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Abstract—Effects of niobium content on the microstructure and corrosion were investigated on various
Al‒x% Nb alloys (x: 10, 20, 25, 30, 40, and 50 wt %) prepared by high-frequency electromagnetic fusion
melting and solidification at room temperature. Microstructural characterization was carried out by X-ray
diffraction (XRD), differential scanning calorimetry (DSC), Vickers microhardness, and scanning electron
microscopy (SEM). Electrochemical tests in 3.5 wt % NaCl solution, via potentiodynamic polarization
curves and impedance spectroscopy (EIS) was accomplished on both as-cast and annealed alloys. All of the
results highlight the role played by the intermetallic trialuminide compound Al3Nb dispersed within the
matrix consisting of α-Al solid solution. The volume fraction of the Al3Nb intermetallic phase controls
the mechanical properties through the microhardness acting as reinforcement of the α-Al matrix in the man-
ner of a composite material. It also acts as a precaution against corrosion by the pitting of aluminum. This
effect naturally varies according to the niobium content and the distribution of the intermetallic phase.

Keywords: aluminium–niobium, alloy, Al3Nb, corrosion, microstructure
DOI: 10.1134/S1023193522050081

INTRODUCTION

The addition of an appropriate metal improve
properties and leads to a change in the microstructure
of aluminum-based alloys which are extensively used
in industry fields for reducing energy consumption
and pollution [1] and are environmentally friendly
because they lead to lower CO2 emissions [2–5], due
to their remarkable properties such as low density
(2.71 g/cm3), high-strength, easy workability, good
corrosion resistance in a variety of aggressive environ-
ments [6, 7], excellent electrical and thermal conduc-
tivities [5]. The melting point of niobium and its good
corrosion resistance to NaCl medium [1, 6, 8] are the
principal reasons that led us to choose it as an additive
element to aluminium. for application in Al-battery
systems, anode materials in cathodic protection sys-
tems [9], and sacrificial anodes in cathodic protection
of steel in seawater [9–13]. Al–Nb alloys which are
very attractive for many applications are widely stud-
ied by several techniques in literature [6, 8, 14–26]
owing to have attracted many considerations as high-
temperature structural materials [19, 24] such as tur-
bine components in power plants, spacecraft, station-
ary gas turbines [15, 19, 25, 27–29] due to their low
ductility at room temperature [27], excellent super-
conductivity, high elastic stiffness, and strength, also
exhibit high oxidation resistance at high temperatures
[24, 26, 29, 30]. Several studies have investigated the
influence of the addition of suitable TM (transition

metal) on electrochemical behavior. Khireche et al.
[31] have investigated the addition of Zn and Sn, the
aluminum activation depend on the type and propor-
tion of element, by addition of 5 wt % of Zn to pure Al
and 5 wt % of Zn with different Sn contents (0.1,
0.2, 0.4 wt %) respectively, this composition may be
appropriate for active anodes. Gupta et al. [32] have
discussed the effect of Cr addition as allowing addition
element on the corrosion behavior in 0.01 M NaCl
medium, the addition of Cr leads to improvement of
corrosion resistance and hardness with comparison to
pure Al and commercial Al, this improvement was
attributed to a nanocrystalline structure obtained from
the ball milling process and extended solid solubility of
Cr in Al, and uniformly distributed fine intermetallic
phases in the Al–Cr matrix. Ujah et al. [6] investigated
the relationship between corrosion resistance and
microstructure, where they did studies on corrosion
behavior of Al and Al–x% Nb alloys with x = 1, 4, 8,
12 in acidic and saline media, synthesized by spark
plasma sintering and found out Al–1% Nb and Al–
4% Nb had good corrosion resistance than pure alu-
minium in both mediums, the nanocomposite can
replace pure Al as a conductor in power transmission
conductors, therefore the addition of niobium to alu-
minium enhances electrical conductivity, strength,
and corrosion resistance. Oladijo et al. [33] have dis-
cussed the correlation between porosity and corrosion
rate of stainless steel, brass, super Invar and Alumini-
um2xxx alloys, they have demonstrated that the corro-
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Table 1. Crystallographic data of phases

