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Abstract

In this paper, aluminum composites reinforced by the Ti,SC MAX phase were fabricated through friction stir processing
(FSP). The effects of FSP and the addition of Ti,SC MAX phase on the electrochemical behavior of the surface compos-
ite were studied in a 3.5 wt. % NaCl solution. Optical microscopy (OM) and scanning electron microscopy, along with
energy-dispersive spectroscopy (SEM—-EDS), were employed to investigate the microstructure of the samples. The corrosion
behavior of the base metal and FSPed samples with and without Ti,SC-reinforcement particles was examined by different
electrochemical methods such as cyclic voltammetry (CV), potentiodynamic polarization, and electrochemical imped-
ance spectroscopy (EIS). Microstructural studies revealed that FSP leads to fine grain structure and reduction in Al,CuMg
strengthening precipitates content. The corrosion behavior of Al12024 depends on microstructural characteristics such as
grain size, Ti,SC-reinforcement particle size, and distribution of Al,CuMg precipitates. The dissolution of second phase
particles (Al,CuMg) present in A12024 aluminum increases the corrosion resistance of the A12024 alloy. Also, adding the
Ti,SC MAX phase improved the corrosion resistance of the surface composites.
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1 Introduction

Aluminum and its alloys are frequently employed in various
industries, especially in the marine, aerospace, and transpor-
tation industries, due to their exclusive properties such as
high ductility, high strength-to-weight ratio, and high cor-
rosion resistance [1]. It has been reported that the forma-
tion of a thin film of aluminum oxide on its surface leads to
an excellent corrosion resistance to various electrolytes [2,
3]. Metal matrix nanocomposites have been widely used in
recent years due to their diverse properties and variations
in production methods. Using ceramic reinforcing parti-
cles in the aluminum matrix improves corrosion resistance,
strength, wear resistance, and elastic modulus and declines
the coefficient of thermal expansion compared to the matrix
material. The material properties of nanocomposites depend
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on the amount and distribution of enhancers in the matrix
[4]. The advantages of particle-reinforced aluminum (AMC)
matrix composites over other types of composites are the
ease of fabrication, lower cost, and isotropic properties [5].

The second phase in Al alloys weakens the corrosion
resistance by acting as preferential sites for corrosion, espe-
cially matrix—reinforcement interface and areas adjoining
grain boundaries [6]. Friction stir processing (FSP) repre-
sents a process in which a solid-state technique is employed
to modify the surface and microstructure of materials. Dur-
ing FSP, the temperature increases due to the severe plastic
deformation induced by rotation and friction between the
tool and the workpiece [7]. According to Chanakyan and
Paidar studies [8, 9], the pass numbers of FSP have a signifi-
cant impact on the grains refinement and the improvement
of microstructure, mechanical properties, and corrosion
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behavior [10]. To meet the corrosion challenges, distribut-
ing, dissolving, and re-precipitating of the second phase can
be applied by the FSP approach. Any changes in particle
distribution by FSP could improve corrosion resistance con-
siderably [11].

In recent years, few studies have been conducted to dis-
cover the effects of FSP on the corrosion performance of Al
alloys. A handful of studies have demonstrated an improve-
ment in corrosion resistance by employing FSP. Soleymani
et al. [12] believed that FSP could enhance corrosion resist-
ance. According to Surekha et al. [13] findings, multipass
FSP promotes corrosion resistance attributed to the dis-
solution of CuAl, particles in the aluminum matrix. Also,
Rao et al. [14] reported that FSP causes the better corrosion
behavior of Al-30Si alloy due to the formation of a denser
and thicker passive layer on the surface.

However, some studies have shown a negative effect of
FSP on the corrosion characteristic of aluminum alloys. For
instance, it has been reported that the severe plastic defor-
mation by the repeated FSP technique causes fragments and
disperses silicon particles in the matrix, leads to increas-
ing the galvanic corrosion [15]. Mazaheri et al. [16] studied
the influences of FSP pass numbers on the electrochemical
behavior of Al6061. Their studies proclaimed that corrosion
resistance of the FSPed samples is considerably lower than
that of the base metal.

The MAX phases have unique properties such as thermal
conductivity, machinability, high-temperature resistance,
high elastic modulus, and oxidation and corrosion resistance
[17]. The consequence of FSP pass numbers on the corro-
sion behavior of the Al12024 matrix and the surface com-
posites by the Ti,SC MAX phase have not yet been studied
and should be investigated in future research. Therefore, the
main goal of this research is to predict the electrochemical
behavior of base aluminum 2024 alloy and A12024/T1,SC
surface composite prepared through FSP. Also, the effect
of FSP pass numbers on the distribution and dispersion of
Ti,SC particles was investigated.

2 Experimental methods

The base metal used in this investigation was a commercially
available wrought plate of A12024-T4 with a thickness of 6
mm. The composition of Alloy is given in Table 1.

