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In this study the NiAl system macro-alloyed with Cu was used as a protective coating in an Inconel 

600 alloy and X52 steel at low temperature for studying the corrosion conditions due to the “dew point 

corrosion” phenomena which produce sulfuric acid in fuel oil plants boilers. Conventional DC 

electrochemical test such as polarization curves and linear polarization resistance were compared with 

corrosion results obtained by the electrochemical noise (EN) technique. The results show that the 

NiAlCu coating protect well both alloys and is a very good option for against the dew point corrosion. 

However the steel coated protection do not reach the levels obtained for the coated Inconel 600 alloy, 

furthermore the coated Inconel 600 alloy seems to resist better the acidic corrosion environment. The 

EN techniques shows similar results and increase the knowledge of the corrosion of the coated and 

uncoated alloys showing corrosion mechanisms and performance, as this technique was used to 

monitor the corrosion of the studied alloys over time. The Rn and Rp values show some discrepancy 

but have the same corrosion resistant sequence of the alloys under study proving their equivalence. 

Further deeper analysis was proposed to do in a subsequent paper corresponding to the EN data 

analysis. 

 

 

Keywords: NiAl, NiAlCu, Intermetallic coatings, HVOF Thermal Spray, Corrosion coatings.  

 

 

1. INTRODUCTION 

The alloys employed up to now for high temperature applications are made predominantly of 

iron, nickel or cobalt base alloys due to these materials has elevated melting points and can be 

http://www.electrochemsci.org/
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manufactured practically in any required shape. Unfortunately, their oxides evolved under oxidant 

environments are not quite protective for applications above 500°C. However, the addition of other 

elements in suitable amounts (Cr, Al and Si) to their chemical compositions, have been improved their 

corrosion resistance to more elevated temperatures by the development of more stable oxide layers 

such as Cr2O3, Al2O3, and sometimes, SiO2. These oxides acts as shield to corrosion owing to their low 

growth surface velocities [1, 2, 3].  

On the other hand along the past 30 years several investigations have been demonstrated that is 

impossible to develop ideal oxide layers, and there are susceptible to failure at elevated temperature by 

fracture and crusting. In some cases, these oxides could be reformed maintaining corrosion protection. 

However, if chromium, aluminum and/or silicon were depleted in the iron, nickel or cobalt base alloys, 

less protective oxides would be formed, leading to a much more less corrosion protection. Because of 

these, coatings has been developed that could assure larger service lives and performance as those 

expected for the mentioned alloys [4, 5].  The coatings produced for satisfactorily corrosion resistance, 

are based on their reactive products formed on the alloys surfaces, for example, the Al2O3, Cr2O3 

compounds can inhibit further corrosion reactions between the coating surface and the corrosive 

environment.  

Traditionally, the most important coating systems for high temperature corrosion protection can 

be divided, based on its formation procedure, in two basic groups [1-6]: coatings by diffusion, that 

compile intermetallic compounds, generally aluminates, that are applied mostly by chemical vapor 

deposition (CVD) controlled by diffusion mechanisms, overload coatings, these methods deposit 

metallic alloys and ceramics compounds by thermal projection (flame spraying, electric arc, plasma, 

etc.) or physical vapor deposition (PVD) methods. Nevertheless such coatings could be applied for 

ambient temperature service and they are not limited to high temperature applications. For low 

temperature purposes these coatings could have better performances even in alloys that not develop 

protective oxides such as in Fe-C-Mn steels.  Their application would depend principally on the 

relation material application protective-cost-benefit. 

At the beginning of the 90s decade in the past century, intermetallic compounds have emerged 

as materials with vast potential for application in a wide range of technologically areas [7]. The 

relevance of intermetallics especially aluminides stems from their many attractive properties, such as 

high oxidation and corrosion resistance and relatively low densities, combined with their ability to 

retain strength and stiffness at elevated temperatures [8, 9]. Many investigations in intermetallics have 

been done on the aluminides principally in the Ni–Al system [10]. The two aluminides of significance 

in the Ni–Al system are Ni3Al and NiAl. Because of its low density, high melting temperature, good 

thermal conductivity and excellent oxidation resistance NiAl has emerged as a possible high 

temperature structural material. It has several advantages over superalloys [11, 12]. However, the main 

drawback of this system is their lack of ductility at room temperature. Several attempts have been 

made to alleviate the problem of their room temperature brittleness through modification of slip 

systems, grain refinement, use of single crystals and microalloying with boron [13]. So, the problem of 

lack of ductility in NiAl has been well addressed [14, 15]. It has been demonstrated that this 

intermetallic compound shows large ductility under certain conditions of impurity and imperfection 

content, heat treatment and surface perfection [16]. Furthermore several alloying additions to NiAl 
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have been attempted to improve its ductility [17]. In the past decade Colin et al., reported that macro-

alloying NiAl intermetallic compound with Cu and Fe, could lead to NiAl ductility as high as 6% and 

