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Abstract

In this work, the tribocorrosion and electrochemical corrosion behaviour of AA2014/A1,05 (1-4 wt%) nanocomposites were
investigated. An unreinforced 2014 alloy and the proposed nanocomposites were prepared through ultrasonication coupled
stir-squeeze casting method followed by solutionizing at 510 °C for 2 h and ageing at 165 °C for 16 h. Studies on the disper-
sion of nanoparticles, intermetallic phase formation, porosity, and hardness were carried out prior to the corrosion analysis.
Tribocorrosion test was performed in a linear reciprocating tribometer using 3.5 wt% NaCl solution as electrolyte under
potentiodynamic polarization condition for an exposure period of 600, 900, 1200, and 1500 s. A similar testing condition
was applied while performing the electrochemical test of materials in a cylindrical beaker. The experimental results indicated
a uniform distribution of nanoparticles and the formation of -CuAl, phase in the nanocomposites. A maximum hardness
of 150 HV was obtained for the nanocomposite reinforced with 2 wt% of Al,Oj;. Tribocorrosion test results indicated that
AA2014/3 wt% Al,O; nanocomposite exhibit the lowest potential of —0.62 to —0.68 V with a friction coefficient of 0.15 p
and a minimum current density of 4.889 x 10~ at 900 s. The same nanocomposite reduced the removal of metal ions with the
lowest potential range of —0.4 to— 0.5 V and decreased current density of 1.521x 107> at 1200 s. during the electrochemical
test. Alumina hydroxide films and secondary phases caused a superior corrosion resistance at higher exposure times. The
microstructural analysis of the corroded surfaces showed pitting corrosion, formation of pits and cracks.
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1 Introduction

Marine environments certainly accelerate the degradation
of offshore equipment through corrosion and consequently
decrease their operating life span [1]. Aluminium alloys are
lightweight-corrosion resistant materials used in marine
and aerospace applications to reduce the overall weight and
increase working performance [2, 3]. Aluminium alloy 2014
is typically used in aerospace applications such as water bal-
last tanks [4]. Even though AA2014 has better corrosion
resistivity, they are susceptible to chloride solution forming
oxidation and pitting. Therefore, to increase corrosion resist-
ance, AA2014 is reinforced with non-metallic ceramic par-
ticles such as Al,O5, SiC, B,C, TiB,, ZrB,, etc., [5]. Among
these, alumina nanoparticles improve aluminium alloys
mechanical and anti-corrosion properties [6, 7]. Further-
more, alumina nanoparticulate reinforcements with a high
surface area to volume ratio significantly impact composite
properties [8].

The stir coupled squeeze cast process is one of the most
widely used casting processes for producing aluminium
metal matrix composites [9—11]. Because of the immense
squeeze pressure, the molten metal in the mold acquires
both casting and forging properties [12, 13]. This improves

@ Springer

physical and mechanical properties while also refining
the microstructure [14, 15]. The conventional stir casting
method necessitates a longer stirring period, which oxi-
dizes the matrix and obstructs reinforcement dispersion in
the matrix due to agglomeration and low wettability [16].
To tackle these issues, a novel Ultrasonication Treatment
(UST) is used to improve nanoparticle dispersion by implod-
ing particle clusters, the wettability, and facilitating degas-
sing [17-20]. Deng et al. [21] stated that nano-sized particle
dispersion in the matrix generates clusters and agglomera-
tion due to the high surface-to-volume ratio. Gnanavelbabu
et al. [22] used ultrasonication to achieve a fine dispersion
of nanoparticles in the matrix and to minimize porosity.
T6 heat treatment is recommended for achieving a refined
grain structure. Sharma et al. [23] discovered that compos-
ites heat-treated at T6 improved their properties more than
composites heat-treated at T4.

Nowadays, researchers are paying more attention to studies
on the electrochemical and tribocorrosion corrosion behav-
iour of alloys and composites. Tribocorrosion experiments,
in general, examine the wear-induced corrosive behaviour of
materials subjected to particular corrosive media under defined
testing conditions. Murthy et al. [24] found that aluminium
is extremely corrosive in marine sectors due to the presence



Journal of Applied Electrochemistry (2022) 52:765-791

767

of impurities with high electronegative potential such as Fe,
Cu, and Ni. Fang et al. [25] improved an aluminium alloys
mechanical and corrosion properties using numerous oxide-
based reinforcements such as Y,0;, Al,O5, and ZrO,. Accord-
ing to Sundar and Qi [26], the addition of Al,O; results in
higher stiffness, finer microstructure, and superior polariza-
tion behaviour, resulting in higher corrosion resistance. Jun
et al. [27] reported that the combination of wear and corro-
sion accelerates material degradation due to improved corro-
sion potential. Cheng et al. [28] demonstrated that increasing
the alumina content reduces the coefficient of friction dur-
ing the tribocorrosion test. In comparison, adding a large
amount of Al,O; resulted in a higher corrosion resistivity in
3.5 wt% NaCl solution. Huttunen et al. [29] concluded that
wear-induced corrosion accounted for nearly 99% of material
losses at anodic potentials when the load was 10 N, but just
about 20% when the load was 20 N. Olatunji and Esther [30]
investigated the relationship between wear and corrosion in
aluminium alloys using open-circuit potential, polarization,
and electrochemical impedance.

According to Sinhmar and Dwivedi [31], the Al,Cu phase
accelerates anodic and cathodic reactivity in AA2014 alloy,
modifying the microstructure and increasing electrochemical
resistivity between weld joints. Gharavi et al. [32] performed
an electrochemical test on an aluminium alloy and found pit-
ting and inter-granular corrosion in weld areas because elec-
trolyte causes corrosion at grain boundaries. According to
Roseline and Paramasivam [33], heat-treated zirconia alumina
reinforced aluminium alloy eliminates corrosion and increases
current density while decreasing volume percentage. Hurtado
and Sundaram [34] discovered that intermetallic phases play a
significant role in corrosion potential, and the tafel polarization
findings show that increasing alumina oxide has little impact
on corrosion resistance.

