
 

 

 

 
Trans. Nonferrous Met. Soc. China 25(2015) 1144−1150 

 
Long-term corrosion behavior of HVOF sprayed FeCrSiBMn 

amorphous/nanocrystalline coating 
 

Yu-jiao QIN, Yu-ping WU, Jian-feng ZHANG, Wen-min GUO, Sheng HONG, Li-yan CHEN 
 

Institute of Metals and Protection, College of Mechanics and Materials, Hohai University, Nanjing 210098, China 
 

Received 27 May 2014; accepted 17 November 2014 
                                                                                                  

 
Abstract: A FeCrSiBMn amorphous/nanocrystalline coating with 700 μm in thickness and 0.65% in porosity, was prepared by high 
velocity oxygen fuel (HVOF) spraying process. The long-term corrosion behavior of the FeCrSiBMn coating was evaluated by 
potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) tests in a 3.5% NaCl solution with a hard chromium 
coating as a reference. The FeCrSiBMn coating exhibited higher corrosion potential and lower corrosion current density than the 
hard chromium coating. The pore resistance (Rp) and charge transfer resistance (Rct) of FeCrSiBMn coating were higher than those of 
the hard chromium coating. In addition, after immersion in the NaCl solution for 28 d, only small pores in the FeCrSiBMn coating 
were observed. All the results indicated that the FeCrSiBMn coating held superior corrosion resistance to the hard chromium coating. 
This could be attributed to the dense structure, low porosity and amorphous/nanocrystalline phases of the FeCrSiBMn coating. 
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1 Introduction 
 

The concept of using surface coatings by plating or 
thermal spraying to protect many engineering 
components from corrosion is widespread [1−3]. 

However, the substitution of plating, especially 
electroplating, is now becoming more and more 
necessary due to the strict requirement of pollution 
prevention and control [3−5]. With the merits of 
environmental friendliness and high efficiency, the high 
velocity oxygen fuel (HVOF) technology is taken as one 
of the most competitive thermal spray technologies    
to substitute for the hard chromium plating     
technology [6−8]. Therefore, many researchers have 
used HVOF technology to fabricate wear or 
corrosion-resistant coatings [9−16], among which 
Fe-based amorphous/ nanocrystalline coating is the most 
promising one due to the unique combination of high 
hardness/strength, outstanding corrosion resistance and 
relatively low material cost. 

BAKARE et al [17] prepared HVOF sprayed 
Fe43Cr16Mo16C15B10 amorphous coating, which has better 
corrosion resistance compared to its crystalline form in 
0.5 mol/L H2SO4 and 3.5% NaCl electrolytes. YANG  

et al [18] and ZHANG et al [19] found that Fe48Cr15-
Mo14C15B6Y2 amorphous coating had excellent corrosion 
resistance in 3.5% NaCl solutions and the corrosion 
resistance of the coating deteriorated with the increase in 
the amount of crystalline phase. Besides, the corrosion 
resistance of the coating was closely related to the 
wetting behavior and the coatings with hydrophobicity 
exhibited a better corrosion resistance. WANG et al 
[20,21] made a systematic study on the corrosion 
resistance of Fe54.2Cr18.3Mo13.7Mn2.0W6.0B3.3C1.1Si1.4 
amorphous coatings. They noted that the amorphous 
coating showed better corrosion resistance than stainless 
steel 304 in NaCl solution, and the corrosion resistance 
of the amorphous coatings increased with the increase of 
the coating thickness and decreased with with the 
increase of the concentration of NaCl solution. In 
addition, the corrosion resistance of the amorphous 
coating was dominant by the amorphous phase fraction 
when the porosity was less than 1.21%, while it was 
dominant by porosity when the porosity was higher than 
1.21%. In our early studies, the FeCrSiBMn coating was 
prepared by HVOF spray technology [9,22,23], which 
consisted of amorphous phase, nanocrystalline grains, 
and several kinds of borides and carbides. Due to the 
existence of the amorphous phase and nanocrystalline 
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grains with a size of 10−50 nm, this coating exhibited 
higher resistance to cavitation erosion in fresh water than 
a hydromachine material ZG06Cr13Ni5Mo martensite 
stainless steel. 

To the best of our knowledge, many studies have 
been focused on the evaluation of the corrosion behavior 
of the Fe-based amorphous coating after immersion of  
1 h [6,12−15,17−21]. It is known that the attack from 
corrosive environments would like to severely decrease 
the service life of the protective coating with operation 
time. Thus, the characterization of the long term 
corrosion behavior and the corrosion mechanism of the 
Fe-based coating should be necessary. However, the 
related research work on this point is still limited [24,25]. 