12% in tensile test [18]. In addition, it was reported that microstructural control through the processing 

(i.e. rapid solidification, mechanical alloying and thermomechanical treatments) can improve their 

ductility [19-22]. However, this system is not yet available for structural applications.  

Kim et al [23], through RF magnetron sputtering used NiAl coatings for deposition on Ni3Al 

thin foils for oxidation resistance. In their study, insufficient coating thickness could induce rapid Al 

depletion in the NiAl coating layer. However, Kim et al., reported that the addition of 3 at. % Ti was 

very effective in retarding atomic diffusion and Al depletion in the coating layer. Although the interest 

of nickel aluminates is for high temperature applications, some room temperature applications are 

being discovered, for example as biomaterials or seawater environments applications [24]. Some other 

technological important application is in fossil (fuel oil) plants boilers, where stainless steels and 

nickel superalloys, among others, are commonly used [25, 26]. β-NiAl phase, an important 

intermetallic compound in Ni-Al systems, together with '-Ni3Al phase, has been used as a coating 

material for Ni-base superalloys, because of its excellent oxidation resistance. However, conditions, in 

which the fuel oil combustion takes place, play a key role in the boiler materials performance. High air 

excess during the combustion process enhances high temperature oxidation of super-heaters and re-

heaters, accelerated by vanadium and sulfur compounds. This condition also increases the generation 

of SO3 and hence the corrosion by sulfuric acid in the low temperature zone of the boiler [27]. The 

aqueous, low temperature corrosion resistance of NiAl-Cu for its use as a coating material is of 

concern for high temperature applications because these materials (stainless steels and nickel 

superalloys) will not always be at high operating temperatures, since transients like start-ups and 

shutdowns in fossil plants occur. As already mentioned, sulfur is present and, in these transients, 

condensation of sulfuric acid occurs producing the so called “dew point corrosion” which could lead to 

catastrophic failures during service.  

The goal of the present work is to investigate a novel no structural application of the NiAl 

system macro-alloyed with Cu as a protective coating applied by High Velocity Oxygen Fuel (HVOF) 

thermal spraying technique on a nickel base alloy. Its performance was evaluated in a 0.5 M sulfuric 

acid at low temperature, for comparison a not protective layer oxide producer alloy (Fe-C-Mn steel) 

was also coated with the NiAl-Cu and evaluated. 

 

 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Materials and Corrosion Media 

The NiAl was macro-alloyed with Cu by melting in a vacuum induction furnace and micro-

structurally characterized as reported elsewhere [18, 21, 22]. The NiAlCu deposition on Inconel 600 

alloy and X52 steel were made by means of HVOF thermal spray process. This technique uses powder 

alloy which it was obtained by ball milling from the NiAlCu ingots. The coating was applied onto 

substrates surface according as it is detailed by Arrieta-Gonzalez et al. [28]. All the specimens were 
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mounted into epoxy resin leading the coated surface free in the case of coated substrates and a free 

rough surface free for the uncoated specimens. 

Surface morphology and cross-section studies of the coatings were carried out using a scanning 

electron microscope (SEM). The surface and cross sectional chemical compositions were analyzed by 

energy dispersive X-ray spectroscopy (EDS). 

 Table 1 shows the NiAlCu coating chemical composition. 

 

Table1. Chemical analysis by EDS registered in the samples. 

 

Substrate Elemental Composition of the coating (wt. %) 

Cu Al Ni 

Inconel 600 Alloy 15 ± 1.3 35 ± 1.02 Bal. 

FeCMn steel 15 ± 0.8 35 ± 1.1 Bal. 

 

Structural investigations were conducted by XRD method using a Philips diffractometer  

(X'Pert model) with Cu Kα radiation (U=40 kV, I=20 mA). Diffraction patterns were recorded in the 

2θ range from 20° to 150°. Phase identification was carried out on the base of ICDD card standards 

(2000). 