Phase Crystal structure Lattice parameters, nm Space group Protype Strukturbericht

Al3Nb [42] Tetragonal a = 0.384
b = 0.863 I4/mmm Al3Ti D022

Al [42] Cubic a = 0.405 Cu A1

Nb [42] Cubic a = 0.331 W A2

3Fm m

3Fm m
sion rate decreased with increasing porosity, they have
found a low porosity sample make it get better Ecorr.
Kong et al. [34] studied the effect of Nb content on the
microstructure and mechanical properties of nickel-
based alloys through high-throughput sample fabrica-
tion, the grain size of the as-received nickel-based
alloys decreased with the Nb content.

In this work, we highlight the effect of the addition
of different Nb contents via the intermetallic com-
pound (Al3Nb) formed by congruent fusion from the
liquid, as shown in the equilibrium phase diagram
[35], on the microstructural evolution as well as elec-
trochemical behavior of Al–x% Nb alloys with (x: 10,
20, 25, 30, 40, and 50 wt %) in 3.5 wt % NaCl solu-
tion(seawater equivalent), which exhibits good corro-
sion resistance compared to other aluminium alloys.

EXPERIMENTAL PART
Al–Nb binary system alloy, in the present work,

was fabricated by a high-frequency induction fusion
process. In the first time, commercial Al and Nb ele-
mental powder (99.9% purity) were mixed and cold
compacted into the cylinder, the density of the prod-
uct was sufficient to be intended for high-frequency
induction fusion (HF). LinnTherm 600 types
(300 kHz) and power of 6 kW with a primary vacuum.
The samples thus fused and solidified have a mass of
5 g and are cut with a microtome before mechanical
polishing with (600–4000) SiC grinding paper and
etched with Keller’s reagent solution of (5 mL HF +
9 mL HCl + 22 mL HNO3 + 74 mL H2O) for 10 s,
then the bulk obtained was treated in the air under the
temperature of 500°C at annealing time of 60 min and
air-cooled.

The as-elaborated structure was characterized by
X-ray diffraction (XRD) using a (Panalytical) diffrac-
tometer provided with copper anticathode (λCu =
1.54056 Å). The scanning was made between 20° and
90° with a step size of 0.013°/s. DSC thermo grams
were obtained using a DSC type LABSYS EVO with
alumina crucibles to heat the sample under argon
atmosphere. The samples were heated with a tempera-
ture rise rate of 12°C/min in the temperature range
30–800°C. The surface morphologies of the samples
before and after the corrosion test were investigated by
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
light microscopy (Nikon ECLIPS LV150N). Scanning
electron microscopy SEM FEI Quanta 250 apparatus
was used for qualitative and quantitative analysis by
energy-dispersive X-ray spectroscopy (EDS). Digital
surfMountains®8 software was used to visualize 3D
surface morphology. For electrochemical characteri-
zation, the surface was mechanically polished with
SiC emery paper and subsequently treated to remove
the impurities by two successive baths of acetone
(99.5%) then ethanol (95%) rinsed in deionized water.
Electrochemical measurements were performed using
the PARSTAT 4000 instrument, controlled by a
microcomputer with Versa Studio software to record
the curves of polarization, connected to a cell to three
electrodes potentiostat manufactured. The electro-
chemical cell is amounting to three electrodes. The
used electrodes are: the working electrode which is the
sample, the reference in saturated calomel electrode
(SCE) of KCl (E = 0.242 V), and the counter electrode
was graphite rode. All the experiment was measured in
a corrosive medium by using a solution of sodium
chloride (NaCl) at 3.5% for 24 h under potential in
open circuit (OCP). The potential that is our equilib-
rium potential was measured after 24 h. Then polar-
ization curves were recorded with a sweep of an inter-
val –250 at 250 mV, compared with the equilibrium
potential, and a 0.5 mV/s scanning speed to record the
curve of polarization. The electrochemical measure-
ments were performed at room temperature.