According to reviews of the literature, the inclusion of
alumina oxide nanoparticles would improve the mechanical
and corrosive properties of aluminium alloy. A review of the
existing literatures further reveals a need for investigation into
the corrosion behaviour of aluminium/Al,O; nanocomposites.
Despite this, only a few studies on the tribocorrosion and elec-
trochemical corrosion behaviour of aluminium nanocompos-
ites have been published. Therefore, the corrosion behaviour
of AA2014/A1,05 (1-4 wt%) nanocomposites fabricated using

1200, and 1500 s. The corrosion rate and corrosion mechanism
are explained through charge transfer, diffusion and absorption
of ions using electrochemical impedance spectroscopy. SEM
and optical images are used for analysing the corroded surface.

2 Materials and experimental procedure
2.1 Matrix and reinforcement materials

The AA2014 was used as matrix material in this work.
Table 1 shows the result of elemental analysis of AA2014.
The reinforcing material was Alumina nanopowder with an
average particle size of 20-30 nm. Table 2 shows the funda-
mental properties of AA2014 and Al,O;.

2.2 Fabrication of AA2014/Al,0; nanocomposites

An illustration of ultrasonication coupled stir-squeeze cast-
ing equipment (supplied by SwamEquip, India) employed
in this work is shown in Fig. 1. As demonstrated in the
figure, the fabrication process was carried out in an Argon
gas-protected environment for better quality casting. Ini-
tially, 2014 alloy billets were heated in an electrical resist-
ance furnace up to a liquidous temperature of 700 °C. The
mechanical stirrer was then inserted into the molten metal
for performing vigorous stirring at a speed of 500 rpm for
10 min. During the stirring, the preheated (300 °C for 1 h)
alumina nanopowder was added to the melt using a powder
feeder set up attached with the equipment. After sufficient
stirring, the ultrasonic probe was inserted in the melt for
performing ultrasonication at 20 kHz/2.5 kW for 5 min.
During ultrasonication, water was circulated around the
transducer to minimize heat generation. After the sufficient
mixing of nanoparticles in the matrix through stirring and
ultrasonication, the bottom-pouring valve was opened. The
melt was transferred into a steel die preheated at 300 °C

Table 2 Fundamental properties of AA2014 and Al,0; [36-38]

Properties AA2014 Al, O,

the ultrasonication coupled stir-squeeze casting followed by
the T6 heat treatment process was investigated in this work. ~ Density (g em™) 2.81 391
The corrosion behaviour of proposed nanocomposites in 3.5 ~ Melting temperature (°C) 510 2055
wt% NaCl solution was investigated using tribo-corrosion and CO"f_ﬁfiem of thermal expansion ~ 23.4x107° 7.5%107°
electrochemical test methods, at exposure times of 600, 900, K™
Table 1 Constituent elements of Element Mn Mg Fe Cr 7n Cu Si Ti Al
AA2014 [35]

wt% 04 0.8 0.7 0.1 0.15 39 0.70 0.2 Balance
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Fig. 1 Illustration of ultra-
sonication coupled stir-squeeze
casting setup
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Table 3 Composition and designation of materials 2.4 Density and porosity measurement
S. No Composition Designation ) ) ) )
The porosity of the materials was calculated using the Archi-
1 AA2014 A0 medes principle (experimental density) and the rule of mix-
2 AA2014+1 wt% Al O, Al tures (theoretical density). Theoretical and experimental
3 AA2014+2 wt% Al O, A2 density was calculated using Eqs. (1 and 2), respectively.
4 AA2014+3 wt% Al,O5 A3 The sample was weighed in the air and in water to determine
5 AA2014+4 wt% Al,O5 Ad the experimental density. All samples were weighed at least

for 1 h. The dimension of the cylindrical die was ¢50 mm
and depth 300 mm. immediately after the filling of melt,
squeezing was done on the melt for 1 min at a squeeze
pressure of 150 MPa. Specimens were taken from the die
after solidification. Following this procedure, four nano-
composites AA2014/A1,05 (1-4 wt%) and an unreinforced
alloy were fabricated. Table 3 shows the composition of
materials and their designations.

2.3 Heat treatment

The fabricated alloy and nanocomposites were then heat-
treated at T6 condition using a muffle furnace (Servo
Enterprises, India). Heat treatment was carried out under
an argon gas-protected environment at a heating rate of
3 °C/min. Initially, solutionizing (T4) at 510 °C for 2 h was
carried out. Materials were then rapidly quenched in water
kept at 25 °C. Finally, ageing at 165 °C for 14 h followed
by air-cooling was performed. The heat treatment furnace
setup and graphical representation of the heat treatment
cycle (T6) are shown in Figs. 2 and 3 respectively.

@ Springer

three times using a digital weighing balance machine with
an accuracy of +0.001 g and the average value was taken.

air

14

water

pact = X pwater (1)

W,

air

~ Daat x 100 )

Ptheo

P=1

where p,.—Actual density of material in the air (g cc™"),
Puwae—Actual density of material in water (g cc™!), W,,—
Weight of the material in the air (g), W, -Weight of the

material in water (g), P—Porosity (%), p,.—Actual density
(g cc™h), pyeo—Theoretical density (g cc™).

2.5 Microstructure and interphase analysis

The microstructural characterization of alloy and nano-
composites was done using High-Resolution Scanning
Electron Microscope (HR-SEM) (FEI-Quanta FEG 200F)
images. Samples were polished with SiC abrasive papers
of 220-2000 grades on a double-disc polisher machine to
achieve a clear microstructural image. Diamond paste (1 pm)
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Fig.3 Graphical representation of T6 heat treatment process

mixed with distilled water was used for getting an ultra-fine
surface finish. Keller reagent (10 ml HF acid, 15 ml HC1
acid, 25 ml HNO; acid, and 50 ml distilled water) was used
to etch the samples for 5 s to expose their grain boundaries
and orientations. The intermetallic phase analysis of alloy
and composites was carried out using the XRD diffractom-
eter (Bruker D8 Discover). The samples were scanned at step
rate at an angle of 0.15° at 40 kV, 40 mA, 2.2 kW using Cu
ka radiation (a=1.54186 A).

2.6 Hardness test

The hardness test was carried out as per ASTM stand-
ard E384-17 on a Vickers microhardness tester (Leitz

Heat treated

| Insulating

Wetzlar). At 500 g load, a diamond probe with an angle of
136° was indented for 15 s. The specimen's hardness was
measured using an average of five measurements.