The FSP machine employed in our experiment was a hor-
izontal-reinforced milling machine. A cylindrical WC pin
with a 4 mm length, 5 mm diameter, and 17.5 mm shoulder

diameter was used in the experiments. A groove of 1 mm
width and 2 mm depth was made in the middle of the work-
piece and was then filled with the reinforcement. The groove
is placed along the centerline of the tool. The volume of
reinforcements depends on the groove size, and since a fixed
and identical groove was used for all samples, the overall
volume fraction of composites was constant. The theoreti-
cal and actual volume fractions of particles were calculated
using the following expressions.

Theoretical volume fraction V,

= (Area of groove/Projected area of tool pin) x 100
ey
Actual volume fraction V,

= (Area of groove/Area of surface composite) X 100

@

Area of groove = Groove width X Groove depth 3)

The projected area of tool pin = Pin diameter X Pin length
“

Then the theoretical volume fraction and actual volume
fraction of composites were 12 and 8 vol%, respectively. The
presence of defects limits the sample performance. In order
to fabricate flawless specimens, the FSP process parameters
must be optimized. According to the previous report [18],
the rotation speed, movement velocity, immersion depth, and
tilt angle used in this research were 1000 rpm, 112 mm/min,
3 mm, and 3°, respectively.

For FSP experiments, the appropriate size of Al12024
sheets with a dimension of 100 x 50 x 6 mm? size was cut.
The surface of the A12024 plates was polished and cleaned.
Then, specimens with and without Ti,SC particles were sub-
jected to FSP method.

Ti,SC powders with a mean particle size of 2 um nm and
a standard deviation of less than 180 nm used in this study
were synthesized by mechanical alloying which is described
in our previous study [19].

To investigate the microstructure of the samples, the
surface of samples was grinded using emery paper of 600,
1000, and 2000 grade and polished, then etched with Kel-
ler’s reagent (1 ml of HF, 1.5 ml of HCI, 2.5 ml of HNO;
in 95 ml of distilled water). Afterwards, transverse sections
were examined by optical microscope, and also surfaces of
the samples were investigated by scanning electron micro-
scope (SEM), which were equipped with energy-dispersive
X-ray spectroscopy (EDS).

Table 1 Chemical composition

N Elements Al Cu
of A12024

Mg Mn Fe Si Zn Ga

wt. % 92.9 4.89

1.29 0.496 0.290 0.0487 0.0159 0.0152
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Electrochemical measurements were carried out with a
conventional three-electrode electrochemical cell using a
Potentiostat set (Iviumstat compact 20250 H) controlled by
Ivium soft electrochemistry software. Measurements were
performed in the air atmosphere and room temperature.
The samples were used as working electrodes; the counter
electrode and the reference electrode were Pt and Ag/AgCl
electrodes. All the potentials reported in this research are
versus the Ag/AgCl reference electrode.

The test solution was 3.5% NaCl solutions under room
temperature at a pH value of 7.5-8.0. Before each electro-
chemical experiment, the samples’ surfaces were polished
mechanically using emery SiC papers of 400, 600, and 800
grade. The working electrode was washed with distilled
water several times to remove any physically absorbed par-
ticles, then it was dried and inserted into the test solution.
However, to ensure the reproducibility of the results, each
test was performed at least twice. All electrochemical tests
(including potentiodynamic polarization, CV, and EIS analy-
sis) were only started after the open circuit potential (OCP)
reaching within +5 mV. For the potentiodynamic polariza-
tion test, the current values were recorded in the range — 1.5
to+0.5 V vs. Ag/AgCl at a constant scan rate of 1 mV/s and
then converted to the current density by figuring the surface
area. Cyclic voltammetry (CV) tests were carried out for
the Al electrode from negative to positive in the potential
range of —1.5t0 0.5 V vs. Ag/AgCl at a constant scan rate of
20 mV/s. Additionally, electrochemical impedance spectra
(EIS) experiments were carried out in the frequency range of
10° Hz to 0.1 Hz at OCP. The acquisition rate of the ampli-
tude of the perturbation signal was 10 points per decade and
10 mV, respectively.

3 Result and discussion
3.1 Microstructure evaluation

Figure 1 shows a typical micrograph of the cross-section
of the base metal and 1-pass FSPed samples. The heating
of friction and severe plastic deformation imposed by FSP
leads to a significant evolution in the microstructure, which
consists of three distinct regions, namely the stir zone (SZ),

Fig. 1 Optical micrograph of
the aluminum 2024: a base
metal, and b the stir zone of
1-pass FSPed sample
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the thermomechanically affected zone (TMAZ), and the
heat-affected zone (HAZ). It should be noted that HAZ is
not visible in this figure due to the high thermal conductivity
of aluminum [16].