RESULTS AND DISCUSSION

Figures 1a, 1b show the XRD patterns of as-cast
and heat-treated Al–Nb alloys which reveal, in addi-
tion to the diffraction peaks of the α-Al solid solution,
the presence of diffraction peaks related to the inter-
metallic Al3Nb compound as expected by the equilib-
rium phase diagram of the Al–Nb system Fig. 2 and
Table 1. The solubility of Niobium in aluminium is
almost zero [35] and may be subject to discussion in
many recent works based on inconsistencies between
the most recent assessments [36, 37]. A re-investiga-
tion of the solubility limits of the (Nb), AlNb3, AlNb2,
and the Nb-rich side of the Al3Nb phases on the
Nb‒Al system has also been studied [38, 39].
8  No. 5  2022
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Fig. 1. (a) XRD patterns of as-cast samples with different Nb content. (b) XRD patterns of heat-treated samples with different
Nb content.
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XRD patterns of Al–Nb as-cast and heat-treated
alloys indicate the crystallization of the alloys in two
phases. Indeed, we note the presence of (111), (200),
(220), (311), and (222) peaks corresponding to α-Al
RUSSIAN JOURNA
according to (JCPDScards 00-004-0787) [40], the
intensity of the diffraction peak at 2θ = 38° decreases
with the increase of niobium content. Moreover, the
intensity of the diffraction peak indexed as (103) of the
L OF ELECTROCHEMISTRY  Vol. 58  No. 5  2022
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Fig. 2. Equilibrium phase diagram of Al–Nb system [35].
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tetragonal phase Al3Nb which appears towards

2θ = 39°, increases with niobium content. Diffraction
peaks as (002), (101), (110), (103), (004), (200), (202),
(114), (006), (116), (215) are related to the tetragonal
phase Al3Nb according to (JCPDScards 03-065-4945)

[41], similar results have been reported by other
authors [16].

X-ray diffraction patterns from Al–Nb as-cast and
heat-treated are similar; the decrease in the diffraction
peak intensity of aluminum is due to the increase in
niobium content. After annealing at 500°C for 1 h,
the intensity of Al3Nb phase diffraction peaks

increases in turn and could be explained by the
increase of trialuminide intermetallic Al3Nb com-

pound volume fraction.

Thermal Analysis

Differential scanning calorimetry (DSC) curves
recorded from as-cast Al–Nb alloys from room tem-
perature to 1500°C are similar during heating and
show an endothermic melting peak at 660°C corre-
sponding to aluminium Figs. 3a, 3b. Also, there is one
exothermic broad peak in the range of 883–1250°C
and with a maximum at 1134°C, only in alloy 10 wt %
and could be related to the aluminothermic reduction
of the pentaoxide of niobium by excess aluminium
leading to the formation of Al3Nb intermetallic com-

pound [25] depending on the chemical reaction Al +
Nb2O5 → Al2O3 +Al3Nb. Montana et al. [14] observed
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
an exothermic peak in the range 820–995°C with a
maximum at 933°C and they attributed it to Al3Nb

according to a reaction with ∆G = –40 kJ/mol.
H. Sina et al. [27] studied the formation of aluminides
by using a mixture of Al–Nb powder with different
compositions of Al, they found another exothermic
peak beyond the melting point of aluminum at 800 ±
20°C, when a combustion reaction is initiated in fine
and coarse Al particles, they concluded that the pres-
ence of this peak is attributed to the formation of
(Al3Nb) and determined the activation energy for

Al3Nb compound formation as 255 ± 26 kJ mol–1,

their result was confirmed by SEM. Unlike Al3Ti and

Al3V, Al3Nb melts congruently, which facilitates its

production in large quantities [39, 43].

However, for all alloys, except 50 and 40 wt %, an
anomaly in differential scanning calorimetry has been
revealed by the occurrence of a double exothermic
peak, only during the cooling step, a position where
the aluminium crystallization peak should appear, i.e.
around 660°C Fig. 3c, this could be likened to the
crystallization of αAl solid solution and αAl–Al3Nb

eutectic [44]. This is all the more marked as the nio-
bium content is low i.e. alloy 10 wt %, the effect per-
sists but becomes less pronounced for higher niobium
contents i.e. alloy 30 wt % while it disappears for alloy
40 wt % and alloy 50 wt %.