2.7 Tribocorrosion test

Tribocorrosion test was carried out in a linear reciprocat-
ing tribometer (Ducom, India) equipped with a corrosion
test module. The tribometer was coupled with an anti-
corrosive cup for filling electrolyte solution, as shown in
Fig. 4. The reference electrode was a saturated calomel
electrode (SCE), and the counter electrode was graphite.
Samples having an exposure area of 20 mm? were the
working electrode. The moving body was a hardened pin
(steel) against a static counter material (specimen of @50
mm and thickness 5 mm). A stroke length of 10 mm, fre-
quency of 4 Hz, a normal load of 20 N was applied for
various exposure times of 600, 900, 1200, and 1500 s. The
open-circuit polarization was measured during, prior, and
after sliding. At a+0.5 V electric potential and a scan-
ning rate of 2 mV s~!, the tafel was explored. Using the
tafel curve, corrosion rate, /., (corrosion current), and
E.,.. (corrosion potential) were determined. Thus, the tafel
exploration technique was used to determine the corro-
sion rate of specimens. The surface morphology of tested
specimens was analyzed using SEM images. Before the
test, the samples were polished with SiC fine paper and
cleaned with acetone. The samples before conducting the
tribocorrosion tests are shown in Fig. 5.

@ Springer
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Fig.4 Schematic representation
of tribocorrosion test setup
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Fig.5 Polished alloy and nanocomposite specimens for tribocorro-
sion test

2.8 Electrochemical corrosion test

A schematic illustration of the electrochemical test is pro-
vided in Fig. 6. As shown in the figure, in the setup, the
working electrode was the testing sample, while the counter
and reference electrodes were a platinum cell and a SCE,
respectively. A specimen with a diameter of 50 mm and a
thickness of 5 mm was used for electrochemical testing.
At room temperature, the samples were placed in an anti-
corrosive glass beaker filled with a 3.5 wt% NaCl solu-
tion. According to ASTM standard G31-72, the pH value
was maintained between 6.5 and 7. The samples were
exposed for 600, 900, 1200, and 1500 s. Polarization curves
from — 0.5 to+0.5 mV were obtained at a constant 2 mV s~
sweep rate. Both anodic and cathodic polarization curves
were recorded using a corrosion measurement system Ivium
Soft (10 kHz to 0.1 Hz). Corrosion current density value was

@ Springer
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calculated using the tafel extrapolation method at an interval
of 10 nA to 1 A. After each experiment, the electrolyte was
changed. To remove the corroded products formed on the
surface, the water rinsed samples were cleaned with acetone.
The corrosion products were removed for both testing using
chromatic acid (180 g 17! CrO;) and silver nitrate solution
(10g17! AgNO;) according to ASTM G1-03.

3 Results and discussion
3.1 Density and porosity

Table 4 shows the density and porosity of the fabricated
materials. The actual density of the fabricated materials is
significantly lower than the theoretical density. The porosity
of nanocomposites increased as the amount of nanoparticles
increased. Because the nanoparticles have a high surface-
to-volume ratio, they tend to stick together. This causes the
formation of clusters of nanoparticles. Therefore, a signifi-
cant volume of nano-sized reinforcing particles-induced
agglomeration in the matrix, lowering the actual density and
increasing porosity [39]. However, the porosity of nanocom-
posites was improved due to the homogenous dispersion of
reinforced particles in the matrix through mechanical stir-
ring and ultrasonication. Furthermore, the squeeze pressure
facilitates shrinkage porosity reduction and microstructure
refinement [40].

3.2 Particle dispersion and intermetallic phase
analysis

Figure 7a shows the SEM image AA2014 alloy. The fig-
ure indicates the primary (a-Al) and secondary phases
(B-CuAl,) of alloy. HR-SEM images were used to analyze
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Fig.6 Schematic illustration of
the electrochemical corrosion
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Table 4 Density and porosity of fabricated materials

S.no Material The. density ~ Act. density ~ Porosity (%)

designation (g cm™) (g cm™)
1 A0 2.8101 2.7990 0.395
2 Al 2.8213 2.8095 0.418
3 A2 2.8232 2.8113 0.421
4 A3 2.8274 2.8145 0.456
5 A4 2.8290 2.8155 0.477

the dispersion of Al,O; nanoparticles in the AA2014
matrix. Figure 7b—e shows the distribution of nanopar-
ticles in the matrix. The stirring and UST uniformly dis-
persed the alumina particles in the matrix at 1 and 2 wt%
of alumina, while adding an excess amount of reinforce-
ments formed tiny clusters of nanoparticles as seen in
Fig. 7d and e. The XRD test results of the materials are
illustrated in Fig. 8. The diffraction pattern of alloy indi-
cates the peaks of a-Al phase and f-CuAl, intermetallic
phase, as shown in Fig. 8a. The XRD pattern of AA2014/
Al,0; nanocomposite is given in Fig. 8b. In the figure, in
addition to the a-Al and $-CuAl, phase peaks, the peaks
corresponding to Al,O5 are indexed. Further, JCPDS no.
89-4037 (a-Al) and JCPDS no. 25-12 (p-CuAl2) confirmed
the diffraction peaks of the alloy. The peaks of Al,O; were
also verified by JCPDS no. 10-173. In the XRD pattern
of nanocomposites, no further peaks of any intermetallic
phase can be seen. This implies that no new phase was
formed because of the reaction between the aluminium
matrix and the Al,O; reinforcement and that alumina is
thermally stable in the matrix. This is in line with the
observation reported elsewhere [41].

PCRLELLELED »> COrrOSiOn \
induced :
area [l cm?]

1
== Aluminum 1
Substrate :

3.3 Hardness of materials

Figure 9 shows the Vickers microhardness values of the fab-
ricated materials. As shown in the figure, the hardness of
the unreinforced alloy is 122 VHN. The hardness of nano-
composites is between 142 and 150 at various percentages
of Al,05. The addition of Al,O5 nanoparticles up to 2 wt%
increased the hardness up to 150 VHN. This was due to the
uniform distribution of particles on the matrix alloy. The
addition of hard nanoparticles strengthened the base matrix
and helped in load sharing. Al,O; nanoparticles in the base
Al matrix act as barriers and restrict dislocation motion in
the matrix [41]. On the other hand, the further addition of
alumina nanoparticles reduced the hardness. As the number
of nanoparticles added increases, the reinforcement agglom-
erates, reducing the hardness [42].

