobium-coated 
samples was evaluated by potentiodynamic polarization 
(anodic and cathodic) measurements and electrochemical 
impedance spectroscopy (EIS), using a frequency response 
analyzer (Gamry model EIS 300) coupled to a potentiostat 
PCI4/300. Working electrodes with an area of 0.78 cm2 
were used in the electrochemical tests. A platinum wire 
and a silver/silver chloride electrode were used as the 
counter and reference electrodes, respectively. A sodium 
chloride solution (0.5 mol L−1 NaCl; pH 6.0) was used for 
electrochemical characterization of the niobium layer. The 
electrolyte was quiescent, naturally aerated and its tem-
perature was maintained at (20 ± 2) °C. Potentiodynamic 
polarization tests were carried out from the corrosion 
potential Ecorr up to an overpotential of ± 400 mV, using 
a scanning rate of 1 mV s−1. The EIS measurements were 
potentiostatically performed at Ecorr, with a perturbation 
amplitude of ± 10 mV rms, in the frequency range from 
100 kHz to 10 mHz, using an acquisition rate of 10 points 
per decade. The configuration of the electrochemical cell 
used is shown in Fig. 2.

Corrosion rates (jcorr) were estimated by extrapolation 
of the linear segment of the cathodic curve to the corro-
sion potential. The average corrosion potential (Ecorr) and 
(jcorr) values are estimated from three measurements. The 
corrosion inhibiting efficiency (θ) was estimated by

where jo
corr

 is the corrosion rates of substrate. j
corr

 is the cor-
rosion rates of coated substrate.

(1)� =

jo
corr

− j
corr

jo
corr

,

3 � Results and Discussion

3.1 � Characterization of Phases in the Niobium 
Coating

The phases in the niobium layers obtained with different 
types of resin were analyzed by XRD and the results are 
shown in Fig. 3.

The X-ray diffractogram in Fig.  3a shows that the 
powder formed by the resin has an amorphous structure. 
However, when the resin is applied on carbon steel (SAE 
1020), it was possible to identify characteristic niobium 
oxide peaks. The presence of carbon steel induces phase 
formation, since the diffractogram of niobium coated on 
carbon steel presents well-defined peaks, characteristic of 
crystalline material (Fig. 3b). The phases present in the 
carbon steel niobium coating were mainly NbO, NbO2 and 
Fe0.998Nb0.002 [30].

Fig. 2   Schematic model of the electrolytic cell used in electrochemi-
cal tests
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Fig. 3   X-ray diffractogram of the a resin powder and b carbon steel 
(SAE 1020) niobium coating
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3.2 � Morphology Characterization of the Niobium 
Coating

The niobium coating morphology was evaluated by SEM 
and the micrographs obtained are shown in Fig. 4.

Coating of carbon steel promotes considerable change 
in the surface morphology of the substrate. The coatings 
obtained with the niobium resins 1, 2 and 3, show a granular 
morphology that promotes surface coverage. This suggests 
that the niobium layer leads to better corrosion resistance. 

Different niobium resins resulted in different coating char-
acteristics. The coating obtained with resin 1 was the most 
homogeneous and compact. That obtained with resin 2 
showed some defects, such as cracks and pores. The coating 
obtained with resin 3 showed a morphology with smaller 
crystals. The micrographs suggest that the increasing 
sequence of corrosion protection is resin 1 > resin 3 > resin 
2. This corrosion protection sequence is related to the mor-
phology of the niobium layers, as the coating of resin 1 was 
the most homogeneous and compact.

Fig. 4   Micrographs of the carbon steel (SAE 1010) surface prior to niobium coating (a) and after niobium coating with resin 1 (b), resin 2 (c) 
and resin 3 (d)
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The semi-quantitative elemental compositions obtained 
from energy dispersive spectroscopy (EDS) analysis of the 
niobium coatings are shown in Table 3.