The microhardness of Al–Nb alloys as-cast and
heat treated. increases quasilinearly with the content
of a harder element (Nb) as shown by Fig. 4, similar
8  No. 5  2022
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Fig. 3. (a) Heating–cooling (whole temperature range).
(b) Heating (Partial temperature range) enlarged image.
(c) Partial temperature range (cooling) enlarged image.
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Fig. 4. Microhardness evolution in as-cast and heat-
treated specimen versus Niobium content.
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results have been reported by other authors [44–47],
this increase can be attributed to the microstructural
changes in α-Al matrix by the formation of the pri-
mary dendritic structure [16]. The authors [48–51]
reported in their studies the relationship between
microstructural and mechanical properties. The hard-
RUSSIAN JOURNA
ness of alloy 30 wt % was ∼10 times higher than that of
pure Al (30 HV). The evolution of microhardness of
Al–Nb alloys heat-treated is higher than the as-cast;
the gap widens further as the niobium content
increases which may be attributed to the increase in
Al3Nb volume fraction after heat treatment leading to

a composite-like behavior.

The observations of the microstructure by scan-
ning electron microscopy were carried out on the
entire as-cast and heat-treated alloys Figs. 5a–5l.
Indeed, the structure is made up of two phases essen-
tially α-Al and the intermetallic Al3Nb dispersed uni-

formly within the aluminium matrix with a nearly
spherical shape and a volume fraction estimated
approximately to 70% of the total volume with an aver-
age particle size lying between 10 to 30 μm in most
alloys except alloy 10 wt % where the secondary Al3Nb

phase has a dendritic morphology well developed in
secondary arms [45] and represents almost 30% of the
total alloy volume, as well as a eutectic structure visible
in the SEM micrograph of Fig. 5a. This particular
morphology is also observed in the same alloy after
heat treatment at 500°C Fig. 5b. The chemical analysis
by EDS done at several particular points of as-cast
alloy 10 wt % makes it possible to determine the mass
and atomic compositions of Al3Nb Figs. 6a, 6b and

Table 2, αAl matrix Figs. 6c, 6d and Table 3, Al2O3

Figs. 6e, 6f and Table 4, global alloy composition
Table 5. All niobium was used either to form Al3Nb

phase or to go into solid solution in the aluminum net-
work, but we did not find any pure unmelted or undis-
solved Niobium particles [46]. Alloy 50 wt % is the
niobium richest and its structure is totally different
from that of other alloys both in the as-cast and in the
heat-treated states. Α aluminium solid solution is
reduced to a minor phase and therefore confines in the
Al3Nb inter-particle spacing Fig. 7a. The chemical

analysis by EDS done at particular points of as-cast
L OF ELECTROCHEMISTRY  Vol. 58  No. 5  2022
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Fig. 5. Microstructure by scanning electron microscopy of as-cast and heat-treated alloys: (a) 10 wt % as-cast; (b) 10 wt % heat-
treated; (c) 20 wt % as-cast; (d) 20 wt % heat-treated; (e) 25 wt % as-cast; (f) 25 wt % heat-treated; (g) 30 wt % as-cast; (h) 30 wt %
heat-treated; (i) 40 wt % as-cast; (j) 40 wt % heat-treated; (k) 50 wt % as-cast; (l) 50 wt % heat-treated.
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alloy 50 wt % permits the determination of the mass
and atomic compositions of Al3Nb which to become

the major phase Figs. 7a, 7b and Table 6, α-Al
Figs. 6c, 6d and Table 7. Therefore alloy 50 wt %
behaves like an intermetallic alloy.

The effects of niobium content on potentiody-
namic polarization curves in aluminium matrix of Al–
Nb alloys as-cast and heat-treated after immersion for
24 h in 3.5 wt % NaCl solution is presented in a super-
position of Tafel plot in Figs. 8a, 8b.