During the FSP, a sharp rise in temperature and plastic
deformation leads to the formation of fine equiaxed grain in
the SZ. High temperature can cause the annealing and grain
growth within the SZ or lead to the formation of dynamic
crystallized grains and a reduction in grain size in the SZ
[18]. In addition to dynamic recrystallization, the presence
of reinforcement also refines the grain. Reinforcing particles
prevent the growth of newly crystallized grains by several
mechanisms such as pinning effect [18] or particle drag-
ging [20]. Therefore, in this case, grain refining originating
from dynamic recrystallization, annealing, and grain growth
are two competitive processes. It can be seen that the grain
refinement of Al2024 is applied during the FSP.

The SZ zone is subjected to severe deformation during
the FSP, which results in a structure with fine and uniform
distribution of precipitates in the microstructure. In all cases,
there is a very well bonding between SZ and BM and no
defects (i.e., voids or cracks) are visible. Furthermore, modi-
fication and refinement of the grain structure occurred in the
SZ, which resulted in a decrement of the grain size.

Figure 2 shows the cross-sectional optical micrograph stir
zone of FSPed samples with different pass numbers. It can
be seen that the FSP led to the high grain refinement for
whole samples. In this case, modification and refinement of
the grain structure occurred in the SZ, which led to a reduc-
tion in grain size in the area. The average grain size of the
as-received Al2024 was 50 um, which decreased to 2 um
after FSP. This phenomenon corresponds to the dynamic
recrystallization process [21]. A further reduction in grain
size in the SZ was seen (grain size of 1 um) by adding Ti,SC
particles during FSP. This can be related to two major rea-
sons, including the dynamic recrystallization and the pres-
ence of reinforcement precipitate (Ti,SC) in the base metal
(Al12024). These precipitates prevent the new crystallized
grains from coarsening during the process.

FSP leads to the friction between the shoulder and work-
piece and thermo-mechanical deformation in the FSP zone,
increasing the temperature to 0.6-0.9T ,, where T,, is the
melting temperature of base metal. At high temperatures,
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Fig.2 OM micrographs of stir
zone of specimens a 1-pass
FSPed without Ti,SC particles,
b 3-pass FSPed without Ti,SC
particles, ¢ 1-pass FSPed with
Ti,SC particles, and d 3-pass
FSPed with Ti,SC particles

these precipitates in aluminum alloys could be dissolved or
coarsen into Al base metal depending on the maximum tem-
perature reached and the alloy types [22].

To confirm the dissolution of the second phase, SEM
images were used. Figure 3 compares the SEM micrograph
precipitates of the base metal zone with the in FSPed sur-
face samples. As shown in Fig. 3b and c, several precipi-
tates dissolve in the matrix due to the rising temperature of
about 0.6-0.9T, during FSP. A more refined and uniform

Fig.3 SEM micrograph of a
Al12024 alloy before FSP, b after
1-pass FSP, and c after 3-pass
FSP

distribution of precipitates was created by applying FSP.
Table 2 demonstrates the composition of precipitates at dif-
ferent passes by the aid of EDS analyses. Since the pre-
cipitates were not visible by optical microscopy, SEM-EDS
line scan was carried out to display the dissolution of sec-
ond phase particles in the FSPed matrix compared to the
base metal. Compositional characterization of the particles
demonstrates a significant presence of microscale disper-
sion of Al,CuMg precipitates (S phase). As it turns out
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Table 2 EDS analyses of different precipitates highlighted with A, B,
and C in FSP and base metal regions are shown on the micrographs
of Fig. 3

Location Element, composition (wt. %)

Al Cu Mg
A (BM) 44.65 54.58 0.77
B (1-pass FSPed Al2024) 80.47 16.73 2.80
C (3-pass FSPed Al2024) 83.69 14.22 2.09

from Fig. 3 and Table 2, the FSP causes a significant vari-
ation in the chemical composition of the second phase. It
is clear that Mg in the S phase increases, and on the other
side, the concentration of copper in the S phase decreases
by the FSP method. Accordingly, the aluminum content of
precipitates sharply enhanced from 44.65% to the range of
80.47—83.69%. On the other hand, the FSP method pro-
motes the homogeneous composition of A12024 and result-
ing in Cu-poor precipitates.

