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Abstract: The influence of implantation of N+ ions of different energies on the nanostructure of 7049 Al substrates and the corrosion 

inhibition of produced Al samples in a 3.5% NaCl solution was studied. The X-ray diffraction (XRD) results confirmed the formation 

of AlN as a result of N+ ion implantation. The atomic force microscope (AFM) results showed that grains of larger scale are formed 

by increasing N+ energy which can be due to heat accumulation in the sample during implantation causing higher rate of diffusion in 

the sample, hence decreasing the number of defects. Corrosion resistance of the samples was studied by the electrochemical 

impedance spectroscopy (EIS) measurements. Results showed that corrosion resistance of implanted Al increases with increasing N+ 

ion energy. The equivalent circuits for the N+ implanted Al samples with different energies were obtained, using the EIS data which 

showed strong dependence of the equivalent circuit elements on the surface morphology of the samples. Finally, the relationship 

between corrosion inhibition and equivalent circuit elements was investigated. 
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1 Introduction 
 

Considering that Al and its alloys are light, cheap, 

have good electrical and thermal conductivity [1] and 

good corrosion resistance due to formation of an oxide 

layer on their surface [2,3], they have an expanded 

application in aerospace, car, electronic and other  

industries [4−6]. However, their surface oxide layer has a 

limited resistance against corrosion and wear therefore 

enforces a limitation on their applications. In the 

environments that contain aggressive anions such as 

chloride, Cl−, the passive film becomes unstable and 

degrades locally causing film breakdown and pitting 

corrosion [7−13]. Hence, protection of metal surface 

from corrosion in different environments is of prime 

importance which may be achieved by different coatings 

on the surface or surface modification using different 

methods [14−16]. 

One of the important techniques of surface 

modification is ion implantation. The injected ions 

interact with the target atoms to improve the hardness 

and corrosion resistance of the surface of the      

target [11−13,17−19]. The ion implantation has a number 

of advantages, for example, high temperatures are not 

needed, bulk material remains unaffected after 

implantation process and the modified surfaces by this 

technique can be tailored by controlling the implantation 

fluence and the accelerating potential [20]. 

Nitrogen substantially increases the mechanical 

strength of surfaces and enhances their resistance to 

localized corrosion [21−23]. Implantation of nitrogen 

ions in aluminum modifies its surface and enhances its 

hardness, corrosion and wear resistance [24−27]. Prior 

investigations have shown that the distribution of 

implanted nitrogen ions and the characteristics of the 

nitride layer formed are dependent on the substrate 

temperature and the fluence of the ions [28−31]. 

The electrochemical impedance spectroscopy (EIS) 

is a powerful technique for investigation of corrosion 

process. EIS as a non-destructive technique, provides the 

facility to study the corrosion resistance rate of 

coatings/samples when they are exposed to the corroding 

medium. One can model the equivalent circuit for the 

EIS data and obtain properties of coatings and metals, 

and investigate the electrochemical behavior of metal/ 

coating interface and solution resistance [32−39]. 

In this work, our aim is to study the formation of 

AlN layer on the surface of Al alloy (7049 with   

fifteen elements in its composition) substrate by N+ ions 
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implantation as a function of N+ ions energy and 

investigate the corrosion resistance of the produced 

samples in a 3.5% NaCl solution that is considered in the 

literature corresponding to the sea water NaCl 

concentration, using the EIS technique. Correlation 

between surface morphology and nanostructure of 

produced samples and their corrosion behavior in 

chloride medium is also studied. 

 

2 Experimental 
 

As-received commercial aluminum alloy (7049 with 

fifteen elements in its composition) of 3 mm in thickness 

was used in the form of square samples (20 mm ×     

20 mm). The composition of Al used in this work was 

obtained using X-ray fluorescence (XRF) method 

(Philips PW2404) and is given in Table 1. After thorough 

cleaning of the samples in ultrasonic bath with heated 

acetone then ethanol, they were mounted on the substrate 

holder and positioned in the implantation chamber. 