As it can be seen, there is different corrosion

behavior of as-cast and heat-treated alloys, the fitted

values of βc, βa, the corrosion potential (Ecorr), and

the corrosion current density (Icorr) of the Al–Nb sys-

tem were obtained from the polarization curves by

extrapolation method of the Tafel curves and listed in

Tables 8a, 8b.
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5

Table 2. EDS quantitative analysis of Al3Nb (alloy 10 wt % as

Element Wt % At % Total intensity

AlK 48.69 76.57 6801.10

NbL 51.31 23.43 2484.69
Resistance of polarization Rp (kΩ cm2) was deter-

mined using the relationship of Stern et Geary [47, 48].

Where βa and βc are anodic and cathodic tafel slopes
respectively, Icorr (μA cm–2) is a current density.

The corrosion rate CR (mm/yr) was calculated
using the Faraday equation [49]

Where K is a conversion factor (3.27 ×

10‒3 mm g/(μA cm yr)), Icorr the corrosion current

density in (μA/cm2), EW the equivalent weight of alloy

and d is the density of alloy (g/cm3).

( )
a c

p

corr a c
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-cast)

Erreur, % K ratio Z A F

6.14 0.2791 1.1202 0.5086 1.0060

5.03 0.2893 0.8890 0.6349 0.9991
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Fig. 6. SEM image and EDS analysis of alloy 10 wt % as-cast, (a, b) Al3Nb, (c, d) α-Al matrix, (e, f) Al2O3.
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These reactions can occur into the anodic and
cathodic electrochemical process, two reactions occur
in the anode sites represented by the equation in the
reaction below (1) [50]:

(1)

The cathodic reaction in neutral solution of (NaCl)
given by the reduction of oxygen is represented in

equation (2) [50]: O2 + 2H2O + 4e → 4OH–.

3
Al Al 3e,

+→ +

3

3Al 3OH Al(OH) .
+ −+ →
RUSSIAN JOURNA
The results indicated that the pitting potential of

alloys increases with the increase of Nb content in the

order of 30 wt % as-cast < 40 wt % as-cast < 50 wt %

as-cast, so the pitting potential of alloy 50 wt % as-cast

is nobler than that of alloy 40 wt % as-cast and alloy

30 wt % as-cast respectively Fig. 9. The removal of the

Al atom corresponds to the initiation of pitting

[51, 52], from this point of view, the pitting is occur-

ring more quickly than in sample 30 wt % as-cast

because it contains the highest proportion of alumi-

num. The result is confirmed by the value of corrosion

rate which increases with the increase of Al content in
L OF ELECTROCHEMISTRY  Vol. 58  No. 5  2022
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Table 3. EDS quantitative analysis of α-Al (alloy 10 wt % as-cast)

Element Wt % At % Total intensity Erreur, % K ratio Z A F

AlK 98.42 99.54 17260.35 1.35 0.9622 1.0033 0.9743 1.0001

NbL 1.58 0.46 34.24 9.91 0.0054 0.7935 0.4329 0.9983
sequence 50 wt % as-cast < 40 wt % as-cast < 30 wt %

as-cast Fig. 10. This result is attributed essentially to

the difference in the microstructure. Alloy 50 wt % as-

cast has high Rp with value equal to 14.63 (kΩ cm2)

then that of alloy 30 wt % as-cast and alloy 40 wt % as-

cast with values 8.67 (kΩ cm2) and 9.93 (kΩ cm2)

respectively, due to the low corrosion current density,

consequently therefore the samples 30 wt % as-cast

and 40 wt % as-cast have high corrosion rate (CR) val-

ues 45.60 × 10–3 (mm yr–1) and 38.10 × 10–3 (mm yr–1)
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5

Fig. 7. SEM image and EDS analysis of alloy 50
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respectively then that of sample 50 wt % as-cast with

value 29 × 10–3 (mm yr–1).

On another hand, the effect of heat treatment for

1 h at 500°C was investigated and shown in Fig. 9,

which lead to an increase in the potential towards the

noble value with –0.775 V for alloy 30 wt % heat-

treated, –0.743 V for alloy 40 wt % heat-treated, and

–0.724 V for alloy 50 wt % heat-treated.