The corrosion media was prepared from analytical grade reagents and deionized water to obtain 

a 0.5 M sulfuric acid (H2SO4) aqueous solution. 

 

2.2 Electrochemical Test 

Electrochemical techniques such as Polarization Curves (PCs) and Electrochemical Noise (EN) 

were used to characterize the corrosion performance of the NiAl-Cu coating system and the bare 

Inconel 600 alloy and X52 steel surfaces at room temperature (25±2 ◦C) in the 0.5 M H2SO4 solution. 

Electrochemical experiments were performed using an ACM Instruments potentiostat controlled by a 

personal computer using all the mounted epoxy resin alloys specimens, coated and uncoated as 

working electrodes. These specimens have suitable attached by spot welding a nichromel (Ni20Cr) 

wire for electrical contact. 

PCs were obtained by varying the applied potential from −300mV to + 600 mV respect to the 

Ecorr, at a scan rate of 60 mV/s. Before the experiments, the Ecorr value was measured for approximately 

30 min, until it was stable. All potentials were measured using a saturated calomel electrode (SCE) as 

reference electrode. The counter electrode was a graphite rod. Corrosion rates were calculated in terms 

of the corrosion current, Icorr, by using linear polarization resistance (LPR) curves. This operation was 

performed by polarizing the specimen from +10 to −10mV, with respect to Ecorr, at a scan rate of 1 

mV/s to get the polarization resistance, Rp. icorr values were calculated using the Stearn–Geary equation 

[29]: 
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Where ba and bc are the anodic and cathodic slopes obtained from the polarization curves. 

Corrosion rates values, in mm/year, were calculated using Faraday’s law. 

In order to determine the pitting stability tendency the electrochemical noise technique was 

applied. In this case, the current and voltage fluctuations between two identical electrodes were 

recorded at the free corrosion potential, Ecorr vs. SCE (Saturated Calomel Electrode). For these 

measurements, a zero resistance ammeter (ZRA) from ACM Instruments was used controlled by a 

desktop computer taking current and voltage noise readings in blocks of 1024 points at 1 s interval. 

From the unprocessed EN data their trend was removed due to instabilities in the working electrodes 

during the test period as established by assuming that the drift of potential V and current I follow linear 

expressions such as in Mansfield et al work [30]. If this is not carried out considerable deviation of the 

calculated noise resistance (Rn) is obtained when calculated from: 

 

(2) 

 

Where v is the potential standard deviation and I is the current standard deviation of the 

experimental noise data.  

 

After the electrochemical experiments, the specimens were cleaned to be observed in the 

scanning electron microscope (SEM) and micro-chemical analysis of the corroded specimens were 

analyzed using energy dispersive spectroscopy (EDS).  

 

3. RESULTS 

3.1 SEM Characterization 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Surface morphology like-flakes of the deposited coating. 
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Figures 1 and 2, shows the surface and cross section morphologies respectively for the NiAlCu 

HVOF coatings. Figure 1 illustrates a like-flakes grain type surface structure with a few tiny voids 

randomly distributed. The box shows at higher magnifications the formation of a thin oxide layer over 

the flakes as a common characteristic of the HVOF process. Figure 2 shows cross-sectional 

micrographs for both alloys spray deposited NiAlCu structure and alloy interphase. Figure 2a) shows 

that the coating thickness was wider for Inconel 600 alloy than for the steel as shown in figure 2b) with 

48m and 320 m respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Show the morphologies of the cross section of the NiAlCu coating for, a) X52 steel and b) 

Inconel 600 Alloy.  

 

3.2 Electrochemical Tests 

3.2.1 Polarization Curves 

Figure 3 shows the polarization curves of the different materials tested. Clearly shows that the 

X52 steel has the worst behavior among the other materials and coated materials tested. Their Ecorr and 

icorr values denotes that this alloy was the most susceptible to be corroded in the test solution. 

Furthermore as showed by their anodic curve the X52 Steel corrodes until an over-potential of 

approximately 500 mV was reached showing some tendency to get passivated. On the other hand, 

Inconel 600 alloy shows passivation along all the over-potential range tested. This denotes auto-

protection to the corrosive solution and an icorr value almost two magnitude orders below the icorr value 

for the X52 steel. Respect the intermetallic coating the same tendency was observed in both materials. 