 

Table 1 Chemical composition of 7049 Al alloy used in this 

work (mass fraction, %) 

Zn Mg Cu Cr Si Fe S Cl 

8.2 4.1 2.1 0.31 0.23 0.22 0.10 0.035 

K Ca Mn P Ga Ti Al 

0.017 0.029 0.040 0.014 0.015 0.050 Bal. 

 

The N+ ion implantation was carried out at pressure 

of 2 Pa and initial substrate temperature of 300 K with 

fluence of 5×1017 ions/cm2 and different energies of 20, 

22.5, 25 and 30 keV for 1800 s. 

Crystallographic structure of the produced samples 

was obtained using a STOE model STADI MP 

diffractometer (Cu Kα radiation), Germany, with a step 

size of 0.01° and count time of 1.0 s per step, while the 

surface physical morphology/nanostructure and 

roughness were obtained by AFM (Nt-mdt scanning 

probe microscope, BL022, Russia, with low stress silicon 

nitride tip of less than 200 Å radius and tip opening of 

18°) analysis. Root mean square (RMS) and average 

surface roughness as well as average grain size of the 

samples were obtained from the 2D AFM images using 

Nova and JMicroVision Codes, respectively. Several 

samples (at least four samples) were used in all analyses 

to guarantee reproducibility of the results. 

The electrochemical impedance spectroscopy (EIS) 

was performed using a potentiostat coupled to PC (Ivium, 

De Zaale 11, 5612 AJ Eindhoven , Netherlands) with 

reference to the open circuit potential (OCP) and in the 

frequency range of 100 kHz−0.01 Hz with a voltage 

amplitude of 0.01 V. In order to carry out this analysis, 

only an area of 1 cm2 was exposed to the 3.5% NaCl 

corroding medium. A saturated calomel electrode was 

used as a reference electrode and a platinum electrode 

was used as auxiliary one while the test sample was 

mounted in an inert fixture (polyamide) acted as the 

working electrode. Before starting the EIS test, the 

samples were immersed in the solution and the OCP 

measurement was carried out until it was stabilized. 

 

3 Results and discussion 
 

3.1 XRD and ion distribution simulation results 

The XRD patterns of untreated aluminum sample is 

shown in Fig. 1. In order to make the figure more 

distinguishable it is divided into two sections. It can be 

observed that six aluminum diffraction peaks exist in this 

diffraction pattern at 38.43°, 44.68°, 65.03°, 78.14°, 

82.35° and 98.98° that can be assigned to the following 

crystallographic orientations; Al(111), Al(200), Al(220), 

Al(311), Al(222) and Al(400), respectively (with 

reference to the JCPDS cards No. 85−1327.) and four 

other peaks at diffraction angles of  40.12°, 40.74°, 

41.50° and 43.29° belong to the oxide phase of 

aluminum that can be assigned to Al2O3(311), 

Al2O3(006), Al2O3(123), and Al2O3(R,113) crystallo- 

graphic orientations, respectively (with reference to the 

JCPDS cards Nos. 86−1410, 71−1684, 88−0107, 

42−1468). 

 

 

Fig. 1 XRD patterns of untreated 7049 Al alloy 
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The XRD patterns of the implanted samples with N+ 