The type of aluminum corrosion in seawater is the

pitting corrosion [52], it occurs on the surface of the
8  No. 5  2022

 wt % as-cast, (a, b) Al3Nb, (c, d) α-Al matrix.
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Table 5. EDS global quantitative analysis (alloy 10 wt % as-cast)

Element Wt % At % Total intensity Erreur, % K ratio Z A F

AlK 89.83 96.82 14904.86 2.58 0.7837 1.0220 0.8529 1.0010

NbL 10.17 3.18 255.37 7.71 0.0380 0.8088 0.4625 0.9985

Table 4. EDS quantitative analysis of Al2O3 (alloy 10 wt % as-cast)

Element Wt % At % Total intensity Erreur, % K ratio Z A

OK 55.08 67.41 2803.45 7.94 0.1923 1.0501 0.3325

AlK 44.92 32.59 7250.39 6.05 0.2150 0.9345 0.5120
metal, the chloride ion Cl– interact with the region

near to work electrode (sample) and causes the

decomposition of aluminum matrix [53]. Figures 11a,

11b shows Nyquist plots of Al–Nb alloys as-cast and

heat-treated which are evaluated in 3.5 wt % NaCl

solution at room temperature. A semi-circle arcs dia-

gram is usually thought of as a mechanism of charge

transfer on an inhomogeneous surface [54, 55].

Semi-circle behavior can be understood by assum-

ing an electric equivalent circuit (ECC) for the inter-

face between electronic (electrode) and ionic con-

ducting (electrolyte) materials. EIS data are fitted by

EC-Lab® V10.37, and complex equivalent circuit

model of samples with different Nb content of as-cast

and heat-treated are presented in Fig. 12 and consisted

of the resistance (Rs), in series with (ZCPE1) in parallel

arrangement with (R1) and (ZCPE2) which is also in

parallel with (R2), in which Rs is the ohmic resistance

of the electrolyte between the working electrode (WE)

and reference electrode (RE), in addition, ZCPE1 cor-
RUSSIAN JOURNA

Table 6. EDS quantitative analysis of Al3Nb (alloy 50 wt % as

Element Wt % At % Total intensity

AlK 48.41 76.37 6844.43

NbL 51.59 23.63 2545.28
responds to the capacitance of the oxide layer and R1

is the polarization resistance of the passive layer.

Another factor to consider is the ZCPE2 constant phase

element due to a double layer capacitance and R2 is the

charge transfer resistance. ZCPE = 1/(Q(iω)n, ω is the

angular frequency, ω = 2πf and f is the frequency, n = 0

corresponds to a pure resistor, n = 1 to a pure capacitor

and n = 0.5 to a Warburg type impedance [56]. Change

in n value has been related to porosity and roughness

[57]. The diameter of the Nyquist semicircle corre-

sponds to the corrosion resistance. It is important to

remark that the highest semicircle arc corresponds to

the best electrochemical corrosion behavior. The

higher values of Rct indicate the formation of a stable

oxide layer on the surface that offers a significant

increase in the corrosion resistance of the alloy.

Nyquist plots revealed that two dominant processes

could be imagined happening in parallel 1 capacitive

behavior of charge separation at interface and 2 resis-

tive behavior of electron transfer process. The combi-

nation of these two processes results in capacitive
L OF ELECTROCHEMISTRY  Vol. 58  No. 5  2022

-cast)

Erreur, % K ratio Z A F

6.14 0.2770 1.1211 0.5074 1.0060

4.96 0.2922 0.8897 0.6373 0.9991
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Table 7. EDS quantitative analysis of α-Al (alloy 50 wt % as-cast)

Element Wt % At % Total intensity Erreur, % K ratio Z A F

AlK 92.77 97.79 14483.92 2.20 0.8396 1.0155 0.8906 1.0007

NbL 7.23 2.21 159.00 8.00 0.0261 0.8035 0.4507 0.9984

Table 8. Electrochemical parameters

Alloy type Potential, VSCE

Current density, 

μA cm–2

Cathodic beta, 

VSCE

Anodic beta, 

VSCE
Rp, kΩ cm2

CR × 10–3, 

mm yr–1

(a) of Al–Nb as-cast with different Nb content 3.5% NaCl solution at environmental temperature