3.4 Analysis on tribocorrosion behaviour

3.4.1 Co-efficient of friction and open-circuit polarization
(OCP)

Figure 10a—d shows the coefficients of friction (COF) and
OCP of alloy and nanocomposites during tribocorrosion at
different exposure times. The sliding times were 240, 300,
600, and 900 s. During the test, the material was initially
left for some time to stabilize. The figure shows that, at
the beginning of sliding, the OCP value shifts sharply to
the negative side due to cathodic shift and then pauses at
a potential value. By accelerating the anodic reaction, the
metal surface developed naturally inside the wear track was
destroyed, and a new metal surface was revealed. As a result,
the discharge of electrons polarized the surrounding region.

@ Springer
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Fig. 7 Microstructure of materi-
als: a SEM image of AA2014
and b, e HR-SEM images of
AA2014/A1,05 nanocomposites
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Following the end of sliding, the OCP value increased only
a little due to the reassignment of the passive state in the
track area. The cathodic shift in OCP was achieved in this
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test due to electrochemical re-passivation. When exposed,
the de-passivated area corrodes at a higher rate until another
passive film forms which is known as re-passivation. How-
ever, mechanical de-passivation was observed in a variety
of nanocomposites over a range of sliding times [43, 44].
When materials were exposed to a 600-s initial expo-
sure, specimen AQ started to deteriorate at a higher level.
As demonstrated in Fig. 10a, this was attributable to the
abrupt attack of chloride ions and the absence of reinforce-
ment in the matrix. A higher OCP of —0.8 to—0.9 V with
a COF of 0.35 was found for AQ. At all sliding times, the
electrode potential of aluminium alloy was substantially
higher than that of composites, resulting in larger worn sur-
faces due to poor hardness and weaker corrosive resistance
[28]. The inclusion of alumina nanoparticles improved the
COF and OCP in nanocomposites. Because of the addition
of alumina, the OCP of nanocomposites Al shifted toward
positive potential with a lower COF. Similarly, the inclu-
sion of reinforcement increased the positive potential of
A2 and A3 throughout all exposure conditions. It is evident
that A3 outperformed the other nanocomposites. In A3, the
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Fig. 10 COF and OCP of tribocorrosion samples at various exposure times a 600, b 900, ¢ 1200, and d 1500 s
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reinforcement strengthened the surface and decreased the
OCP to—0.6 V with a COF of 0.28 as shown in Fig. 10a.
Furthermore, the addition of more reinforcement caused
agglomeration, which increased grain size and lowered
hardness in nanocomposite A4. The clustered particles in
A4 increased the observed negative potential from — 0.6
to—0.8 V, with a COF ranging from 0.20 to 0.25 at all expo-
sure levels. Because of the presence of CuAl,, the increase
in the stabilization period has a propensity to stabilize the
oxidation process. The stabilized alumina hydroxide layer
produced on composites exhibits little negative potential at
900 s as shown in Fig. 10b. The highest positive potential
ranged from —0.62 to — 0.68 V, with a COF of 0.15 to 0.20,
in A3. Because of the initial cracks on the surface, unstable
COF occurred at the beginning. The COF in nanocompos-
ites was higher for a while and subsequently reduced due to
the robust protective layer. At exposure times of 1200 and
1500 s, as shown in Fig. 10c and d, the circuit polarization
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ranged from—0.9 to—1.0 V and the COF ranged from 0.3
to 0.35. The thick oxide layer was degraded due to excessive
chloride ions and mechanical wear due to longer exposure
times of 1200 and 1500 s. In comparison, it is worth noting
that the composite containing 3 wt% Al,O, exhibited good
corrosion resistance and greater wear track re-passivation.

3.4.2 Electrochemical impedance spectroscopy

The impedance curves of the specimens after different slid-
ing periods were recorded in a static state are depicted in
Fig. 11a—d. The impedance curves of all of the specimens
are semi-circles of varying diameters. In curves, the x-axis
represents actual impedance and the y-axis represents imagi-
nary impedance. In general, the larger the diameter of the
semi-circle, the stronger the corrosion resistance. Further-
more, it depicts the occurrence of charge transfer provided
by metallic atoms (Al) that get ionized when in contact with
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Fig. 11 Nyquist plot of tribocorrosion samples at a various exposure time a 600, b 900, ¢ 1200, and d 1500 s

@ Springer



Journal of Applied Electrochemistry (2022) 52:765-791

775

an electrolytic (NaCl) solution [45]. According to Fig. 11a,
the resistance of unreinforced alloy was lower than that of
nanocomposites, due to the absence of reinforcement. At
600 s, the resistance of the materials gradually increased in
nanocomposites Al, A2 and A3 due to constant addition of
Al,O5 nanoparticles. Furthermore, the addition of a large
amount of reinforcement resulted in a clustered structure
that increased grain size while decreasing the semi-circle in
nanocomposite A4 seen in all exposure times.

At 900 s, A3 exhibited the highest impedance level due
to uniformly dispersed reinforcement on the substrate. The
presence of passive films on the surface minimizes corro-
sion and surface defects, as indicated by larger curves [28].
The highest impedance level was seen in Fig. 11b due for-
mation of an alumina oxide layer on the surface enhanced
the resistance of materials to corrosion. The width of the
curve increased due to the formation and accumulation of
corrosion products. It further reduced with increasing the
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exposure time due to the dissolution of oxide film at local-
ized areas [46]. Further, the corrosion duration increased to
1200 and 1500 s, fractures the passive oxide layer accelerat-
ing the ion discharge resulting in reduced resistance as seen
in Fig. 11c and d. As shown in Fig. 11b, A3 moved forward
with a bigger diameter to indicate the polarization imped-
ance, in which the corrosion rate was reduced in the order
of A3<A2<A4<Al<AOQ.

3.4.3 Potentiodynamic polarization plot

Potentiodynamic polarization (PDP) curves of alloy and
nanocomposites without sliding conditions measured in 3.5
wt% NaCl solution for varying sliding times are shown in
Fig. 12a—d. The PDP curves are also known as Tafel plots.
They are used to evaluate the corrosion resistance of a mate-
rial. The cathodic curve is on the left side of the Tafel plot,
while the anodic curve is on the right. The material suffers
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Fig. 12 Polarization curve of tribocorrosion samples at a various exposure time a 600, b 900, ¢ 1200, and d 1500 s
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severe chloride attack due to more CI™ ions in the electro-
lyte during the initial stages of sliding at lower test dura-
tions [45]. As shown in Fig. 12a, alloy corrodes severely in
static corrosive conditions with increased potential (E.,,)
of — 1.1 V, which corresponds to a corrosion current density
of 9.086x 10~*. On the other hand, the nanocomposites Al
to A4 exhibit minimal potential from —0.690 to—1.02 V
where the A3 had the lowest potential of —0.690 V. In
Fig. 12b, the re-passivation process lowers current density
with higher potential on nanocomposites, notably on A3,
which is opposite to AO. The wear-induced method degrades
the protecting alumina hydroxide layer by increasing the
exposure period. It lowers the corrosion potential of alloy
and nanocomposites with higher current density, as illus-
trated in Fig. 12c and d.