The coating shows almost identical behaviors in their passivation and repassivation anodic curve 

zones. The protective coating performance is better on the alloy 600. However, the protection level 

was greater in the case of uncoated steel. 
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Figure 3. Polarization Curves of coated and uncoated alloys under corrosion study in aqueous 

sulphuric acid solution. 

 

A summary of the electrochemical parameters, including the corrosion potential, Ecorr, 

corrosion current density, Icorr, anodic and cathodic Tafel slopes, ba and bc, passivation potential, Epass, 

passivation current density, Ipass, and pitting potential, Epit, is given in Table 2. 

 

Table 2. Electrochemical parameters obtained after the tests 

 

Material Ecorr 

(mV) 

Icorr 

(mA/cm
2
) 

ba bc Epass 

(mV) 

Inconel 600 Alloy -317 3.08 x 10
-2

 155 149 -213 

X-52 Steel -501 3.02 122 154 78 

CoatedInconel 600 Alloy -381 1.78 x 10
-3

 160 219 224 

Coated X-52 Steel -408 4.80 x 10
-3

 194 200 161 

 

3.2.2 Polarization Resistance 

Conventional electrochemical corrosion monitoring using the linear polarization resistance 

(LPR) method is well established for the determination of average corrosion rate. The method is 

relatively simple to implement and reliable, except in a few well defined cases where the required 

conditions are not met. 
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Figure 4 shows the LPR results from the coated and uncoated alloys, in agreement with the 

results showed in Figure 3, the coated Inconel Alloy 600 shows a major corrosion protection tendency 

among the other alloys and coatings presenting the highest Rp peak value of 5,210 cm
2
. Also, the 

uncoated 52 steel shows the lowest Rp values denoting as in figure 2 the worst corrosion performance 

over the time tested. Uncoated Inconel 600 Alloy shows at initial times more corrosion resistance,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

however, as test time continues the alloy 600 tends to lower their corrosion resistance. The maximum 

peak Rp value for the coated X52 steel was 1,360cm
2
 that is obviously lower than the Rp value for 

the coated Inconel 600 Alloy. But, as in Figure 3 the protection gap between the coated and uncoated 

X52 Steel Rp values is higher compared with the gap between the coated and uncoated Inconel 600 

alloy  Rp values denoting a higher degree of protection by the NiAl-Cu coating for the steel.  

 

 
Figure 4. Polarization resistance of the uncoated and coated materials immersed in 0.5 M H2SO4 

solution 

 

In general, it is observed that coated materials were the only ones which showed a tendency to 

decrease its corrosion rate on the immersion time. This indicates that the NiAl-Cu layer could maintain 

after a certain immersion time a passive film of corrosion products.  

 

3.2.3 Electrochemical Noise (EN) 

In this work the conventional EN measurement three electrodes method were used. Two of 

these are working electrodes, between which the electrochemical current noise (ECN) is measured 

using a zero-resistance ammeter (ZRA), so that the two working electrodes are at the same potential. 

At the same time the electrochemical potential noise, EPN, is measured as the fluctuation in the 

potential of the working electrode pair relative to a reference electrode. In laboratory work the 

reference electrode used was a SCE reference electrode. 
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Instability of the test electrode during the measurement period is a problem that can affect the 

raw data in many electrochemical techniques. In addition, V and I will be changed [32] which will 

affect the computed value Rn =V/I. It was not possible to obtain mechanistic information from such 

raw data without the use of appropriate trend removal techniques. The trends in the experimental EN 

data were removed by assuming that the drift of potential V and current I follow linear expressions 

such as [30]: 

 

 

and 

 

 

 

From Eq. (3a and b) it follows that a plot of the potential fluctuations V versus the current 

fluctuations I should result in a straight line with a slope of a/b: 

 

 

 

I = 0 will be observed for: 

 

 

 

The current noise fluctuations in the time domain with trend removed for the coated and 

uncoated specimens under study are shown in figures 4 to 7, after being immersed in 0.5 M H2SO4 

solution during 2, 16, 32, and 48 hours. These fluctuation readings were taken after a few minutes of 

immersion showing anodic and cathodic transients with varied intensities and frequencies. The aim of 

using EN signals was to determine general relations between the characteristics of electrochemical 

noise and corrosion rates and types. The metals in various electrolytes corroded uniformly and locally, 

or intensively, or not at all. The correlation between the shapes of the electrochemical current signals 

or transients and the types of corrosion were described as follows. 