In the present work, the long-term (up to 28 d) corrosion 
behavior of the Fe-based coating was presented with 
hard chromium coating (by plating) as a reference 
material. The effects of immersion time in a 3.5% NaCl 
solution on the potentiodynamic polarization curves and 
electrochemical impedance spectroscopy (EIS) were 
discussed, and the related mechanism was proposed. 

 
2 Experimental 
 
2.1 Preparation of coating 

The nominal composition of the Fe-based alloy 
powder (44.7%Cr−1.98%Si−2.97%B−0.08%Mn and the 
balance Fe, mass fraction) with the particle size of  
15−45 μm was used as feedstock one. The Q235 low 
carbon steel was served as substrate with dimensions of      
35 mm×35 mm×6 mm. Before the spraying process, the 
substrate was machined and polished, then degreased by 
acetone, dried in air, and grit-blasted. A Tafa-JP8000 
spray system was employed for spraying. The spraying 
distance was 330 mm, the flow rate of kerosene was  
0.47 L/min, the flow rate of oxygen was 869 L/min, the 
powder feed rate was 5.5 r/min and the traverse velocity 
of spray gun was 280 mm/s. 
 
2.2 Testing methods 

The phase composition of the powder and coating 
were investigated by X-ray diffraction (XRD, Bruker 
D8-Advanced, Germany) with a copper Kα radiation. The 
microstructures of the feedstock powder and as-sprayed 
coating were observed by scanning electron microscope 
(SEM, Hitachi S−3400N, Japan). The porosity of the 
coatings was calculated through OLYMPUS−BX51M 
optical microscope combined with DT−2000 image 
analysis software, and five tests were repeated for each 
average value. 

The corrosion behavior of the FeCrSiBMn 
amorphous/nanocrystalline coating and hard chromium 
coating was evaluated by electrochemical measurement 
on a PARASTAT 2273 electrochemical site. Prior to the 

electrochemical measurements, the samples were 
successively ground on 240, 400, 600, 800, 1000 and 
1200 mesh grade silicon carbide grit papers, then 
degreased in acetone, washed in distilled water, and dried 
in air. Electrochemical measurements were performed 
with a standard three-electrode system using a platinum 
counter electrode and a saturate calomel reference 
electrode. The specimen served as the working electrode 
and was exposed only to the area of 1 cm2. All 
experiments were carried out in 3.5% NaCl solution at 
298 K. After being immersed for 1 h, the open-circuit 
potential became almost steady and the experiments 
started. Potentiodynamic polarization swept from −0.25 
to +1.5 V relative to the open circuit potential at a fixed 
rate of 1 mV/s. Electrochemical impedance spectroscopy 
(EIS) measurements were performed using a sinusoidal 
potential perturbation of 10 mV in a frequency range of 
10 mHz to 100 kHz. The good reproducibility was 
ensured by repeating each test twice. 
 
3 Results and discussion 
 
3.1 Microstructural characterization 

Our previous studies [9,22,23] have shown that the 
FeCrSiBMn coating was successfully prepared by HVOF 
spray technology. The phase of the coatings contained 
the amorphous phase, the nanocrystalline grains, and 
several kinds of borides and carbides [26]. Figure 1 
presents the typical morphology on the cross-section of 
the coating. It was about 700 μm in thickness and 0.65% 
 

 
Fig. 1 Cross-sectional morphologies of sprayed FeCrSiBMn 
coating: (a) Lower magnification; (b) Higher magnification 
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in porosity, with few unmelted or half-melted particles, 
showing very dense structure and compact bonding with 
the substrate. 
 
3.2 Corrosion behavior 
3.2.1 Potentiodynamic polarization curves 

Figure 2 shows the potentiodynamic polarization 
curves of the FeCrSiBMn coating (a) and hard chromium 
coating (b) after immersion for 1, 14 and 28 d, 
respectively. During the immersion, each curve of 
FeCrSiBMn coating shows a spontaneous passivation 
with a wide passive region larger than 1.0 V (SCE) and 
relatively low passive current density in the order of 
magnitude about 10−5 A/cm2. However, the hard 
chromium coating exhibits a narrow passive region about 
0.3 V (SCE) and relatively high passive current density 
of about 10−3 A/cm2. This means that FeCrSiBMn 
coating shows superior passive film protection ability to 
the hard chromium coating. For FeCrSiBMn and hard 
chromium coating, their transpassive potentials are about 
1.0 V, implying similar resistance to localized corrosion 
in 3.5 % NaCl solution. 

