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Abstract

In this study, the effect of severe plastic deformation during friction stir back extrusion
of Al-Cu-Mg alloy with different amounts of Li microalloying on microstructure, mechanical
properties, and corrosion resistance was investigated. The Cu:Mg ratio in the Al-Cu-Mg alloy
was 3.8. The results show that regardless of the amount of lithium microalloying added in
the Al-Cu-Mg alloy, a significant change in the size of the dendrites, as well as the amount of
secondary phase particles, and the eutectic structure formed in the inter-dendritic space, is
not visible. Although with the increase of lithium percentage up to 0.5 wt.%, a slight decrease
in grain size is observed in the central area and surface areas of the extruded wires, the
difference in the average grain size in the three samples is not large. As the amount of lithium
increases, the amount of lithium in the structure of S-Al,CuMg precipitates increases, and finer
precipices are formed. By adding 0.5 wt.% of lithium, the evidence shows that the corrosion
resistance has increased by 35 %. It is also observed that the corrosion potential decreases by
7 % with the increase of lithium percentage up to 0.5 wt.%.
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1. Introduction

Precipitation-hardening aluminum alloys are wide-
ly used in various industries, such as transportation
and aerospace, because of their special properties,
such as special strength and high flexibility [1]. Nu-
merous properties, especially the mechanical proper-
ties of these alloys, largely depend on the precipitates
formed during the aging process, which act as a main
strengthening mechanism in Al alloys [2]. It should
be noted that the properties of aluminum alloys are
strongly affected by the chemical composition of these
alloys and the heat and mechanical treatment per-
formed on them [3]. Various researchers have reported
that the control of fraction, size, morphology, and dis-
tribution is crucial for developing advanced Al alloys
with optimal mechanical properties.

Despite the existence of various methods for im-
proving the mechanical and corrosion properties of
aluminum alloys, microalloying has been introduced as

an effective approach to increase the mechanical and
corrosion performance of Al alloys [4]. The partial ad-
dition of alloying elements affects the thermodynamics
and kinetics of precipitates and improves the proper-
ties, especially the mechanical properties of aluminum
alloy. The operation of microalloy elements is summa-
rized: Microalloy elements can easily trap vacancies
because of their high vacancy-binding energy, which
depends on the type of nucleation mechanism, can
lead to delay or accelerate the precipitation kinetics
[5]. Of course, it should be noted that the competitive
behavior of different precipitates may occur and hence
can lead to a different precipitation sequence [6]. Al-
loying elements are mainly placed at the interface of
precipitates to reduce the surface energy and improve
their stability [7].

The effect of adding alloy elements in small
amounts has been investigated, mainly in aluminum
alloys with medium strength, where the average
strength of the base alloy is around 200 MPa [8]. How-
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ever, it should be noted that adding microalloy ele-
ments to high-strength aluminum alloys and its effect
on precipitation behavior has been a controversial pro-
cess. Mainly in high-strength aluminum alloys, studies
have focused on methods such as severe plastic de-
formation (SPD) to increase strength, and less atten-
tion has been paid to the effect of microalloy elements
[9]. However, it should be noted that the application
of SPD methods makes the final shape of the prod-
uct not always controllable, and therefore, the use of
alloying methods may be considered a better option
to increase strength. Among the various alloying ele-
ments that are added to aluminum alloys, lithium is
considered an important alloying element in Al alloys
because of its high potential to reduce the alloy den-
sity and increasing Young’s modulus [10].