Figure 5 shows the Inconel 600 Alloy current transients at all time and immersion times, one 

thing that is notorious is the extremely low amplitude fluctuation of their current transients assuming 

that not corrosion could be observed at least by optical means. However, clear information could be 

seen regarding their corrosion behavior after 2 hours of corrosion, the Inconel 600 Alloy surface seems 

to be uniformly corroded, but the appearance of very small peaks could be observed. This indicated 

pitting corrosion a very low level and it seems that in some point of the surface after 500 seconds a pit 

become very deep but after this the corrosion performance of the surface still as the beginning. At 16 

and 32 hours of immersion the system seems to be more unstable presenting more like sinusoidal 

current signal behavior at 16 hours and finally presenting clearly pitting at their surface at 32 hours of 

immersion. At 48 hours the alloy 600 achieved the most stable state. After initial fluctuation, noise 

from electrochemical current was very low. The noise from the corrosion current was below the 

measuring limit, which was determined by instrumental noise (Figure 5d). 
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Figure 5. Noise current transients over time of uncoated Inconel 600 Alloy after immersed times of a) 

2h, b)16h, c) 32h, d) 48h in 0.5M H2SO4 solution. 

 

Figure 6 shows the current time signals of the plain X52 Steel, a clear difference between the 

current signal time series of the Inconel 600 Alloy is the amplitude difference, compared with X52 

steel current amplitude three orders of magnitude could be observed. In this case the steel tends to 

form a passive film or at least protective corrosion products after uniform corrosion over their surface 

after the 2 hours. Instead at 4 hours of immersion the sulfur cause localized rupture of the film showing 

pitting corrosion. As a result it could be seen diverse current transients when pits start, growth and get 

repassivated. However, after 32 and 48 hours the system seems to be stabilized showing more uniform 

transients with lesser tall picks indicating a tendency for uniform corrosion.  
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Figure 6. Noise current transients over time of uncoatedX52 Steel after immersed times of a) 2h, 

b)16h, c) 32h, d) 48h in 0.5M H2SO4 solution 

 

Regarding the coated alloys Inconel 600 + NiAlCu, corrosion behavior was presented on figure 

7 at all immersion times. After 2 hours the system seems to be very stable but again after 500 s present 

a perturbation of the current time signal but in this case was not a quick deep transient. The form of the 

transient indicates possible some kind of crevice corrosion formed at some point of the coated surface 

indicating a possible severe damage of the coating more extended than a pit size. However the next 

transients shows a healing and less pitting behavior as time passes, reaching a very uniform almost free 

of localized corrosion surface after 48 hours of the test. An interesting point is that the amplitude of the 

coated alloy 600 present a difference with the uncoated alloy of one order of magnitude showing 

possible more corrosion activity of the coated surface, but finally as shown by their corrosion rates a 

better protection. Contrary to the uncoated steel in Figure 5 a), after 2hours of immersion we could see 

on figure 8 a) that the coating changes dramatically their corrosion behavior. It seems a more active 

decreasing the activity at the very beginning presenting some pitting to a very active zone after 600 s 

showing a higher pitting behavior. However this activity is seen at two orders of magnitude lesser in 

the current amplitude compared to Figure 5a meaning a much more corrosion rate. The scenario on 

figure 8 b) showed that the coating possibly lost their initial protection and present current transient as 

those presented for the uncoated steel very similar in shape and amplitude. 
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Figure 7. Noise current transients over time of Inconel 600 Alloy coated with the NiAl+Cu 

intermetallic after immersed times of a) 2h, b)16h, c) 32h, d) 48h in 0.5M H2SO4 solution. 