Table 1 lists the values of corrosion potential (φcorr) 
and corrosion current density (Jcorr) obtained by the 
method of the Tafel extrapolation from Fig. 2. The φcorr  

 

 
Fig. 2 Potentiodynamic polarization curves of samples in 3.5% 
NaCl solution: (a) FeCrSiBMn coating; (b) Hard chromium 
coating 

Table 1 Summary of electrochemical parameters of samples 
from potentiodynamic polarization curves 

φcorr/V Jcorr/(μA·cm−2) 
Time/

d FeCrSiBMn 
coating 

Hard 
chromium 

coating 

FeCrSiBMn 
coating 

Hard 
chromium 

coating 
1 −0.352 −0.554  1.44 14.10 

14 −0.434 −0.653  3.35 4.07 

28 −0.523 −0.704  4.70 22.47 

 
of the FeCrSiBMn coating decreased from −0.352 V to 
−0.523 V from 1 to 28 d, and the corresponding Jcorr 
increased with increasing the immersion time from 1.44 
to 4.70 μA/cm2 with extending the immersion time from 
1 to 28 d, indicating that the corrosion resistance 
degraded gradually. The tendency for the hard chromium 
coating, however, is quite different. Although the φcorr 
decreased from −0.554 V to −0.704 V gradually, the Jcorr 
of 4.07 μA/cm2 was the lowest during 14 d immersion 
due to the corrosion products accumulated in the pores 
and cracks of the hard chromium coating. Then, with the 
dissolution of the corrosion products, the Jcorr increased 
to 22.47 μA/cm2 with extending the immersion time to 
28 d. 

The corrosion resistance of the coatings is 
significantly sensitive to their structures and 
compositions [27]. Figure 3 shows the surface 
morphologies of the hard chromium coating. The  
typical cracks were obviously seen in Fig. 3(b), while the  

 

 
Fig. 3 Morphologies of surface of hard chromium coating:   
(a) Lower magnification; (b) Higher magnification 
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FeCrSiBMn coating exhibited a dense structure    
(Figs. 1(a) and (b)). The superior corrosion resistance of 
the FeCrSiBMn coating could be attributed to its dense 
structure and Cr element. Firstly, the low porosity and 
amorphous/nanocrystalline phase formed the dense 
structure of the FeCrSiBMn coating by HVOF technology 
at a rapid cooling rate. Thus, the aggressive penetration 
of the solution into the coating became very difficult and 
consequently the resistance to charge transfer was 
improved [28]. On the other hand, the Cr element 
dissolved quickly and formed a passive film in the 
solution, which acted as a barrier for anodic   
dissolution [29]. 
3.2.2 EIS plots 

In order to evaluate the variation in the 
electrochemical reactions of the FeCrSiBMn coating and 
the hard chromium coating as a function of the 
immersion time, EIS was measured at various immersion 
time from 1 up to 28 d. Figures 4(a) and (b) show the 
Nyquist and Bode phase plots of the FeCrSiBMn coating 
in 3.5% NaCl solution at open-circuit potential (OCP), 
respectively. After immersion of 1 d, only a large 
capacitive loop was observed on Nyqusit plot (Fig. 4(a)) 
and one inflection point on corresponding Bode phase 
plot (Fig. 4(b)), indicating a single time constant for the 
FeCrSiBMn coating. This behavior could be attributed to 
 

 
Fig. 4 Nyquist plots (a) and Bode phase plots (b) of 
FeCrSiBMn coating 

the spontaneous passivation of the FeCrSiBMn coating 
in NaCl solution and the formation of the dense passive 
film. With increasing the immersion time from 7 to 28 d, 
the style of the Nyquist and Bode phase plots was 
changed. There were two capacitive loops on Nyquist 
plots (Fig. 4(a)). Correspondingly, the system showed 
two time constants according to the two inflection points 
on the Bode phase plots (Fig. 4(b)). The high frequency 
loop could be physically related to the coating defects, 
while the low frequency loop related to the corrosion 
process [30]. This could be due to the interfacial 
reactions between the coating and the substrate [18,24]. 