ions of different energies are given in Fig. 2. The spectra 

obtained for these samples contain a number of 

diffraction peaks with distinct difference between their 

intensities that cause difficulty in proper observation of 

their presence in these spectra. Therefore, in order to 

obtain a clear view of these peaks, each diffraction 

spectrum was divided into few sections as presented in 

Fig. 2. It can be seen that the intensities of Al peaks are 

reduced relative to the untreated Al sample; however, a 

few of Al peaks have become twin peaks that the second 

peak at higher diffraction angle may be assigned to 

aluminum nitride. The latter mentioned peaks are formed 

at the following diffraction angles; 44.8°, 65.2°, 78.39°, 

82.6° and 99.31° that can be assigned to AlN(200), 

AlN(220), AlN(311), AlN(222) and AlN(400) aluminum 

nitride diffraction lines, respectively (with reference to 

the JCPDS card No. 46−1200). In addition to the 

aluminum nitride peaks mentioned above, there are also 

other peaks in these spectra that belong to aluminum 

oxide (Al2O3) and zinc nitride (Zn3N2) phases. The peaks 

at 19.71° and 20.87°, belong to Al2O3 (002) and Al2O3 

(101), respectively (with reference to the JCPDS cards 

No. 0107−88 and 73−1199, respectively) and that at 

22.34° belong to Zn3N2(211) (with reference to the 

JCPDS card No. 88−0618). The increase of intensity of 

peaks at diffraction angles of 40.74° and 41.5° for 

implanted samples indicates the formation of zinc nitride 

phases of Zn3N2(117) and Zn3N2(132) (with reference to 

the JCPDS card No. 30−1473). The increase of 

intensities of aluminum oxide peaks (Al2O3 (002) and 

Al2O3 (101)) by N+ ions implantation relative to the 

untreated sample is due to energy transfer of N+ ions to 

Al atoms and conversion of this energy to heat which can 

act as a catalyzer for the reaction of Al atoms with the 

existing oxygen in the implantation chamber which was 

just pumped down to a pressure of 5 Pa. 

Variation of peak intensity and the full width at half 

maximum (FWHM) of aluminum nitride peaks with N+ 

ion energy are given in Table 2. The Voigt function was 

used to fit the peaks and obtain the intensity from the 

area under the peak with subtraction of the background. 

In order to resolve AlN peaks from Al peaks (see Fig. 2) 

in each case, two Voigt functions plus a level background 

were fitted to the experimental peaks [40]. Typical 

example of this is given in Fig. 3. 

In order to obtain a theoretical estimation of the 

distribution of N+ ions of different energies used in this 

work for implantation in Al samples, the TRIM2008 

(transport of ions in matter) code was used. TRIM is a 

group of programs that calculate the stopping power, 

average projected range of ions (10 eV/amu–2 GeV/amu) 

and other parameters in the process of implantation using 

a quantum mechanical treatment of ion−atom collisions. 

The nominal N+ ion average projected range (Rp), lateral 

straggling (ΔRp) at the end of implantation process (i.e., 

after 99999 ions were implanted), were obtained from 

TRIM2008 calculation. Results for different N+ energies 

are given in Table 3. It is worthwhile to note that since 

the binding energy of the surface atoms for Al is not 

available, the heat of sublimation is used instead in the 

TRIM2008 calculation, which apparently does not 

predict the realistic values and should be considered as a 

rough estimate. It should also be noted that the role of 

ion fluence, temperature and some other parameters such 

as surface roughening, hence, change of surface binding 

energy is not included in TRIM2008 computer 

simulation code. 

 

3.2 AFM results 

The surface morphology of Al samples implanted 

with N+ ions of different energies was analyzed by AFM. 

In Fig. 4, the 2D and 3D AFM images of the untreated Al 

sample are given, while in Fig. 5, the 2D and 3D AFM 

images of Al samples implanted with different N+ ions 

energies are shown. Comparison of the AFM image of 

untreated Al sample with those of implanted samples 

shows that the structure of the implanted samples  

 

 

Fig. 2 XRD patterns of untreated 7049 Al alloy sample, and implanted 7049 Al alloy samples with N+ ions of different energies 
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Table 2 Variations of intensity and full width at half maximum 

of peaks obtained in XRD patterns of Al samples implanted 

with N+ ions of different energies 

N+ ion energy/keV 2θ/(°) Intensity FWHM/(°) 

20 

44.80 583 0.093 

65.20 538 0.093 

78.39 822 0.093 

82.60 327 0.093 

99.31 733 0.015 

22.5 

44.80 473 0.930 

65.20 459 0.120 

78.39 685 0.930 

82.60 195 0.930 

99.31 706 0.150 

25 

44.80 437 0.065 

65.20 440 0.093 

78.39 569 0.120 

82.60 553 0.120 

99.31 641 0.150 

30 

44.80 411 0.065 

65.20 398 0.093 

78.39 561 0.120 

82.60 169 0.120 

99.31 703 0.150 

 

consists of smaller grains than that of untreated Al. The 

reason for this phenomenon may be the grain boundary 

sputtering by the N+ ions. The increase of grain size with 

N+ ions energy can be observed in Fig. 5 and their values 

are given in Table 3, which could be due to the increased 

diffusion effect as a result of higher kinetic energy (heat) 

transfer from higher energy N+ ions to the sample during 

implantation process. 