 

Nevertheless the coating seems to be rehabilitated developing passive film as indicated by 

Figure 8 c) and 8 d). Although the transient looks like the ones showed in 5 c) and 5 d) for the 

uncoated steel, their orders of magnitude respect the corrosion time signals amplitude is about one 

order lesser demonstrating that the coating serves to protect the steel. On the other hand more uniform 

pitting persists but at lower intensities presenting some extreme pitting cases as could be seen mostly 

in figure 8 d). 
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Figure 8. Noise current transients over time of X52 Steel coated with the NiAlCu intermetallic after 

immersed times of a) 2h, b)16h, c) 32h, d) 48h in 0.5M H2SO4 solution 
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3.2.4 Electrochemical Noise Resistance 

In many applications the electrochemical noise resistance (Rn), determined as the standard 

deviation of the potential noise divided by the standard deviation of the current noise, has been found 

to be comparable to the linear polarization resistance (Rp), determined by LPR. However, Rn tends to 

be rather more variable than Rp, and it offers little advantage. It might be claimed that Rn require less 

complex measurement equipment, but this loses credibility with the appearance of low cost modern 

electronics. In order to obtain better agreement between Rn and Rp it is often necessary to collect EN 

data for long time periods. In general Rn is expected to agree with Rp only for systems with high 

corrosion rates for which the impedance spectrum has reached the dc limit within their frequency range 

(delta f ) [33].  

The Noise resistance of the alloys and their respective coatings systems immersed in O.5 M 

H2SO4 solution were shown in Figure 9. It can be seen as presented by their Rp counterparts that the 

more resistive to corrosion system was the presented by the Inconel 600 Alloy + NiAlCu coating as 

clearly shown by their Rn transients. This system presents much better resistant values almost two 

orders of magnitude over their uncoated counterpart and the steel and steel coated systems. The coated 

steel present bigger Rn values than the bare steel showing a better corrosion behavior but although the 

coating protect the steel the uncoated Inconel 600 Alloy present higher values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Noise Resistance (Rn) data over time, after 48 hours of immersion in the 0.5 M H2SO4 

solution. 

 

The Rn values of all systems maintain an almost constant trend showing little fluctuations over 
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time, this suggest that the coated and uncoated surfaces was continuously under activation corrosion 

conditions at the first hours of immersion. Later, a corrosion products passive film formed as indicated 

by the polarization curves previously presented protecting their surfaces in major or minor grade as 

already shown in figures 4 to 7. 

On the other hand comparing Figure 4 and Figure 9 it can be seen that the Rp and Rn values 

have a great concordance with the behavior showed in the polarization curves and their corrosion rates 

values. For example from table 2 we can see that the Icorr values for the Inconel 600 alloy  coated with 

the NiAlCu intermetallic are lower compared with the X52 uncoated steel values under the same test 

conditions.  

 

 

 

4. DISCUSSION 

4.1 Coated Materials 

Figures 1 and 2 shows for both alloys superficial voids and cross sectional microscopic pores in 

their respective NiAlCu coatings which can be promoted due to the high velocity and turbulence of the 

impinging powder melts. However, these pores will potentially help in the prevention and blunting of 

any crack initiation or propagation, by forming bigger plastic zones at their rounded pore tips, this was 

more evident for the coated Inconel 600 Alloy. In the case of the surface small voids also can be 

assumed that arise from the Kirkendall effect due to diffusion of Al atoms from the Al rich NiAlCu 

coating to the Al lean substrate during their partial melting and re-solidification. Thus, the cross 

section pores could have in turn some influence to be originated or propagated from the Kirkendall 

superficial voids by the same Al atom diffusion mechanism. Since Al is essential for Al2O3 formation, 

the Al coating depletion by diffusion can deteriorate its corrosion resistance. Nevertheless, the 

Kirkendall effect could be reduced or repressed by the Cu addition with respect to the solely NiAl 

alloy, thus showing the very tiny voids and pores as shown in Figure 1 and 2. This could be achieved 

by the Al substitution by some Cu atoms when added to the binary intermetallic NiAl. The different 

atomic ratio between aluminum and copper, greater size for Cu [18, 21, 22], can difficult Al diffusion 

within the NiAlCu lattice when partial re-solidification takes place. Kim et al [23] reported similar 

behavior adding Ti instead of Cu to the Ni-50Al system as a coating for Ni3Al thin foils in which the 

coating thickness was restricted to less than 10 microns. The same effect was reported in the 

hydroxyapatite–zirconia composite coating system by Khor and co-workers [34]. In this case the 

coating porosity level decreased to a great extent with the incorporation of zirconium particles. 

The like-flakes grain type superficial morphology shown in the box of Figure 1 could be the 

result of mechanical interlocking of NiAlCu-particles attributed to heavy plastic deformation upon a 

high degree of particle impact. This heavy impact could leads to fragmentation of re-solidifying 

particles and thus formation of large number of nucleation sites, which might causes higher extent of 

grain refinement in the deposit structure. 