Figures 5(a) and (b) show the Nyquist plots and 
Bode phase diagrams of the hard chromium coating  
after immersion for 1 to 28 d. Two capacitive loops  
were observed on the Nyquist plots (Fig. 5(a)), and 
correspondingly two inflection points appeared on the 
Bode phase plots (Fig. 5(b)), indicating that the hard 
chromium coating has two time constants. The Nyquist 
plots kept almost the same after immersion from 1 to  
14 d, but a straight line with a slope of roughly 45° 
appeared at the low frequency after immersion for 28 d, 
suggesting that Warburg impedance occurred when 
charge transfer was influenced by a semi-infinite length 
diffusion process [31,32]. 
 

 
Fig. 5 Nyquist plots (a) and Bode phase plots (b) of hard 
chromium coating 
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Based on the above analysis, the equivalent circuits 
describing the electrochemical reaction for the 
FeCrSiBMn coating and the hard chromium coating are 
shown in Fig. 6. A constant phase element (Q) is 
commonly used to replace capacitance, because it has 
hardly a pure capacitance in a real electrochemical 
process [26]. The equivalent circuit for Fig. 6(a) consists 
of the resistance of the solution (Rs), the resistance of the 
coating (Rc), and the capacitance of the coating (Qc). For 
the equivalent circuit of Fig. 6(b), a pair of elements in 
parallel, namely, Qc and Rp (pore resistance), represent 
the dielectric properties of the coating. Another pair of 
Qdl (capacitance of the double layer) and Rct (charge 
transfer resistance at the coating/substrate interface) in 
parallel are adopted to describe the electrochemical 
reaction process at the coating/substrate interface. The 
equivalent circuit of Fig. 6(c) consists of an additional 
element Warburg impedance (Zw), a parameter 
containing diffusion coefficient and characteristic of 
stagnant layer. The equivalent circuits in Figs. 6(a) and 
(b) are used to fit the Nyquist plots of the FeCrSiBMn 
coating, while in Figs. 6(b) and (c) fit for the hard 
chromium coating. Similar equivalent circuits have been 
proposed by other researchers [25,30−32]. 

Tables 2 and 3 summarize the corrosion parameters 
extracted from the fitting equivalent circuit (Fig. 6). 
After immersion of 1 d, the FeCrSiBMn coating shows a 
very high Rc value of ~105 Ω·cm2 due to the formation of 
the compact passive film on the coating surface, which 
blocks the attack of the chloride ions. The protection of 

the passive film on the surface of the FeCrSiBMn 
coating is deteriorated after the immersion time of 7 d. 
Then, the aggressive solution penetrates into the coating 
via the pores and cracks. The Rp values decrease 
gradually from 123.9 to 57.75 Ω·cm2 with increasing the 
immersion time from 7 to 28 d, which is probably due to 
the increase of pores and pinholes inside the coating. The 
Rct values increase from 2350 to 3323 Ω·cm2 with 
increasing the immersion time from 7 to 14 d, and then 
decrease to 2826 Ω·cm2 with further increasing the 
immersion time to 28 d. This phenomenon is probably 
caused by the so-called “plugging effect” due to the local 
accumulation of corrosion products [32−34]. With 
increasing the immersion time to 28 d, the corrosion 
products are dissolved and the Rct values decrease, thus 
accelerating the penetration of the aggressive solution 
into the coating. 

The corrosion behavior of the hard chromium 
coating is quite different from FeCrSiBMn coating. The 
chloride ions penetrate into the coating easily after the 
immersion time of 1 d due to the inherent defects such as 
small pores and micro-cracks inside the hard chromium 
coating. The Rp values decrease from 217.5 to     
34.27 Ω·cm2 with increasing the immersion time from 1 to 
14 d, indicating that the pores and cracks in the coating 
increase gradually. The Rp values increase to      
58.91 Ω·cm2 with increasing the immersion to 28 d. This 
could also be attributed to the local accumulation of the 
corrosion products in the coating, which restrict the ion 
mass transfer between the active zones and aggressive 

 

 

Fig. 6 Equivalent circuit representative of FeCrSiBMn coating (a, b) and hard chromium coating (b, c) 
 

Table 2 Electrochemical parameters obtained from EIS spectra of FeCrSiBMn coating 

Time/d Rs/(Ω·cm2) Qf/(μF·cm−2) nf Rc(Rp)/(Ω·cm2) Qdl/(μF·cm−2) ndl Rct/(Ω·cm2) 

1 7.171 50.06 0.8255 1.371×105 − − − 
7 5.854 128.3 0.7541 123.9 2336 0.6161 2530 