It is clear that the corrosion resistance of unreinforced
alloy and nanocomposites was lower than that of A3.
Because of the presence of high alumina particles, the nano-
composite A3 demonstrated excellent corrosion resistance,
with current densities ranging from —0.6 to—0.8 V at dif-
ferent corrosion times. However, further increasing the test
duration, the protective layer of materials fractures during
sliding, allowing corrosion ions to infiltrate the substance
and generate corrosion pits and fractures on the material's
surface [47, 48]. Generally, polarization curves are attributed
to aluminium dissolution to form AI** which indicates the
dissolved oxygen to form Egs. (3 and 4) [49, 50].

4A1 — 4APT + 12¢” (3)

30, + 6H,0 + 12¢” — 120H" 4)

Then, AI** reacts with OH™ to form aluminium hydroxide
on the surface shown in Eq. (5 and 6).

4Al + 30, + 6H,0 — 4A1(OH), (5)

Aluminium hydroxide changes gradually to aluminium
oxide, resulting in the formation of passive films.

2AI(OH); — Al,O, + 3H,0

(©6)
The E_,, and I, values of alloy and nanocomposites are

tabulated in Table 5. It indicates that the addition of Al,O;

particles decreased the current density (A cm™2) and corro-
sion potential (V). The higher the E_ . value, the larger the
anodic current density. At lower exposure times, AO-induced
more oxidation over the natural layer, resulting in increased
corrosion rate. But the nanocomposites had lower E_,
and [ .., due to the uniform distribution of alumina. A3
had minimal values at 600 s. When tested for corrosion
resistance for 900 s, the A3 sample outperformed the other
specimens. This indicates the incremented resistivity in A3
nanocomposite. The corrosion potential, which is directly
proportional to current density in all corrosion exposures,
was reduced in the initial stages [28]. The addition of nano-
particles effectively enhanced the resistance which showed
a decrease in its polarization current, dimensions of erosion
track and coefficient of friction. [30]. Furthermore, at higher
exposure time of 1200 and 1500 s, the higher dissolution of
ions and sliding action formed pitting on the surface which
reduces the corrosion resistivity.

The cyclic potentiodynamic polarization (CPP) curves
for alloy and nanocomposites tested for 900 s are shown
in Fig. 13. The figure shows that the corrosion potential of
the forward scan is better than the corrosion potential of
the backward scan. According to reports, if forward corro-
sion potential is higher than backward corrosion potential,

Log (/A cm?)

T T

0.5
Potential/V

Fig. 13 Cyclic potentio dynamic polarization curves of samples
tested at 900 s

Table5 E_ . and /., values of tribocorrosion samples at various exposure times

Exposure time (S) 600 900 1200 1500

Material designation ~ E., (V) I, (Acm™)  E . (V) IL,,(Aem™® E (V) IL,Acm? E,.V) L, Acm?
A0 —1.099  9.086x10™* —1.101 7.956% 107 —1.104  8.012x10* —1.124  9242x10*
Al —1.011 7.845%x 107 —1.103  7.112x10* —-1.030  7.702x107* —1.057  7.814x10*
A2 —0988  6.081x10™* —1.101 5.932%x10™ —-1.049  6.115x10™* —1.009  6.159x10™*
A3 —0.689  5212x10* —0.621 4.889% 107 —0.645  5230x10* —0.701 5.876x 107
A4 —0.645  6.005x107* —-1.035  5.970x10™* —-0712 5971x10* -0.758  6.011x10™*

@ Springer



Journal of Applied Electrochemistry (2022) 52:765-791

777

the passive film on the metal surface will be more resistant
[45]. Thus, the samples are not susceptible to repassivation
under these conditions. According to the CPP curves, partial
passivation occurred in the forward anodic scan when the
potential was highly negative compared to the specimen at
ideal corrosion potential [27]. Following that, a significant
increase in anodic current was occurred as a result of uni-
form pit growth or pit propagation. Nevertheless, because
there was no stable passive film on the alloy, it was con-
cluded that repassivation occurred at the backward scan
and the damaged film restored. Another reason for the more
negative backward corrosion is the possibility of the cor-
roded portions acting as anodic zones, causing the corrosion
to begin [27].

The corrosion rate of materials exposed to tribocorrosion
tests at various exposure times is depicted in Fig. 14. At
all exposure times, the absence of alumina oxide reinforce-
ment significantly increased the tribocorrosion rate of AQ. At
an initial corrosion time of 600 s, the material subjected to
severe chloride attack accelerates corrosion owing to inter-
metallic layer breakdown. The inclusion of alumina up to 3
wt% increased the corrosion resistance of composites Al,
A2, and A3. Due to the uniform distribution of hard ceramic
particles throughout the surface, the composite A3 clearly
outperforms other materials in terms of corrosion resist-
ance. Furthermore, the presence of clustered nanoparticles
increased the corrosion rate in A4 substantially throughout
all exposure periods.

At 900 s, the ions dissolved in the electrolyte reaches
the alumina surface, limiting corrosion where pure alloy
takes the greater decay owing to reduced hardness. It
was determined that a larger alumina addition gener-
ated a persistent protective layer, which reduced corro-
sion in A3 at 900 s. Moreover, the insoluble corrosion
products restricted the movement of ions on the surface
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Fig. 14 The corrosion rate of tribocorrosion specimens at various
exposure times

which reduces the corrosion rate. Similarly, the corro-
sion rate of materials increased with increasing exposure
times of 1200 s due to a damaged aluminium hydroxide
layer (A1(OH);) during sliding. This was due to the higher
exposure time of 1500 s, at which, the film destroyed by
Cl, in the solution. Thus, the localized pitting corrosion
took place on the surface. Figure 15a—t depicts the cor-
roded surface of tribocorrosion samples tested at various
exposure durations.