On the other hand both alloy cross-sectional micrographs, Figures 2a) and 2b), shows a 

homogenous layered and highly dense splat NiAlCu structure coating, indicating the high degree of 
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deformation of the particles without breaking. This is evidence of the powder particles heating and 

after partial/complete melting deposit on the substrates due to ejection from the HVOF nozzle gun at 

extremely high velocity. Therefore, the adhesion or bonding of particles in the substrates deposits was 

the result of two factors: The partial/complete melting and re-solidification of particles and the 

mechanical interlocking of particles attributed to heavy plastic deformation upon impact [35] as 

already mentioned.  

 

4.2 Corrosion Performance 

From the polarization curves and Rp results was obvious that the Inconel 600 Alloy have a 

good corrosion resistance and its performance was greatly incremented by the NiAlCu coating. The 

X52 steel present high corrosion rates under the acid environment and the NiAlCu coating protected 

the steel surface but not reaching the protection levels and corrosion resistant observed by the bare 

alloy 600 surface and its coated surface. Such difference can be due to the thickness of the coating 

which is thinner than that of the Iconel 600 Alloy. As discussed in the previous section the NiAlCu 

coating shows a greater corrosion resistance due to the development of a protective alumina layer 

which seals its surface and prevents entry of sulfuric acid, also the Cu addition could improve the 

coating protection by reducing the Kirkendall effect. Due to the porous nature of the coating, it is 

possible that the acid can reach the coating-alloy interface but this can be passivated closing this pore 

over time. This was evidenced by the EN results discussed below that permit to elucidate corrosion and 

mechanisms behaviors. In addition, the physical phenomena occurring during their deposition leaves a 

homogeneous layered high dense structure with particle adhesion in the substrate deposit, this 

contributes to the coating protection ability in both alloys (Inconel 600 alloy and the X52 steel). 

Once in the solution the corrosion resistance of the NiAl intermetallic is based upon the 

establishment of a passive layer composed of NiO and Al2O3. When Cu is added, Cu2O particles are 

formed which starts to be incorporated into the external passive NiO and Al2O3 layers by substitution 

of the Al2O3 particles since the Al contents in the corrosion products decrease. The incorporation of 

Cu2O particles into the passive layer clearly increases the corrosion resistance of these oxides as 

evidenced by their corresponding Polarization Curves showed in Figure 3. 

The EN method has been studied by many research groups and implemented as a practical 

corrosion monitoring system [36]. Where EN does offer the prospect of significant benefits compared 

to LPR and other electrochemical techniques for studying corrosion is in the detection of localized 

corrosion. The simplest and more direct electrochemical noise analysis method is by examination of 

the electrochemical noise time series for identification of characteristic details of the particularly 

corrosion types.  

The noise is produced by fluctuations in the electrochemical process, and larger fluctuations 

will typically be indicative of a more localized process. The electrochemical noise generated by 

uniform corrosion consisted of very frequent current transients. The amplitude of the fluctuations 

depended on the corrosion rate and the electrode area. The average values of electrochemical current 

mostly were close to zero. During localized corrosion, the repetition rate of current oscillations was 
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lower than during uniform corrosion. Indeed, the visual detection of breaking and repassivation 

transients can be associated to localized corrosion such as crevice or pitting corrosion. The nucleation, 

growth, and death of metastable pits produce current transients with duration of the order of a few 

seconds. Metastable pits typically consist of a slow current rise followed by a sharp current fall (for 

stainless steel) or a moderate current rise followed by a slower fall (for carbon steel and aluminum 

alloys). For example, the type of corrosion showed by Figure 5 is clearly defined produced in the steel 

immerse in the acid solution. In this case the steel tends to form a passive film or at least protective 

corrosion products over their surface after the 2 hours, but at 4 hours of immersion the sulfur produce 

localized rupture of the film showing pitting corrosion. As a result it could be seen diverse current 

transients when pits start, growth and get repassivated, modifying the initial structure of the current 

time series as a function of immersion time. However, after 32 and 48 hours the system seems to be 

stabilized showing more uniform transients (more frequent current transients) with lesser tall picks 

indicating a tendency for uniform corrosion. Ought to the well defined structure of the current time 

series and the established relation between this time series and the physicochemical process associated, 

it was easy to obtain the corrosion behavior or mechanism of the corrosion system. 