The EDS results show that the niobium layers contain 
mainly iron, niobium, and carbon. The high amount of iron 
is mainly due to the metallic substrate. Coating the carbon 
steel with niobium decreases the amount of iron determined 
on the surface of the carbon steel. The presence of carbon 
shows that there was incomplete burning of the resin organic 
fraction in the calcination step. The smaller amount of nio-
bium present in the resin coating 3 suggests that this layer is 
composed of iron oxide.

The amount of niobium varied considerably with the pro-
portion of ethylene glycol used in each resin. The substrate 
coated with resin 1 presented the highest percentage of nio-
bium in its coating composition (Fig. 5).

The niobium percentage in the coating decreases with 
increasing ethylene glycol ratio; the higher the amount of 
ethylene glycol, the lower the amount of citric acid complex-
ing agent. According to Galceran et al. [31], a very small 
molar ratio of citric acid to ethylene glycol can lead to pre-
cipitation of niobium salts and non-uniformity in the compl-
exation reaction. A smaller amount of citric acid decreases 
the amount of niobium complexed by citric acid and favors 
the precipitation of niobium salts by decreasing the amount 
of niobium in the coating. The results are in agreement with 
the study carried out by Rosário and Pereira [16], which 
concluded that niobium-based films prepared with a citric 
acid:ethylene glycol molar ratio of 1:4 provide the best cor-
rosion protection.

3.3 � Niobium Layer Thickness Evaluation

The niobium layer thickness was evaluated by means of 
SEM on cross-sectional areas of coated steel, as shown in 
Fig. 6. The mean thickness value for the niobium layer was 
14.93 ± 0.997 µm.

These results are in agreement with the literature [3, 32]. 
Tussolini [32] measured the thickness of the niobium-based 
coatings and found values of (20 ± 2) µm. Castillejo et al. 
[33] also measured the thickness of their niobium-based 
coatings and the dimensions established were 15 ± 0.4 µm.

3.4 � Electrochemical Characterization

The anodic polarization curves corresponding to bare and 
niobium-coated carbon steel samples are shown in Fig. 7.

Lower current densities were measured for niobium-
coated samples up to potential values of − 0.5 V, suggesting 
that the coated samples were protected against corrosion 
in the region near corrosion potential. At potential values 
greater than − 0.5 V, there was rupture of the niobium coat-
ings indicated by the significant increase in current density 
when compared to uncoated carbon steel.

The anodic polarization results demonstrated that the 
niobium coatings protect the metal surface, but it is not 
possible to define the best coating because the measured 
current densities were very close to all coatings. These 

Table 3   Semi-quantitative elemental compositions of niobium layers 
obtained with different resins

Sample Element (wt%)

C O Fe Nb

Carbon steel (SAE 1020) 4.59 – 95.1 –
Carbon steel (SAE 1020) + resin 1 2.00 21.5 66.0 10.5
Carbon steel (SAE 1020) + resin 2 1.96 21.3 68.1 8.64
Carbon steel (SAE 1020) + resin 3 1.52 20.8 77.7 0.07

Fig. 5   Niobium percentage variation as a function of ethylene glycol 
proportion in the resin

Fig. 6   Cross-section of the niobium-coated carbon steel (SAE 1020) 
showing the thickness of the niobium layer
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results showed that in the anodic polarization the differ-
ences in morphology and structure were not enough to 
determine a change of electrochemical response.

Cathodic polarization curves were also obtained in 
NaCl 0.5 mol L−1 solution, and these are shown in Fig. 8.

For all cathodic polarization curves, a current density 
limit (jL) was observed, showing that the cathodic reac-
tion is diffusion controlled. The jL values decreased for 
the niobium-coated steels compared to the bare steel, and 
the lowest jL value was associated with the resin 1 nio-
bium-coated steel, indicating that the layer polarized the 
cathodic reaction.

From the results of cathodic polarization, it was 
observed that the electrochemical response demonstrates 
that the niobium coating acts of the oxygen reduction 

reaction, because there was a decrease of the current den-
sities determined in the presence of the coatings.