Pure Al –0.713 0.4 0.216 0.017 18.06 4.36

10 wt %as-cast –0.867 2.94 0.187 0.270 16.31 31.6

20 wt % as-cast –0.938 17.23 0.133 0.565 2.719 181.4

25 wt % as-cast –0.917 4.53 0.172 0.264 10.021 47.1

30 wt % as-cast –0.897 4.44 0.142 0.234 8.67 45.6

40 wt % as-cast –0.859 3.82 0.101 0.177 9.93 38.1

50 wt % as-cast –0.805 3.09 0.198 0.218 14.63 29

(b) of Al–Nb heat-treated with different Nb content 3.5% NaCl solution at environmental temperature

10 wt % heat treated –0.887 6.73 0.152 0.333 6.75 72.3

20 wt % heat-treated –0.849 2.21 0.137 0.188 15.6 23.3

25 wt % heat-treated –0.837 2.41 0.161 0.128 12.86 25.1

30 wt %heat-treated –0.775 6.27 0.169 0.051 2.73 64.4

40 wt % heat-treated –0.743 5.00 0.239 0.044 3.25 49.9

50 wt % heat-treated –0.724 4.41 0.198 0.065 4.83 42.8
semi-circle response on the Nyquist plot, from which

the Nyquist data for 10 and 50 wt % as-cast Fig. 11a,

show a good arc-like behavior over the frequency

range examined and the diameter of the arc is larger

than that of the other samples and is associated with a

lower corrosion rate [58, 59], for heat-treated alloys it

is 25 and 50 wt %. Different impedance parameters

were obtained after fit and are listed in Tables 9a, 9b.
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
Typical microstructures from optical microscopy

micrographs Figs. 13a–13l associated with 3D surface

morphology images Figs. 13a′–13l′ clearly show that

some alloys, in particular 10, 40, and 50 wt % as-cast

Figs. 13b–13j–13l and 13b′–13j′–13l′, after corrosion

test, performs better than before corrosion unlike alloy

20 wt % and alloy 25 wt % as-cast Figs. 13d–13f and

13d′–13f′. This is based on the autonomous actions of
8  No. 5  2022
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Fig. 8. (a) Potentiodynamic polarization curves of Al–Nb alloy as cast in 3.5 wt % NaCl medium at room temperature. (b) Poten-
tiodynamic polarization curves of Al–Nb heat-treated alloys in 3.5 wt % NaCl medium at room temperature.
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Fig. 9. Potential variation versus Nb content (as-cast and heat-treated).
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Fig. 10. Corrosion rate variation versus Nb content (as-cast and heat-treated).
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Fig. 11. Experimental EIS diagrams of Al–Nb as-cast (a) and heat-treated alloys; (b) in medium 3.5 wt % NaCl at room tem-
perature Nyquist plot.

2000

1800

1600

1400

1200

1000

800

600

400

200

2200 (а)

50001000 2000 3000 40000

Z ', Ω cm2

10 wt %

20 wt %

25 wt %

30 wt %

40 wt %

50 wt %

fit

As-cast

Z 
'',

 Ω
 c

m
2

2000

2200

2400

1800

1600

1400

1200

1000

800

600

400

200

2600
(b)

40001000500 1500 2000 2500 3000 35000

Z ', Ω cm2

10 wt %

20 wt %

25 wt %

30 wt %

40 wt %

50 wt %

fit

Heat-treated

Z 
'',

 Ω
 c

m
2

corrosion inhibitors at the site of damage [60] and can

however lead to a self-healing behavior. Different

behaviors can be at the origin of the type of corrosion

depending on the niobium content of the alloy and
RUSSIAN JOURNA
therefore the volume fraction and the morphology of

the Al3Nb phase or the microstructure [61, 62]. This

can range from pitting corrosion as in the case of alloy

10 wt %, pitting initiates at defects on the surface of the
L OF ELECTROCHEMISTRY  Vol. 58  No. 5  2022
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Fig. 12. Equivalent electrochemical circuit of Al–Nb alloys in medium 3.5 wt % NaCl at room temperature.