Average (Rave) and root mean square (Rrms) surface 

roughness results obtained from the AFM measurements 

are  given  in  Table  3.  It  can  be  seen  that  the  surface 

 

 

Fig. 3 XRD peaks of Al(311) and AlN(311) obtained for     

20 keV N+ ions implanted in 7049 Al alloy sample, fitted to 

two Voigt functions and a level background 

 

Table 3 Experimental results for untreated Al and implanted Al 

sample with N+ ions of different energies 

Sample 
Rp/ 

nm 

∆Rp/ 

nm 

DAFM/ 

nm 

Rrms/ 

nm 

Rave/ 

nm 

Untreated Al − − 248 72.0 59.0 

Implanted 

sample 

20.0 keV 48 23 42 13.5 10.2 

22.5 keV 54 25 52 15.0 11.25 

25.0 keV 60 27 77 18.0 13.6 

30.0 keV 70 31 143 29.0 22.0 

DAFM is the average grain size obtained from analysis of 2D AFM images. 

 

roughness increases with N+ ion energy, which can be 

due to the increased diffusion effect. In general, diffusion 

at higher temperatures is responsible for the grooving 

effect [41,42] which in turn increases surface roughness 

due to the formation of deep grooves between very large 

grains that can even extend to the substrate surface. In 

Fig. 5(d) two of such grooves can be observed. Table 3 

gives the values obtained for the grain sizes from 2D 

AFM images. 

 

 
Fig. 4 AFM images of untreated 7049 Al alloy substrate: (a) 2D image; (b) 3D image 
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Fig. 5 AFM images of implanted 7049 Al alloy samples with N+ ions of different energies: (a) 20 keV; (b) 22.5 keV; (c) 25 keV;   

(d) 30 keV 

 

3.3 Electrochemical impedance spectroscopy 

The results of the electrochemical impedance 

spectroscopy (EIS) analysis of the untreated Al sample 

and the Al samples implanted with N+ ions of different 

energies are given in Fig. 6. These results also show that 

the implanted samples have better corrosion behaviors 

than the untreated samples. It can also be observed that 

with increasing the N+ ion energy, the corrosion 

inhibition of the Al samples improves. In Fig. 6, it can be 

seen that the Nyquist plots for the untreated Al samples 
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and the samples implanted with 20 keV N+ ions have two 

semi-circles, each of which is in different directions with 

respect to Z' axis and is also formed above and below 

zero of −Z'' axis. The first semi-circle which is above 

zero of −Z'' axis (which occurs at higher frequencies) is 

indicative of capacitance behavior of the sample (as a 

result of positive phase difference of 90° between current 

and voltage) and the second semi-circle which is below 

zero of −Z'' axis (which occurs at lower frequencies) is 

indicative of inductance behavior of the sample (as a 

result of negative phase difference of 90° between 

current and voltage). The appearance of capacitance 

semi-circle before the inductance semi-circle is due to its 

smaller time constant. The inductance behavior of the 

sample is as a result of corrosion products and salt 

formation on the surface of the sample via pitting process 

by ions of solution on the surface of the sample [43−47]. 

The Nyquist plot of sample implanted with 22.5 keV N+ 

ions energy, in addition to the two above mentioned 

semi-circles shows another semi-circle at intermediate 

frequencies above the −Z'' axis and is indicative of 

capacitance behavior of this sample. The existence of 

this capacitance behavior may be accepted as the 

formation of an extra maximum in the phase diagram by 

introducing the Bode and phase diagrams. 