Figure 4 shows the SEM-EDS line scan results of FSPed
samples, base metal, and the copper concentration variation
at different passes. It is interpreted through the analysis of
copper that the fraction of the second phase has become
higher as the number of FSP passes increases, indicating

Fig.4 SEM micrographs of a
BM, b 1-pass FSPed A12024,
¢ 3-pass FSPed Al2024, and d
corresponding EDS line scan
analysis spectrum
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the rearrangement of copper into the aluminum matrix in
the FSPed samples in comparison with the base metal. It
can be seen that the Cu concentration of particles in the base
metal is lower than FSPed samples even after a single pass.
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in the 3-pass FSPed sample, which can be attributed to the
higher heat input in the 3-pass FSPed sample than the 1-pass
sample [23].
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3.2 Corrosion studies
3.2.1 Open circuit potential

To ensure the reproducibility of all the corrosion tests, the
working electrode was allowed to reach the OCP. The OCP
magnitude for samples can be precisely a sign of their elec-
trochemical activity [24]. The OCP evolution of the base
metal and all of the FSPed samples with and without Ti,SC
powders in 3.5% NaCl solution is shown in Fig. 5. The OCP
curves of the samples show a similar trend that consists of
two steps. At the first stage (0-200 s), OCP values increased
significantly, inferring that passivation of surface happened
as a consequence of a hydrous aluminum oxides formation
on the Al12024 surface in contact with the solution. Then, the
curve reaches a steady state, and the OCP remains constant,
indicating a dynamic equilibrium is established between the
dissolution and formation of hydrous aluminum oxide [25].

The OCP values for all the samples are —0.64 V vs. Ag/
AgCl. The time to reach an OCP for 1-pass FSPed Al2024
is longer than that is required for other samples. Increasing
the number of passes leads to reduce the pores of the surface
and homogenize the microstructure. This can improve the
formation of a homogenous and completely sticky passive
layer [26]. Figure 5 shows that increasing the pass numbers
reduces the equilibrium time at the level of FSPed samples.

3.2.2 Potentiodynamic polarization study

Figure 6 shows the potentiodynamic polarization diagrams
of the base metal and FSPed samples in a 3.5% NaCl solu-
tion. It is illustrated that all samples (BM, FSPed with
and without Ti,SC) demonstrate the same shapes, in the
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Fig.6 Potentiodynamic polarization diagrams of the base metal and
FSPed samples in a 3.5% NaCl solution

Table3 The corrosion parameters obtained from the potentiody-
namic polarization test of BM and FSPed samples

Sample Eeor. (Vvs. Ag/ iy (nA.cm™)
AgCl)

BM - 1.00 15.84

1-pass FSPed Al12024 - 1.05 79.04

3-pass FSPed A12024 -0.82 3.62

1-pass FSPed composite —0.70 2.51

3-pass FSPed composite —-0.75 12.59

cathodic branch, the current reaches gradually to the cor-
rosion potential, and in the anodic branch, directly enters
the passive region by increasing the applied potential.
On the other hand, there is no active—passive transition
in the anodic region, except for the BM. Khatami et al.
[27] reported the same passivation behavior for A12024-
T3 alloy, which undergoes the accumulative roll bonding
(ARB) process. Moreover, the electrochemical parameters
obtained from Fig. 6 are also given in Table 3. The corro-
sion potential (E,,) and passivation current density (i)
of Al2024 base metal are — 1.00 V vs. Ag/AgCl and 15.84
uA.cm2, respectively. The values of corrosion potential of
all FSPed samples except 1-pass surface composite (with
or without reinforcement-Ti,SC) are higher than that of the
base metal. In contrast, the samples show lower passiva-
tion current density. In other words, the E_ . of the FSPed
samples has been shifted to higher values, and their cur-
rent density shows lower values. The passivation current
density directly correlates with the corrosion rate [13].
The i, value of the 1-pass and 3-pass FSPed Al2024 sam-
ples decreased from 79.04 to 3.62 pA.cm~2, while i, value
for 1-pass and 3-pass FSPed composite samples increased
from 2.51 to 12.59 uA.cm~2, respectively. Similar results
have been reported in recent studies that the increase in
the passivation current density is due to an increase in the
pass numbers of FSP [14].

Based on the obtained results, the E_ . of all FSPed sam-
ples increased by increasing the FSP passes from 1 to 3,
while the E_ , value of FSPed composite samples decreased
by the number of FSP passes which increased from 1 to
3. Accordingly, the more positive corrosion potential, the
more passively behaves [14]. This finding means that the
corrosion resistance of all FSPed samples (with or with-
out reinforcement-Ti,SC), except 1-pass FSPed Al2024, is
more than that of the base metal. Also, it can be derived that
the electrochemical resistance of all FSPed samples (with
and without Ti,SC powders) increased significantly with an
increment in the number of FSP passes.

As mentioned, all of the FSPed specimens (except 1-pass
FSPed Al2024) exhibited a low corrosion rate. Therefore,
it can be expressed that FSP leads to the improvement of
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the corrosion resistance of A12024, and some studies have
shown an improvement in corrosion behavior by FSP.