The results demonstrate that niobium coating led to 
an increase in corrosion potential values, suggesting that, 
besides affecting the cathodic reaction, this coating also has 
a significant influence on the anodic reaction, as indicated 
in Figs. 7 and 8.

Corrosion rates (jcorr) were estimated by extrapolation of 
the linear segment of the cathodic curve to the corrosion 
potential. The average corrosion potential (Ecorr) and (jcorr) 
values estimated from three measurements and also the cor-
rosion inhibition efficiencies (θ) due to the phosphate layer 
are shown in Table 4.

The results presented in this table show that the niobium 
layer moves the Ecorr into nobler values, suggesting that 
besides affecting the cathodic reaction it also influences the 
anodic reaction. It also shows that the efficiency associated 
with the niobium layer obtained from resin 1 is significantly 
superior to that of the layer formed in the other resin.

The EIS results obtained in NaCl 0.5 mol L−1 solution 
are shown in Figs. 9 and 10 as Nyquist and impedance 
module plots. The Nyquist plots of the niobium-coated 
steels show a capacitive arc, suggesting a time constant. 

Fig. 7   Anodic polarization curves of bare and niobium-coated carbon 
steel (SAE 1010), obtained in NaCl 0.5 mol L−1 solution

Fig. 8   Cathodic polarization curves of bare and niobium-coated car-
bon steel (SAE 1020), obtained in NaCl 0.5 mol L−1 solution

Table 4   Average values of jcorr, Ecorr and efficiency (θ) obtained from 
cathodic polarization curves

Sample Ecorr (V) jcorr (µA cm−2) θ (%)

Carbon steel − 0.75 ± 0.03 39.7 –
Carbon steel + resin 1 − 0.65 ± 0.05 11.6 70.8 ± 2.5
Carbon steel + resin 2 − 0.68 ± 0.09 23.0 42.1 ± 1.8
Carbon steel + resin 3 − 0.69 ± 0.04 20.4 48.6 ± 1.5
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Fig. 9   Nyquist plots obtained in NaCl 0.5 mol L−1 solution for bare 
and niobium-coated carbon steel (SAE 1020)
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The Nyquist plots also show higher impedances associ-
ated with the coated samples compared to uncoated carbon 
steel. Coating had a significant effect on the impedance 
results, suggesting a delay in the charge transfer pro-
cesses. Larger impedances were associated with carbon 
steel coated with niobium and demonstrated the higher 
corrosion resistance of coated steel. The oxide obtained 
with resin 1 provided higher corrosion resistance because 
it was more homogeneous. The EIS results supported the 
polarization measurements and indicated that the niobium 
layer was effective against corrosion.

The plots in Fig. 9 show an increase in the value of the 
impedance module |Z| for samples coated with niobium res-
ins. The increase in the value of |Z| suggests the formation 
of a surface that is resistant to electrolytic solution attack. 
The sample with the highest value of |Z| was that coated with 
resin 1, thus suggesting that this coating provides greater 
corrosion protection.

4 � Conclusions

XRD analysis showed that the main phases in the niobium 
layers obtained with the three types of niobium resin used 
were NbO, NbO2 and Fe0.998Nb0.002. The X-ray diffracto-
grams show that the powder formed by the resin has an 
amorphous structure, but becomes crystalline in nature when 
applied on carbon steel.

The SEM micrographs showed that the niobium layer 
formed consists of crystals with a granular morphology 
that promotes surface coverage, leading to better corrosion 
resistance. The results also showed that the niobium coating 
obtained has a thickness of 14.93 ± 0.997 µm.

EDS analysis showed that there was a decrease in the 
amount of niobium in the coatings when the amount of eth-
ylene glycol in the resins was increased.

Electrochemical characterization demonstrated a higher 
corrosion resistance associated with the coated substrate in 
comparison with the bare substrate. From the results of the 
present study, it can be concluded that niobium oxide layer 
can be used as a corrosion-protection coating for carbon 
steel.
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