The mechanism of wear-induced corrosion occurs pri-
marily as a consequence of (i) mechanical wear, which
accelerates material deterioration and degrades the protec-
tive layer; (ii) higher plastic deformation in the wear track,
which results in greater corrosion and (iii) increased wear
causes increased ion dissolution, which leads to increased
corrosion [27]. The wear mechanism of the specimens was
majorly abrasion and plastic deformation. These processes
occurred along with pitting corrosion mechanism on the
surface of the alloy [47, 48]. Mechanical wear was reduced
when specimens were exposed to a tribocorrosion test for
900 s. The surface of the materials after tribocorrosion
test was examined using optical images (Fig. 16a—e) and
SEM images (Fig. 16f—j). The worn and unworn surfaces
of AA2014 alloy are shown in Fig. 16a, indicating that the
alloy was extremely rough. More pronounced scars and par-
allel furrows visible in alloy demonstrate the material's vol-
ume loss [50]. Figure 16f, the SEM image of alloy reveals a
crater with micro-cracks on the worn surface caused by the
inadequate hardness of the alloy.

The morphologies of the worn surface were smoother
in composites due to the inclusion of Al,O; particles, as
seen in Fig. 16b—e. In inferior surfaces, grooves, fragments,
and micro-cracks appeared. While increasing the alumina
concentration, fewer craters and scratches suggest reduced
volume loss in composites as observed in SEM in Fig. 16g—j.
When reinforcement was increased to 3 wt%, cracks and
pits were greatly reduced, resulting in less volume loss with
a lower COF [26]. In terms of corrosion rate, the compos-
ite A3 has superior resistance to 3.5 wt% NaCl solution in
tribocorrosion, as shown in Fig. 16d and i. The corroded
surface of nanocomposites tested at different exposure
times are shown in Fig. 17a—d (OM images) and e-h (SEM
images). All figures depict the presence of pitting corrosion.
From Fig. 17a, it can be observed that at the initial stages,
the surface was severely attacked by chloride ions forming
higher corrosion. Further, at 900 s the composite reveals
reduced corrosion pits and debris on the surface, as shown
in Fig. 17b. The fragmented layer formed on the track area
is shown in Fig. 17f.

The deterioration process of the fragmented layer can be
categorized into four divisions: (1) Large fragments form
in the wear track area at high potentials. (2) Under slid-
ing action, cracks formed in the fragments after a single
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or multiple numbers of sliding. (3) The fragments are sub-
divided into small fragments. (4) Micro fragments are
removed to form wear debris due to the action of friction
and ion dissolution [30]. Material wears was expected to
increase with applied potential because of the more visible
pits formed in the wear track at high exposure, as seen in
Fig. 17g. Moreover, the existence of corrosion pits reduced
the in-time area contact, resulting in mechanical wear on the
track and formation of debris as seen in Fig. 17g.

3.5 Electrochemical corrosion analysis
3.5.1 Open-circuit polarization

Open-circuit polarization curves are commonly used to
study qualitatively the corrosion behavior of materials. The
OCP curves of alloy and nanocomposites measured in 3.5
wt% NaCl arrangement, subjected to different corrosion
periods is presented in Fig. 18a—d. The nanocomposite A3
has the lowest potential throughout all exposure periods.
The inclusion of evenly dispersed Al,O; nanoparticles was
responsible for this. On the other hand, the reinforcements in
the nanocomposite A4 developed clusters in the matrix, indi-
cating increased corrosion potential at all exposure times.
Because of the lack of reinforcement and breakdown of pas-
sive films, the highest potential was found in AQ. During

@ Springer
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Fig. 15 a—t The corroded surface morphology of tribocorrosion samples

the first 600 s, the OCP value of alloy and nanocompos-
ites shifted to the positive potential direction. As shown in
Fig. 18a, the highest negative potential found in A0 varies
from —0.750 to —0.775 V. In the case of A1, A2 and A3
nanocomposites, a positive potential movement in OCP can
be observed. This was due to the addition of alumina par-
ticles. However, the lowest potential was obtained for A3
nanocomposite, ranging — 0.650 to — 0.700 V. The solubility
of AI** enhances dissolution, promotes chloride attack, and
oxidizes the materials, increasing their corrosion potential
[51]. While increasing the exposure period to 900 s, unstable
OCP data were recorded in the range —0.675 to—0.875 V,
as shown in Fig. 18b. That was due to compound dissolution
and the increased number of OH™ ions constantly diminish-
ing the oxide film [52].

As the exposure time was increased to 1200 s, the
least potential values were found to be between —0.575
and —0.825 V as shown in Fig. 18c. This was primarily due
to the reduction of water, which resulted in the formation
of protective aluminium hydroxide (Al (OH);), which low-
ers the corrosion rate of materials at higher exposure lev-
els [53]. As depicted in Fig. 18d, at an exposure period of
1500 s, the potential dropped sharply in the negative direc-
tion from —0.65 to —0.835 V. This indicates increased cor-
rosion as a result of the constant attack of chloride ions on
the surface. The electrons on the cathode end react with
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Fig. 18 Open-circuit potential of electrochemical samples at various exposure times a 600, b 900, ¢ 1200 and d 1500 s

4A1 + 30, — 2AL0;, %

2A1+ 3H,0 — ALO; + 6H + 6¢~ ®)

The oxide film disintegrates in both acidic and high alka-
linity conditions [51], as indicated in Egs. (9 and 10).

Al,05; + 6H — 2Al; 4+ 3H,0(Acidic solution) )

Al,O; +3H,0 + 20H — 2AI(OH) *(Alkaline solution)
(10)

Thus, the passive alumina layer produced over the sur-
face prevents the removal of ions that stabilize the materi-
als in 1200 s. Bonding between the matrix and reinforce-
ment was disrupted due to prolonged exposure at 1500 s.
Besides, increased corrosion occurred as a result of the
deterioration of the protective alumina layer.

3.5.2 Electrochemical impedance spectroscopy
The electrochemical impedance spectroscopy curves of

alloy and nanocomposites investigated at different expo-
sure times are shown in Fig. 19a—d. The figure represents
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Fig. 19 Nyquist plot of electrochemical samples at various exposure time a 600, b 900, ¢ 1200 and d 1500 s

the impedance level while electrons were transported to
the material. A larger curve, suggests a higher impedance
with less corrosion. At 600 s, the impedance was measured,
and the unreinforced alloy exhibited a lower capacitive
curve diameter than reinforced composites, as illustrated in
Fig. 19a. As the weight percent of reinforcement increases,
the diameter of the capacitive curves seems to increase in
nanocomposites Al to A3 [28]. On the other hand, higher
concentrations of alumina nanoparticles caused agglomera-
tion, reducing the corrosion resistance of the nanocomposite
A4 at all exposure times. Furthermore, extending the expo-
sure period to 900 and 1200 s tends to stabilize the oxidation
reaction, resulting in reduced corrosion, as seen in Fig. 19b
and c.