It is well known that electrochemical noise is similar to the noise in electronic devices; 

therefore, some authors have compared it to characteristic types of electronic noise (thermal, shot, and 

flicker noise) [37]. Thermal and shot noises are white, while the power-density spectrum (PSD) of 

flicker noise can be described by a function over a frequency interval. At low frequencies, such that 

individual metastable pitting events may be regarded as instantaneous, the shot noise analysis can be 

applied. This result has apparently provided a successful estimate of the pit dimensions for the pitting 

corrosion of Al [38], although further validation is required. Accordingly with our results in the 

uncoated X52 steel, this analysis assumes that essentially all of the corrosion current is associated with 

the metastable pitting. The use of q (charge on charge carrier) and ƒn (mean frequency of charge 

emission) has been successful in describing the behavior of steel in chloride/nitrite mixtures [39]. Both 

of these estimates were made using the variance divided by the bandwidth, rather than the preferable 

method of using the low frequency limit of the power density spectrum (PSD). Nevertheless in a 

second paper the shot noise analysis and the PSD method will be used for the analysis of the noise data 

presented for comparison of analysis and corroboration of results.  

The Rn is obtained by dividing the standard deviation of potential by the standard deviation of 

current. Several workers have analyzed the relationship between the Rn and the Rp [40], and some 

claim to have proved that the two are equivalent. However, all of these analyses assume, either 

explicitly or implicitly, that the potential noise can be modeled as the action of the current noise on the 

metal-solution impedance, with the latter usually treated as the Rp, and they therefore effectively 

assume that the Rn and Rp are equivalent. In this study the Rp values were similar to that for the Rn 

values the only difference is that for Inconel 600 alloy coated the Rn values is one order of magnitude 

higher than the reported by their Rp corresponding value. The sequence of the corrosion resistant was 

the same in both graphs both reports that Inconel 600 alloy coating was the more resistant and 

uncoated X52 alloys was the most susceptible to corrosion rate. Inconel 600 Alloy  was more resistant 

corrosion than the coated X52 steel.  
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5. CONCLUSIONS 

Inconel 600 Alloy proved to be very resistant to the sulphuric acid solution, showing 

passivation that could be stable at higher potential levels as showed by their polarization curve. 

However the NiAlCu coating proves to protect more the Inconel 600 alloy  surface under the same 

experimental conditions. Also, alloy 600 when coated, presents passivation but at higher potentials 

present film rupture and repassivation, the repassivation film seems to be more stable at least under the 

anodic potential range tested. X52 Steel shows poor corrosion resistance to the H2SO4 solution, 

however, after steel was coated their corrosion resistant grows up considerably. The LPR test shows 

identical results over the elapsed test time, the NiAlCu coating effectively protects the alloy 600 and 

X52 steel from further corrosion presenting Rp stable values respectively.  

The current time noise series allows knowing the surface corrosion behavior and localized 

corrosion mechanisms showed by coated and uncoated Inconel 600 alloy  and X52 steel.  The uncoated 

Inconel 600 alloy  surface presents very low pitting corrosion that leads a stable white noise after 48 

hours of corrosion monitoring. These results indicate surface passivation and almost null corrosion 

over its nude surface. The coating could present more active localized corrosion at its surface, 

including crevice corrosion, but exhibit also healing and pitting repassivation behaviors. This 

contributes to the higher protection as was evidenced by their corresponding LPR and polarization 

curves test. In the case of the coated and uncoated X52 steel substrate the behavior seem to be the 

same at least at the first hours of test monitoring. However the coated steel current noise transients 

after 16 hours present their corrosion current transient values one order of magnitude lower, 

nevertheless almost with the same corrosion current transient morphology as the uncoated steel.  

 

The Cu addition prove to be a beneficial alloying element to the NiAl intermetallic, that 

combined with the HVOF thermal coating process seals pores, and maintain a rough density surface 

over the alloy 600 and X52 steel substrates. When the NiAlCu coating is in contact with the corrosion 

solution the Cu addition could help to the protection of Inconel 600 alloy and X52 steel, due to the 

formation of very stable Cu2O corrosion particles. This in addition to the protective film based on NiO 

and Al2O3 oxides form a very protecting repassivating coating. 
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