(RE) (WE)

Rs

R1

R2

ZCPE1

ZCPE2
aluminium, such as at second phase particles, to crev-

ice corrosion alloy 20 wt % or intergranular corrosion

alloy 50 wt % which is caused by potential differences

between the grain-boundary region formed exclusively
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5

Table 9. Electrochemical impedance parameters

Alloy R1, Ω cm2 F, μF cm–2

(a) of Al–Nb as-cast with different Nb conte

10 wt % as-cast 7.982 23.51 0

20 wt % as-cast 5.203 92.91 0

25 wt % as-cast 5.16 52 0

30 wt % as-cast 4.531 18.42 0

40 wt % as-cast 4.973 23.43 0

50 wt % as-cast 3.208 36.34 0

(b) of Al–Nb heat-treated with different Nb co

10 wt % heat-treated 5.70 69.94 0

20 wt % heat-treated 5.92 15.69 0

25 wt % heat-treated 5.15 27.3 0

30 wt % heat-treated 4.25 39.98 0

40 wt % heat-treated 4.738 20.13 0

50 wt % heat-treated 4.857 53.99 0
by α-aluminium and the adjacent grain boundaries or

Al3Nb pavement Figs. 13k, 13l. On the other hand, the

presence of the Al3Nb intermetallic phase in large

quantities can also be responsible for a galvanic cou-
8  No. 5  2022

n1 Rs, Ω cm2 F, μF cm–2 n2 R2, Ω cm2

nt 3.5% NaCl solution at room temperature

.74 14.71 104.5 0.69 5958

.84 2.46 1146 0.24 6703

.86 45.64 147.2 0.71 3564

.99 8.57 184.5 0.73 2171

.94 10.05 396.9 0.53 4279

.99 123.1 404.2 0.72 8078

ntent 3.5% NaCl solution at room temperature

.66 29.55 285.9 0.46 4275

.87 22 177.7 0.40 6452

.83 97.1 117.5 0.72 5135

.89 6.601 281.7 0.58 1423

.99 15.35 110 0.70 3670

.87 216.1 225 0.60 10324
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Fig. 13. Optical micrographs with associated 3D surface morphology (as-cast alloys): (a–a′) 10 wt % before corrosion,
(b‒b′) 10 wt % after corrosion, (c–c′) 20 wt % before corrosion, (d–d′) 20 wt % after corrosion, (e–e′) 25 wt % before corrosion,
(f–f′) 25 wt % after corrosion (g–g′) 30 wt % before corrosion, (h–h′) 30 wt % after corrosion, (i–i′) 40 wt % before corrosion,
(j–j′) 40 wt % after corrosion, (k–k′) 50 wt % before corrosion, (l–l′) 50 wt % after corrosion.
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Fig. 13. (Contd.)
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Fig. 13. (Contd.)
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Fig. 13. (Contd.)
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pling between the matrix and the second phase parti-

cles [62]. Active components of the matrix alloy and

the intermetallic phases may corrode selectively.

CONCLUSIONS

This work covers results regarding the effect of nio-
bium addition on aluminum synthesized by the high-
frequency induction fusion technique. The main con-
cluding remarks are as below:

(1) X-ray diffraction and thermal analysis show
that as-cast and heat-treated Al–Nb alloys crystallize
in a mixture of Al3Nb and Al (Nb) solid solution.

(2) Al3Nb intermetallic compound dispersed in the

solid solution fcc α-Al matrix and associated with heat
treatment plays a key role in corrosion resistance
improvement of Al–Nb system by obstructing the
potential sites for possible pitting corrosion which
would be disastrous for the material. This preventive
effect is all the more visible as the niobium content is
high, as is the case of the alloy containing 50 wt % Al.

(3) Alloy 50 wt % is the niobium richest and its
structure is totally different from that of other alloys
both in the as-cast and in the heat-treated states. A
α-Al solid solution is reduced to a minor phase and
therefore confines in the Al3Nb inter-particle spacing.

(4) Alloy 50 wt % as-cast and alloy 20 wt % heat
treated 1 h at 500°C, show the best results concerning
corrosion in a saline medium (3.5 g/L NaCl). The
effect of heat-treatment is to change the distribution
and volume fraction of the intermetallic phase, so that
after heat treatment an alloy may end up with
improved corrosion resistance compared to the raw
state.
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