14 5.654 216.6 0.7052 66.4 3855 0.7064 3323 

28 6.135 127.8 0.7539 57.75 4346 0.6699 2826 

 
Table 3 Electrochemical parameters obtained from EIS spectra of hard chromium coating 

Time/d Rs/(Ω·cm2) Qf/(μF·cm−2) nf Rp/(Ω·cm2) Qdl/(μF·cm−2) ndl Rct/(Ω·cm2) Zw 

1 8.314 30.54 0.8701 217.5 842 0.4153 1896 − 

7 6.557 50.26 0.8306 96.52 1586 0.4104 1559 − 
14 7.937 41.15 0.8608 34.27 2010 0.4995 2468 − 
28 10.91 163.8 0.7155 58.91 4124 0.5181 592.1 0.00779 
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solution via the coating defects. The Rct values decrease 
after immersion of 7 d, and then increase after immersion 
of 14 d. The increase of Rct values is probably due to the 
corrosion products accumulated in the interface of the 
hard chromium coating and the substrate. The Rct value 
decreases with further increasing the immersion time to 
28 d, indicating that the corrosion process is dominated 
by diffusion of the electrolyte. 

Due to the higher corrosion resistance of the 
FeCrSiBMn coating, the Rp and Rct values after a 
long-term immersion up to 28 d are much higher than 
those of the hard chromium coating. This can be 
explained from the differences in the microstructures. It 
is known that the permeable defects in coatings are 
beneficial for the corrosion by providing paths for the 
aggressive electrolyte to reach the steel substrate. The 
reason that the FeCrSiBMn coating holds better 
corrosion resistance can be attributed to the dense 
structure with little pores and partially corrosion resistant 
amorphous structure. 
3.2.3 Morphology of corroded surface 

Figure 7 presents the surface morphologies of 
FeCrSiBMn coating and hard chromium coating after 
immersion in a 3.5% NaCl solution for 28 d. For the 
FeCrSiBMn coating, only very few and small pores that 
sparely distributed on the surface were observed in   
Fig. 7(a), validating good corrosion resistance of the 
FeCrSiBMn coating. However, severe corrosion damage 
  

 
 
Fig. 7 Morphologies of surface of FeCrSiBMn coating (a) and 
hard chromium coating (b) after immersion in 3.5% NaCl 
solutions for 28 d 

occurred in the hard chromium coating with big pores 
and corrosion pits as shown in Fig. 7(b). This was in 
consistence with the results of electrochemical tests. 
 
4 Conclusions 
 

1) The potentiodynamic polarization tests indicate 
that compared to the hard chromium coating, the 
FeCrSiBMn coating exhibits a higher corrosion potential 
and a lower corrosion current density respectively. The 
FeCrSiBMn amorphous/nanocrystalline coating exhibits 
a wide passive region of about 1.0 V (SCE) and much 
lower passive current density than the hard chromium 
coating. 

2) The EIS measurements show that the Rp and Rct 
values of the FeCrSiBMn coating are higher than those 
of the hard chromium coating. The corrosion 
performance of the FeCrSiBMn coating increases after 
immersion of 14 d due to the plugging of the corrosion 
products which hinders further attack. 

3) After immersion in a 3.5 % NaCl solutions for  
28 d, big pores and corrosion pits pile up in the hard 
chromium coating, while only small pores are observed 
in the FeCrSiBMn coating, validating the superior 
corrosion resistance of the latter. 
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摘  要：采用超音速火焰(HVOF)喷涂技术制备 FeCrSiBMn 非晶纳米晶涂层，涂层厚度为 700 μm，孔隙率为 0.65%。

利用动电位极化曲线和电化学阻抗谱测试研究 FeCrSiBMn 涂层和对比样镀铬层在 3.5%溶液中的长期腐蚀行为。

结果表明，与镀铬层相比，FeCrSiBMn 涂层具有较高的腐蚀电位和较低的腐蚀电流密度。FeCrSiBMn 涂层的孔隙

电阻(Rp)和电荷转移电阻(Rct)比镀铬层的高。此外，在 NaCl 溶液中浸泡 28 d 后，FeCrSiBMn 涂层表面仅观察到微

小的孔隙。FeCrSiBMn 涂层与镀铬层相比具有优异的耐腐蚀性能。这主要与 FeCrSiBMn 涂层致密的结构，较低

的孔隙率及非晶相的存在有关。 
关键词：超音速火焰喷涂；涂层；Fe 基非晶/纳米晶；耐腐蚀性能 
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