As mentioned earlier, the presence of the second phase
with the composition of Al,CuMg (S phase) in the A12024
matrix was confirmed by using SEM-EDS analysis (see
Fig. 3 and Table 2). It is well established that the S phase
acts as anodic behavior due to its negative potential. Con-
versely, the aluminum alloy is a cathode, and a galvanic pair
between two phases’ S precipitates and the aluminum matrix
is generated [28]. It has been reported that pitting corrosion
arises on the S precipitates. As pitting corrosion proceeds,
dealloying of Mg in S phase occurred, resulting in copper-
rich precipitates. Thereby, the S phase acts as a cathode in
a galvanic couple between precipitates and substrate due to
the positive potential [29].

As can be seen in Table 2, the FSP method encourages
the formation of higher Mg content in S phase precipitates.
Generally, it can be concluded that FSP reduced the pitting
corrosion of A12024 substrate and retarded the corrosion of
the substrate. In addition to pitting corrosion between the
S phase and the surrounding matrix, a preferential deple-
tion of copper around the coarse S phase occurred. So, the
Cu-depleted matrix surrounding the precipitates has anodic
behavior compared to the S phase and the rest of substrate.
Based on these results, the localized corrosion of the sur-
rounding the S phase weakened by applying the FSP method.

There are several possible explanations for these findings:

(1) During FSP, near the surface of the metal exposed to
local plastic deformation, mixing, and significant fric-
tion heating creates a very fine and equiaxed grain
microstructure due to dynamic recrystallization in the
SZ [30]. In other words, during FSP, the grain refin-
ing takes place in the surface layer [26]. Undoubtedly,
the existence of a fine-grained structure leads to a high
grain boundary density since the grain boundaries are
notably higher energy regions than grains. As a result,
the corrosion potential 1-pass FSPed sample becomes
more negative than the base metal, thereby reducing the
corrosion resistance. So, the lower corrosion resistance
of the 1-pass FSPed sample compared to base metal is
predictable [31]. It is clear that FSP causes the residual
stress, and according to the Nernst equation, samples
with residual stresses have higher Gibbs free energy
and less electrical potential than non-stress samples
[32]. As aresult, it seems reasonable that 1-pass FSPed
samples are likely to have lower corrosion resistance
than BM.

(2) The increment in corrosion resistance can be attributed
to the rearrangement of the second phase particles in
the FSPed samples [23]. Thermomechanical stresses
caused by severe plastic deformation through the FSP
can break the matrix’s precipitates to finer sizes and
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more homogeneous distribution [33]. Studies have
shown that grain size is smaller in FSP areas and pre-
cipitates are released, and even in the regions of HAZ
and TMAZ, the density of precipitates is lower than in
the base materials [22]. Also, an increment in the num-
ber of FSP passes causes a reduction in the pores and
homogenization of the microstructure. This improves
the formation of a homogenous and fully adhering
passive layer [26]. The homogeneous microstructure
reduces the dissolution and destruction of precipitates
and the concentration of precipitates in FSP areas [22].
Accordingly, the dissolving of the precipitates reduces
the sites for galvanic corrosion at the FSPed surface
[13].

(3) Also, the presence of reinforcing particles affects the
electrochemical behavior. While the one-pass rein-
forced composite sample presented a minimum cor-
rosion rate, the one-pass without Ti,SC MAX phase
particle specimen revealed a poor corrosion perfor-
mance compared with the one-pass reinforced com-
posite. After 1-pass FSP, the corrosion potential value
of the FSPed A12024 sample decreased from — 1.00 to
— 1.05 V vs. Ag/AgCl, and passivation current density
increased from 15.84 to 79.04 uA.cm™2, respectively.
When reinforcing particles were added to base metal
during FSP it causes a 0.05 V decrease in corrosion
potential and 6.3 times increase in passivation current
density of the FSPed composite sample than FSPed
Al2024. Tt can be concluded that adding Ti,SC parti-
cles and performing 1-pass FSP causes the corrosion
improvement of Al2024. Additionally, increasing the
FSP pass number from one to three passes reduces cor-
rosion resistance due to the formation of high-angle
grain boundaries and a high density of dislocation.
Increasing the FSP pass number varies the nature of
grain boundaries from low to high angle. Increasing
the number of low coordinated lattice points behind the
passive layer diminishes the passive layer stability [34].
Also, with the increasing number of FPS passes, the
penetration depth of the reinforcing particles increases,
and the number of particles at the composite level
decreases [26]. The density of the reinforcing particles
decreases at a certain depth with the increasing pass
number, which increases the corrosion rate. Therefore,
the increase in passivation current density of samples
containing Ti,SC particles can be justified by increas-
ing the pass number.