The nanocomposite A3 was more corrosion resistant due
to the inclusion of hard ceramics. Because ion exchange is
required to sustain corrosion, it may deduce that resistiv-
ity is dependent on time and wt% of reinforcements [33].

@ Springer

Therefore, composite A3 proceeds with a larger diameter
indicate the polarization impedance. As a result, composite
A3 progressed with a larger diameter to represent the polari-
zation impedance. Because of the longer exposure times, the
ions on the metal surface dissolved more rapidly. At 1500 s,
this accelerated the corrosion on alloy and nanocomposites,
as illustrated in Fig. 19d. As indicated Fig. 19, the corrosion
rate was in the sequence A3 <A2<A4 <Al <AO0.

The Bode graphs of electrochemical impedance at 600,
900, 1200, and 1500 s are shown in Fig. 20. At low and
mid frequencies, the phase angle values of all samples were
between — 50° and 50°, which was the optimal surface. The
response of the electrolyte resistance is shown by constant
IZ| values near 0° for frequencies of 4 to— 1 Hz. The cor-
rosion resistivity of alloy and nanocomposites exposed for
1200 s was improved, with a near-phase value. A similar
observation is reported elsewhere [43]. A wide phase angle
peak was obtained from phase angle transference as shown
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Fig.20 Bode plot of electrochemical samples at different exposure times a 600, b 900, ¢ 1200, and d 1500 s

in Fig. 20a and d. At higher frequencies (4 kHz), a large
phase angle shift was observed in the case of the unrein-
forced specimen. At higher frequencies, nanocomposites,
on the other hand, showed a high stable protective barrier.
At 1200 s, the A3 displayed a widespread stable barrier
throughout a wider frequency range.

3.5.3 Potentiodynamic polarization plot

The PDP curve for alloy and nanocomposites evaluated in
static NaCl solution is shown in Fig. 21a—d. PDP curves are
mainly composed of a cathodic region and an anodic region.
The cathodic area indicates hydrogen evolution, whereas
the anodic region indicates aluminium dissolution. Graphs
show that deflected curves were generated at all exposure
levels. When contrasted to nanocomposites, alloy corroded
severely. This was due to poor hardness and severe chloride
attack with high E,,, (- 1.1123) and I, (5.086x 107).
Because of the presence of an oxide film on the surface, A3
nanocomposite exhibited a lowest E_,, (—0.7893) and an
Lo (2.112%x 107) seen in Fig. 21a. The anodic bend of the
materials clearly reveals a shift to increased current density
and probable corrosion changes to more negative (dynamic)

in the early stages [54]. The formation of hydrogen reactions
on the alloy and nanocomposite surface during the initial
exposure of corrosion interaction significantly accelerates
the corrosion rate by eliminating the corrosion product film.
Increasing the exposure time to 900 the composite A3 had
E,,, value and I, value of (—0.611) and (1.756 x 10™)
which caused the electrolyte solution to stabilize and form
hydroxide layers on the surface. Additionally, at 1200 s, the
presence of nano oxide particles and hydroxide film lowered
the corrosion rate. The metal ions removed from the surface
limit the plastic deformation of the materials and delay the
corrosion action seen in Fig. 21b and c. The results indi-
cated composites reinforced with 3 wt% Al,O; had a lower
tendency to get corroded in NaCl solution over all periods
as the corrosion potential decreases. Moreover, at 1200 s,
the nanocomposite A3 exhibited the highest resistance, with
E,., value (—0.5999) and I, (1.521 x 10~%). However, con-
siderable corrosion can be shown in Fig. 21d at 1500 s. This
was due to the fact that the established protective alumina
layer tends to break, allowing the solution to spread across
the surface and start the corrosive attack [55].

The equivalent circuit for A3 tested at 1200 s, is shown in
Fig. 22. The equivalent circuit correlations of components
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Fig. 21 Polarization curve of electrochemical samples at a various exposure time a 600, b 900, ¢ 1200, and d 1500 s
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1

Fig. 22 The equivalent circuit for A3 at 1200 s

are: R1—charge transference resistance, R2—oxide layer
resistance, L1—inductance, and C1—capacitance of circuit
[23]. At 1200 s, the presence of a hard alumina layer in A3
reduced the formation of corrosion products on the surface.
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The phase element present on the passive layer are respon-
sible for potential transfer at constant interface. As a result,
the constant phase elements present on the sample were used
in the equivalent circuit model to determine capacitance and
resistivity [43]. Table 6 shows the Ecorr and Icorr values
derived from equivalent circuit models using IVIUM soft-
ware to measure corrosion potential.

Table 6 shows E_ . and I values of specimens tested
under various exposure conditions. A higher anodic current
density is implied by a higher E_,, value. It increases oxi-
dation and reduction, resulting in increased corrosion rate
of A0 specimens. Because of the increased chloride attack
at 600 s, the corrosion value tends to increase. The corro-
sion potential and current density were reduced when the
exposure time was raised from 600 to 900 and 1200 s as
shown in Table 6. According to the results, composite A3
treated at 1200 s had greater corrosion resistance. Because
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Table6 E_ . and [, values of electrochemical samples at various exposure times
Exposure time (s) 600 900 1200 1500
Material designation ~ E., (V) I, Acm™  E . (V) IL,Acm™> E N I, ,Acm? E V) IL,Acm?
A0 —-1.112  5086x10°  —1276  4.622x107 -1.079  4.595x107° -1.023 5.102x107°
Al -1.104  3719x10°  -0912  2811x107 —-0740  2.694x107° -1.178 3.811x107°
A2 -0.800  2.752x10°  -0.701 2.676x107° —0.745 2.506x 107 -0.889  2.976x107°
A3 -0.789 2.112x10°  —0.611 1.756x107° -0.599 1.521x107° -0.779 2.456x 107
A4 -0.989 3.512x10°  —0.998 2.916x107 - 1.340 2.899x 107 -0.956 3.777x107
0.08 alumina nanoparticles decreased corrosion on Al. Further
2271600 Sec. 22511200 Sec. i fomi :
e 007 - N 900 Sec. [ 11500 Sec. addition 51gn1ﬁca'ntly decreased the corrosion rate of A2 and
g S A3 nanocomposite. However, the inclusion 4 wt% of alu-
g 0064 ] mina nanoparticles resulted in a clustered structure, which
E oos @ lowered the resistivity of A4.
% % - However, at 900 s, the consumption rate had increased
g 004+ = N slightly as a result of eroded items of enormous size. Owing
3 0.03 - to longer exposure time of 1200 s, the arrangement of the
E insoluble consumption items might also impede particle
£ 0021 migration outside of the sample, lowering the electrochemi-
5 o014 cal rate [55]. It was observed that the magnitude of the cor-
rosion attack was more profound and energetic at 600 s,
0.00 ;
. N N since hydrogen development was only enhanced at 900 and