 

 

Fig. 6 Experimental Nyquist diagrams for Al, and Al implanted 

samples with different N+ energies using 3.5% NaCl solution as 

corroding environment at room temperature 

 

The Nyquist plots of the samples implanted with  

25 keV and 30 keV N+ ions also show two semi-circles, 

but they both are above zero of −Z'' axis and they are 

indicative of capacitance behavior of coating (modified 

surface layer of Al by N+ ions implantation) located 

between the corroding solution and the substrate 

(undisturbed thickness of Al by N+ ions implantation) 

(double layer) and capacitance behavior of the coating as 

an incomplete film (hereafter the term “coating” is used 

as the modified surface layer of Al by N+ ions 

implantation mentioned above). The latter arises from  

the incompleteness of the coating (i.e., the coating lets 

the corroding medium to penetrate into the structure and 

the substrate). In this case, a second capacitor is also 

formed and the Nyquist plot consists of two semi-circles 

above zero of −Z'' axis and depending on the time 

constants of these two capacitors their semi-circles occur 

in the plot. The more rigorous investigation on these 

results can be obtained from the Bode and the phase 

diagrams which can be obtained from the best fit 

procedure between experimental and the equivalent 

circuit. 

The equivalent circuit for the untreated Al sample 

and the N+ ions implanted samples discussed above is 

given in Fig. 7. In these circuits, RS is the solution 

resistance, L is the inductance, C2 is the capacitance of 

the coating that is obtained for incomplete coatings that 

may be formed when the solution is penetrated into the 

coating, and C1 is the capacitance of the double layer and 

is given by 
 

1

A
C

d
                                     (1) 

 

where d is the thickness of the coating, A is the area of 

the sample exposed to the corroding medium and ε is the 

dielectric constant of the coating. This capacitance is 

much larger than that of the coating, because the coating 

capacitance is due to the incompleteness of the coating 

which in turn results from the combination of many 

capacitors which are connected in series, hence the 

higher the number of these capacitors, the smaller the 

total capacitance will be. R1, R2 and RL are resistances  

 

 

Fig. 7 Electrical equivalent circuits of untreated 7049 Al alloy  

and implanted 7049 Al alloy samples with 20 keV N+    

energy (a), implanted Al sample with 22.5 keV N+ energy (b), 

implanted Al sample with 25 and 30 keV N+ energy (c) (RS— 

Solution resistance; C1—Capacitance of double layer; C2— 

Capacitance of aluminum nitride layer: R1—Resistance of C1) 
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related to the C1, C2 and the inductance (L), respectively. 

R is equivalent to the resistances of C2 and L. Due to 

inhomogeneity of the formed layer structure and the 

roughness of the coating surface, C1 and C2 capacitors 

are not in an ideal state. Therefore, we may introduce 

parameters that identify the deviation of their capacitance 

from the ideal state as α1 and α2. 

The Bode and the phase diagrams obtained from the 

best fit procedure between the experimental and the 

simulation results discussed in the above paragraph and 

in Fig. 7 for different samples produced and discussed in 

this work are compared in Figs. 8 and 9. 

In Table 4, the data obtained from the fitting of 

equivalent circuits of Fig. 7 to the experimental results 
 

 

Fig. 8 Bode (a) and phase (b) diagrams of untreated 7049 Al 

alloy 

are given. These values are obtained using the simulation 

procedure by the aim of Zview code. These results show 

that by implantation of 20 keV N+ ions, the inductance 

value of the equivalent circuit (Fig. 7(a)) increases while 

the capacitance, C1, decreases relative to the untreated 

aluminum. 