3.2.3 Cyclic voltammetry measurements

Figure 7 shows the cyclic polarization curves for all samples
in a 3.5% NaCl solution. The polarization curve of these
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Fig.7 Cyclic voltammetry 0 0
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Table 4 The corrosion parameters of BM and FSPed samples (V vs.
Ag/AgCl)

Sample Epi E, E,iEqp
BM 0.02 -0.21 0.23
1-pass FSPed A12024 0.35 0.20 0.15
3-pass FSPed A12024 0.06 -0.07 0.13
1-pass FSPed composite 0.05 -0.17 0.22
3-pass FSPed composite 0.00 -0.14 0.14

samples showed one breakdown potential. The breakdown
potential corresponded to the pitting of the grain bodies or
intergranular corrosion (IGC). Breakdown potential (Epit) is
a measure of pitting onset; thus, materials with more positive
breakdown potential indicated better pitting resistance. It has
been confirmed that the higher the value of E ,, the more
difficult the pitting corrosion [35].

The values of pitting potentials (E,;) and repassivation
potentials (E, ) are presented in Table 4. The breakdown
potential (E;) values of all FSPed samples (with or with-
out reinforcement-Ti,SC particles) except 3-pass composite
are higher than that of the base metal. This means that the
resistance of the pitting corrosion of FSPed samples, except
3-pass composite, is also more than that of the base metal.

According to Table 4, the E; value of 3-pass FSPed
Al2024 is less than 1-pass FSPed Al12024. Moreover, the
E,; value of 1-pass FSPed composite samples and 3-pass
FSPed composite decreases from 0.05 to 0.00 V vs. Ag/
AgCl. It is easy to get that increasing the number of FSP
passes leads to an increase in the tendency of FSPed samples
to pitting corrosion.

Localized corrosion (pitting corrosion) is the main reason
for Al-Cu alloy failure in corrosion environments, including
alkaline media [36]. Al,CuMg (S phase) is the most pre-
dominant type of intermetallic particle in A12024 alloy [37].
During FSP, the considerable heat is entered into the sample.
This temperature is adequately high to dissolve the second
phase into the matrix and increasing the copper content in

pit>

the Al matrix during FSP. Since the Al,CuMg phase has
an anodic nature compared to the Al matrix, the propaga-
tion of copper solubility in the aluminum matrix leads to an
increase in the potential difference between the two phases,
which raises the driving force for the initiation of pitting
corrosion [38]. As the number of passes increases, more par-
ticles are dissolved in the aluminum matrix, and the amount
of copper in the aluminum matrix has been increased. There-
fore, pitting corrosion resistance has been found to decrease
with increasing the number of passes attributed to the dis-
solution of precipitation.

Also, Liu et al. [38] reported similar results in the elec-
trochemical behavior of Al alloy. They have shown that
the solubility of copper in the Al matrix was found to be a
major point in the initiation of pitting corrosion in aluminum
alloys. Repassivation potential is a potential at which the
growth rate of pits stops. The amount of hysteresis or the
difference between E;~E, , indicates the amount of local-
ized corrosion [39]. In general, the larger hysteresis loop
(E,ii — E;p) leads to a more significant amount of localized
corrosion.

The (E;-E,;) value of all FSPed samples is less than the
base metal, so it can be said that the amount of localized
corrosion and the susceptibility of the material to the pit
corrosion of all FSPed samples is lower than that of the
base metal. Furthermore, the (E; — E,)) value of the 3-pass
FSPed Al2024 is more minor than the 1-pass FSPed Al12024.
Moreover, the (E; — E, ;) value of 3-pass FSPed composite
is less than 1-pass FSPed composite. Therefore, it can be
said that the amount of localized corrosion of 3-pass FSPed
samples is less than 1-pass FSPed samples. These results are
attributed to the grain sizes and the density of precipitate
particles obtained by FSP. It has been reported that the grain
size is an important aspect of the passivation of Al alloys and
the rapid formation of a stable passive layer on the metal’s
surface [40]. As mentioned before, increasing the number
of FSP passes causes grain refinement and dissolution of
the precipitates and reduces their size. Therefore, a grad-
ual decrease in localized corrosion was observed with the
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of the grain size and the formation of the passive layer on
3-pass FSPed samples.

3.2.4 Electrochemical impedance measurement (EIS)

To further investigate the electrochemical reaction on the
surface of samples, electrochemical impedance spectroscopy
(EIS) in 3.5 wt% NaCl at open circuit potentials (OCPs) was
performed. Figure 8 depicts the measured and calculated
Nyquist impedance spectra and Bode plots for the BM and
FSPed samples. Generally, the Nyquist impedance spectra
in Fig. 8 show two time constants with two electrochemi-
cal processes. Additionally, all the experimental Nyquist
diagrams showed a depressed semi-circular shape with the
center under the real impedance axis. This behavior is not
unusual in metal electrodes [41].