Material Designation

Fig.23 The electrochemical corrosion rate of the alloys and nano-
composites

of the presence of Al,0; nanoparticles in the grain precipi-
tate zones, the aluminium nanocomposites disintegrate at the
grain boundaries [55]. As a result, the presence of chloride
ion in the dissolution reaction forms a protective hydroxide
layer that strengthens the A3 substrate, resulting in lower
corrosion values when compared to other composites.

The electrochemical corrosion rate of materials when
exposed in 3.5 wt% NaCl solution is depicted in Fig. 23.
According to a complex ion theory of corrosion, aggressive
anions may substitute some oxide ion in the oxide film and
form chemical reaction in the medium. Dissolution of the
metal depends upon the relative stability of ions and the
nature of anions. However, the less content of Al,O; led
to higher conductivity of the electrolyte solution. At lower
exposure time, the corrosion attack deepened but at higher
exposure time, the corrosion attack seems to be little wid-
ened. The reason for decreasing corrosion rate with increas-
ing exposure time was the decrease in hydrogen evolution
[56]. As indicated in the figure, at all exposure times, AO was
more prone to corrosion owing to a lack of reinforcement.
Because the chloride concentration was greater during the
initial stages of 600 and 900 s, the AO corroded more quickly
owing to the abrupt attack of chloride ions. The inclusion of

1200 s. The consumption rate decreased as the exposure
period increased to 1500 s, indicating that the underlying
eroding item obstructed the section of the consumption
medium and secured metal substrates. Because a larger
degree of pits, fractures, and fragments were created over
the region, a greater corrosion rate occurs in 1500 s due
to long chloride attack. Figure 24a—t depicts the corroded
samples after different exposure times.

Figure 24a depicts the corroded morphology of A0
after 1200 s of exposure. It can been found that the alloy
underwent severe pitting corrosion due to the absence of
reinforcement. Because of the strong chloride attack, the
pure aluminium layer breaks faster, resulting in more exten-
sive formation of cracks and pits all over the surface of
AQ as shown in SEM image Fig. 24f. The OM images in
Fig. 25b—e show that Al,O; reinforced nanocomposites were
more corrosion resistant than AO. When the ions come into
contact with the surface of the NaCl medium, they dissolve
and generate copper-colored pits at different exposures [57].
The SEM image of nanocomposites are shown in Fig. 25g—j.
The formation of micro-cracks, fragments, and pits on the
corroded surface was observed in the SEM images. The sur-
face of specimen A3 was found to be extensively corroded in
the initial stages owing to the removal of an oxide coating on
the surface. This was attributed to an increase in corrosion,
which resulted in the formation of pits and cracks as seen
in SEM images Fig. 25e—f. The OM Fig. 26c indicates that
at 1200 s, the hydrogen ions produced hydroxide layer over
the surface, which prevented pitting corrosion, as seen in
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Fig. 24 a-t Electrochemically corroded samples at various exposure times

SEM image Fig. 26g [58]. Meanwhile, at higher exposures,
Cl™ ions would destroy the Al (OH); layers. This surface dis-
integration caused aluminium composites to exhibit a variety
of electrochemical responses. After the passive layer was
broken, it encouraged severe corrosion at 1500 s through
the formation of grooves and the micro-cracks as shown in
Fig. 26e and j [59].

4 Conclusions

In this study, the AA2014/A1,05 nanocomposites were fab-
ricated through the ultrasonic-assisted squeeze cast process
by varying the reinforcement (1-4 wt%). The corrosion
behaviour of specimens was analysed using tribocorrosion
and electrochemical corrosion test methods with different
exposure times 600, 900, 1200, and 1500 s. The following
conclusions are drawn from this study.

@ Springer
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The HR-SEM images of nanocomposites showed the
homogeneous distribution of nanoparticles (up to 3
wt%) by ultrasonication in the AA2014 matrix. The
XRD results of nanocomposites indicated the diffrac-
tion peaks of a-Al, B-CuAl, and Al,O;.

The addition of reinforcement increased the hardness
and porosity of nanocomposites when compared to
as-cast alloy. Maximum hardness was obtained for
the nanocomposite A2 due to the uniform distribu-
tion of nanoparticles. A higher degree of porosity was
observed in nanocomposite A4 due to the agglomera-
tion of nanoparticles.

In the tribocorrosion test, the A3 exhibited a low OCP
of —0.62 to—0.68 with a lower coefficient of friction
0.15 and a minimum current density of 4.889x 10~ at
900 s.

The passive film of alloy damaged by mechanical wear
accelerated the material degradation with increasing
the potential. However, due to the formation of alumina
hydroxide protective layer, the corrosion rate in nano-
composites was minimized.
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Fig. 25 Microstructure of elec-
trochemically corroded samples
at 1200 s a—e OM image and f—j
SEM image
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Fig.26 a—d OM images and e—f
SEM images of electrochemical SR ' 600 sec.- A3
sample A3 at different exposure B .
times

—

(5) In the electrochemical corrosion test, the formation of ~ (6) At 1200 s, the composite A3 showed a minimal current

a protective passive layer on composites A3 restricted density of 1.521x 107 with an OCP value ranging from
the movement of ions compared to alloy and other — 0.4 to —0.5 V. The reaction occurred in the passive
nanocomposites. The addition of alumina nanoparti- layer and ion dissolution phenomena were unavoidable
cles helped in increasing the polarization resistance and corrosion factors when exposed to 3.5 wt% NaCl solu-
restricted the plastic deformation in nanocomposites. tion.
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