The reason for the increase of inductance could be 

the formation of oxide and nitride phases of aluminum 

that can increase the corrosion resistance of the sample 

and the reduction of capacitance could be due to higher 

thickness of nitride layer with respect to the surface 

oxide layer of the sample. These are consistent with the 

XRD results discussed in Section 3.1. Hence, these 

phenomena cause the increase of the corrosion inhibition 

of the sample. At 22.5 keV N+ ion energy implantation 

(Fig. 7(b)) the equivalent circuit of the Al sample shows 

an additional capacitor and resistor loop related to the 

capacitance behavior of the coating layer (C2). This can 

be due to the penetration of the corroding medium into 

the coating layer. At 25 and 30 keV, the inductance 

behavior of the samples disappeared and both C1 and C2 

capacitances are decreased. The decrease in C1 can be 

due to the increased penetration of N+ ions into the body 

of the sample, while the higher N+ energies as discussed 

in Section 3.2 (AFM results) cause formation of larger 

grains, hence lower number of grain boundaries which in 

turn result in lower number of capacitors in series will 

cause reduction in the capacitance of C2. This improves 

the corrosion resistance of the sample. The penetration 

depth of N+ ion energies obtained using TRIM2008 code 

(average projected range Rp) for different ion energies 

which increases with ion energy is given in Table 3. It 

should also be mentioned that when the size of grains 

increases, the Cl− ions cannot penetrate in depth of the 

sample, hence corrosion resistance increases. 

 

4 Conclusions 
 

The EIS results show that 7049 Al alloy corrosion 

inhibition in 3.5% NaCl corroding solution is improved 

by N+ ions implantation of different energies, and the 

higher the N+ energy, the higher the corrosion resistance 

will be. The results are limited to the highest N+ energy 

value available to us by our implantation plant. This is  

 

Table 4 Electrochemical parameters of untreated Al and implanted Al with N+ ions of different energies subjected to corrosion test in 

3.5% NaCl solution, obtained from simulation procedure using Zview program 

Sample RS/Ω R1/Ω R/Ω R2/Ω RL/Ω C1/F C2/F α1 α2 L/H 

Al 25 1660 − − 166 1.93×10−5 − 0.94 − 230 

20 keV 25 2332 − − 595 1.83×10−5 − 0.92 − 1488 

22.5 keV 24 3186 1754 − − 1.7×10−5 5×10−5 0.90 0.80 7415 

25 keV 21 3700 − 2469 − 8×10−4 4×10−5 0.93 0.93 − 

30 keV 22 9370 − 23400 − 5×10−4 1×10−5 0.94 1.0 − 
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Fig. 9 Bode (a−d) and phase (a′−b′) diagrams of implanted 7049 Al alloy samples with N+ ions of different energies: (a, a′) 20 keV;  

(b, b′) 22.5 keV; (c, c′) 25 keV; (d, d′) 30 keV 
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achieved owing to the higher penetration (average 

projected range Rp) of the N+ ions in the Al target with 

increase of energy (results of TRIM 2008) and formation 

of nitride phase, hence, increase of electrical resistance 

of the sample. Higher N+ energy also transfers more 

energy to the sample and accumulation of more heat, 

hence, higher diffusion effect which in turn causes 

formation of larger grains and less grain boundaries 

(results of AFM) and decrease of defects. This results in 

reduction of capacitance and inductance of the sample 

hence increase of corrosion inhibition. 
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氮离子注入对铝基体表面纳米结构的改性及其腐蚀抑制作用 
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摘  要：研究了不同能量氮离子注入对 7049 铝合金基体纳米结构的影响及其在 3.5% NaCl 溶液中的腐蚀抑制作

用。XRD 结果表明，氮离子注入可导致氮化铝的形成。原子力显微镜(AFM)结果表明，随着氮离子能量的增大，

晶粒增大，这是因为注入过程中样品的储热产生了较高的扩散速率，从而减少缺陷。采用电化学交流阻抗谱(EIS)

研究了样品的耐腐蚀性，结果表明随着氮离子能量的增大，注入氮离子的铝样品的耐腐蚀性随之增大。根据 EIS

数据得到了注入氮离子的铝样品的等效电路，该等效电路元件强烈依赖样品形貌。最后，研究了腐蚀抑制和等效

电路元件的关系。 
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