The first depressed circle is related to the diffusion
process through passive films on the surface. It has been
previously reported that the low-frequency semi-circle is
attributed to diffusion-controlled processes and transport
phenomena in oxidized products [41]. Hence, it can be
concluded that aluminum electrochemical behavior at OCP
contains both charge transfer and diffusion processes. The
second semi-circle at a lower frequency is a capacitive semi-
circle usually related to double-layer capacitance, including
a charge transfer resistance in the electrolyte interface (NaCl
solution) and electrode surface (aluminum oxidized). It has
been reported that when the alloys and alloy-based coatings
of aluminum are immersed in the NaCl solution, a thin layer
of oxide forms on the surface [42]. The cathodic and anodic
reactions occurring during Al alloy corrosion in 3.5 wt%
NaCl are reduction of oxygen and Al dissolution or oxida-
tion according to the following reactions [43]:
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Fig.9 Schematic of an equivalent circuit on the porous electrode
interface

0, + 2H,0 + 4e” — 40H™ )
Al > AP 4 3e” (6)
2Al + 60H” — Al,O5; + 3H,0 + 6e~ @)

A schematic of an equivalent circuit on the porous elec-
trode interface is depicted in Fig. 9. The electrical param-
eters of the equivalent electrical circuit are given in Table 5.
The circuit consists of a solution resistance (R,) and two
parallel capacitance loops, R /C,, and R /Cy, over the whole
frequency range. The inner circuit (second loop) relates to
the interface of aluminum and solution, which consists of
the combination of the capacitance of double layer (C) and
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Table 5 Values of the Sample R, (Q.cm?) R, (Qcm? C, (uFem™? R, (Qcm?)  Cy(uF.cm™)
equivalent circuit parameters P P
of Fig. 9 BM 8.61 7575.4 0.94 2028 0.79

1-pass FSPed A12024 10.30 1516.2 0.95 2755 0.86

3-pass FSPed Al2024 7.41 1359.8 1.46 4859 0.66

1-pass FSPed composite 5.66 5961.0 0.79 5090 0.79

3-pass FSPed composite 6.79 2242.0 0.97 2142 0.74

charge transfer resistance (R,,). The outer circuit is related
to the properties of the porous passive layer formed on Al,
with passive capacitance (C;) and charge transfer resistance
of the passive film (R).

The values of R, are in the range of 5.66-10.30 Q.cm™,
which is approximately low for all samples. R, is the charge
transfer resistance, which indicates the corrosion rate of the
sample. The higher the R, the lower the corrosion rate
[44]. In other words, increasing the R, value indicates a
decrease in the dissolution rate of the metal after immersion
in the neutral salt solution. Furthermore, the increase in R
indicates a higher resistance to active dissolution [45]. As
shown in Table 4, the R, value of Al2024 base metal is 2028
Q.cm?. Particularly, for the FSPed sample without powders,
the R, value of the 1-pass increased to 2755 Q.cm?, and as
the FSP pass was increased to 3-pass, it became higher and
reached 4859 Q.cm”. The increment in the charge transfer
resistance value for 1-pass and 3-pass FSPed samples is
fairly correlated with potentiodynamic polarization results.
When it comes to corrosion resistance, it was expected that
FSPed samples are much more stable than BM (A12024).

On the other hand, the FSPed samples exhibit higher
electrochemical corrosion resistance than the base material,
indicating better corrosion protection for FSPed samples. It
has been generally believed that the corrosion attitude of
aluminum alloys is mostly attributed to the second phase
precipitates, which can lead to the favored dissolution of
the surrounding Al matrix and therefore results in localized
corrosion (pitting corrosion) [45, 46]. In the case of A12024,
it has been reported that Al,CuMg particles can lead to pro-
moting pitting corrosion [47]. The different contents of the
second phase and the impurity elements lead to differences
in corrosion resistance [25]. Thus, the higher content of the
second phase leads to the poor corrosion resistance of the
aluminum alloys. It has been proposed that the dispersion of
the Al,CuMg particles will be more uniform with an increas-
ing number of FSP [47]. In addition to the mentioned argu-
ment, the low values of R, of base metal compared with
the FSP samples can be related to the local galvanic cells
between the copper-rich precipitates (cathode) and the Al
matrix (anode), which enhanced the dissolution of Al [43].
As mentioned earlier, FSP causes the dissolution of pre-
cipitates, and the concentration of precipitates in FSP areas
is less than that of the base materials. Accordingly, the dis-
solution of the precipitates declines the points for galvanic

coupling, and as a result of this phenomena, local and gal-
vanic corrosion at the composite surface is diminished.

The R, value of 1-pass FSPed A12024 is 2755 Q.cm?,
and for the FSPed sample with Ti,SC particles, the R, value
increased to 5090 Q.cm?. It can be concluded that the addi-
tion of Ti,SC MAX phase particles and performing one-
pass FSP improved the corrosion resistance of A12024. The
increment in the charge transfer resistance value for 1-pass
FSPed composite samples is confirmed by potentiodynamic
polarization results. Further grain refinement and reduction
of casting defects by filling the cavities after the addition of
reinforcing particles are the reasons for improving the cor-
rosion behavior [34].

Table 5 showed that the electrochemical resistance of
FSPed composite decreased from 5090 to 2142 Q.cm?,
increasing the number of passes from 1 to 3. Since with
the increasing number of passes, the penetration depth of
the reinforcing particles increases, and the number of par-
ticles at the composite level decreases, the dislocation den-
sity and the high-angle grain boundary increase, so with
the increasing number of passes, the corrosion resistance
of the alloy decreased. The reduction in the charge trans-
fer resistance value for 1-pass and 3-pass FSPed samples
is reasonably correlated with potentiodynamic polarization
results. As shown in Table 3, the ip of FSPed composite
samples increases drastically from 2.51 for BM to 12.59
uA.cm~2 by increasing the number of passes from 1 to 3.
Besides, the presence of reinforcing particles and the num-
ber of passes affect the electrochemical behavior. While
the one-pass FSPed composite sample demonstrated a low
corrosion rate, the one-pass FSPed Al2024 sample (with-
out reinforcement particles) demonstrated a poor corrosion
resistance and a high rate of corrosion rate compared to the
reinforced sample.

The high-frequency impedance shows the corrosion pro-
cess of the passive layer. The R} is the resistance of corro-
sion products on the pit site and oxide film, and its value is
measured by the resistance on the pit site [45]. Additionally,
the diameter of the semi-circle is attributed to the resistance
of the passive layer (R;). The stability of the passive layer
has been increased by an increment in the R, which cor-
responds to the thickening or compactness of the passive
layer [27]. As mentioned in Table 4, an increment in FSP
number passes, the resistance to pitting corrosion of FSPed
Al2024 samples reduced from 0.35 to 0.06 V vs. Ag/AgCl,
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and FSPed composite samples decreased from 0.05 to 0 V
vs. Ag/AgCl, indicating the value of R, decreases with an
increasing number of passes. So, it is obvious that at the
same immersion time, the corroded area on the surface of
the 3-FSPed transition specimens is larger than the surface
of the 3-FSPed transition specimens.

According to Eq. (8), passive layer capacitance is con-
versely attributed to the thickness of the passive layer, which
serves as a barrier layer from corrosion.

_EgpA

4 dp ’ (8)

where d,, is the thickness of the electrical passive layer, ¢,
is vacuum permittivity, € represents a dielectric constant of
the passive layer (for Al12024 is equal to 10 [48]), and A is
the working electrode area in the electrolyte. The 1-pass
FSPed composite sample demonstrates the minimum value
of passive layer capacitance (0.79 uF.cm™2), which reflects
a maximum thickness of the passive layer. The passive layer
on the sample’s surface acts as an anti-corrosion barrier, thus
enhances the protecting surface from corrosion. These find-
ings confirm the data obtained in potentiodynamic polariza-
tion analysis, in which lower current density led to higher
protection efficiency.

4 Conclusion

The microstructure and corrosion performance of the
Al2024 aluminum alloy and its surface composite rein-
forced with the Ti,SC MAX phase have been investigated.
The main results could be concluded as follows:

(1) Microstructural surveys indicated that FSP leads to sig-
nificant grain refinement. Addition of Ti,SC particles
and also increasing pass number made this refinement
intensifying.

(2) Based on the potentiodynamic polarization findings,
the E ., of the FSPed samples is shifted to higher
values, implying that the corrosion behavior of all
FSPed samples, except 1-pass FSPed Al12024, showed
an improvement compared with the base metal. The
result indicated that corrosion resistance of all FSPed
samples increased significantly with an increment in
FSP passes.

(3) Based on the electrochemical results, the E . value of
FSPed BM samples increased by increasing the num-
ber of FSP passes from 1 to 3. It can be expressed that
increasing the number of FSP passes leads to improv-
ing the corrosion resistance of FSPed Al12024. In con-
trast, it demonstrated that increasing the number of

@ Springer

FSP passes negatively affects the corrosion behavior
of FSPed A12024 surface composites.

(4) The cyclic voltammetry clearly showed that the pitting
corrosion resistance of FSPed samples, except 3-pass
composite, is also more than that of the base metal.
Also, the susceptibility of the FSPed samples to pitting
corrosion was increased by increasing the number of
FSP passes.

(5) EIS measurements showed that the FSPed samples
exhibit higher electrochemical corrosion resistance. By
increasing the number of passes, the corrosion resist-
ance of the FSPed BM samples improves. In contrast,
the electrochemical resistance of FSPed composite
samples decreased with an increase in the number of
passes. The addition of Ti,SC particles in the structure
has caused an increase in the corrosion resistance of
1-pass FSP Al2024.
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