Aluminum-lithium alloys (Al-Li alloys) are a set
of alloys of aluminum and lithium, often also includ-
ing copper and zirconium. Since lithium is the least
dense elemental metal, these alloys are significantly
less dense than aluminum. Commercial Al-Li alloys
contain up to 2.45% lithium by mass. However, it
should be noted that fracture toughness in the Al-
-Li alloy is lower compared with conventional Al al-
loys because of a greater propensity for low-energy
intergranular fracture. Lithium segregation to grain
boundaries is the prime cause of low-energy intergran-
ular fracture in Al-Li alloys. Some unsolved problems
hinder the wide use of Al-Li alloys in aircraft engineer-
ing. The problems are the low thermal stability, the
high anisotropy of mechanical properties, the capacity
for stain localization, the high scattering of the values
of fracture toughness, the low ductility in the altitu-
dinal direction, and the deviation of fatigue crack tra-
jectory from a straightforward direction [11]. In addi-
tion to the studies conducted on Al-Li alloys which are
mainly strengthened by the T1 phase and ¢’ phase [12,
13], various studies [14-18] have also been conducted
to investigate the effect of lithium on Al-Zn-Mg and
Al-Cu-Mg based alloys and show that the addition of
partial lithium can significantly affect the precipita-
tion behavior of Al alloys. Duan et al. [19] investigated
the effect of adding a small amount of lithium to an
Al-Cu-Mg alloy. They reported that the addition of
0.5 wt.% of lithium resulted in a significant improve-
ment in tensile strength without significant loss in duc-
tility. The reason for this phenomenon was the effect of
lithium addition on changing the precipitation process
and the formation of very fine S-Al,CuMg precipitates
in the microstructure.

As mentioned before, one of the conventional meth-
ods for increasing the strength of high-strength alu-
minum alloys is the application of SPD. The appli-
cation of SPD and its effect on the strengthening
of aluminum alloys, including the Al-Cu-Mg alloy,
have been studied by various researchers [20, 21]. One
method of applying SPD that can improve the mi-

crostructure and form a uniform microstructure is the
frictional stir-back extrusion (FSBE) process. In this
process, the heat caused by friction is used to facil-
itate the creation of flow in the material. The main
idea of this method was first taken by the Welding
Institute in Cambridge, UK, in 1993, from the fric-
tion stir welding process [22]. The main parameters in
this process are rotational speed, extrusion speed, ap-
plied force, and punch diameter. The rotational speed
plays the most important role in reducing the grain
size, and the punch diameter has the least contribu-
tion [23]. The results show that increasing or decreas-
ing the rotational speed causes the appearance of de-
fects. Cold cracks and twisting defects are observed at
low rotational speeds, and hot cracks on the surface
at higher rotational speeds [24]. The extrusion speed
is the second parameter affecting the microstructure
and mechanical properties. In applying this process
to aluminum alloys, it was found that the effect of
this parameter on the refinement of the microstruc-
ture is slightly more than its effect on the increase of
hardness [25]. To produce a flawless extruded prod-
uct, the design of the punch and die geometry plays a
very important role. The details of the dimensions of
the punch and die play an important role in achieving
maximum efficiency, and reducing friction and power
consumption [26]. Although the geometrical parame-
ters, as mentioned before, do not have a dominant ef-
fect on the microstructure and properties, the change
of these parameters can be effective in achieving the
desired rotational and extrusion speeds.

Although the effect of lithium content in different
ratios of Cu:Mg in Al-Cu-Mg alloys has been stud-
ied by researchers [27, 28], the effect of lithium as a
microalloying element and the effect of SPD on the mi-
crostructure, mechanical properties, and corrosion of
Al-Cu-Mg alloy containing lithium has not been stud-
ied. In this research, the ratio of copper to magnesium
is considered to be equal to 3.8, and the effect of SPD
caused by the FSBE process on the microstructure,
mechanical properties, and corrosion of Al-Cu-Mg al-
loy containing 0.25 and 0.5 wt.% has been studied.

2. Experimental procedures

In this research, Al-Cu-Mg alloy with the copper
to magnesium ratio of 3.8 has been selected as the
base alloy, and the lithium element has been added to
the base alloy as a micro-alloy in amounts less than
0.5 wt.%. The reason for adding lithium in amounts
less than 0.5wt.% is based on [19], where it is men-
tioned that in amounts less than 0.5 wt.%, it is not
possible to form complex compounds and precipitates
in the microstructure, and the added lithium will lead
to the acceleration of the formation of S-Al,CuMg
precipitates. To manufacture the cast alloys, commer-



M. Rezaee, H. J. Aval / Kovove Mater. 61 2023 307-320 309

Tensile test sample Corrosion test sample
F\ ﬁ —

20 mm
Metallography test sample

Fig. 1. The extruded wire after the FSBE process and ex-
traction position of tensile test, metallography, and corro-
sion test samples.

cial AA2024 with a chemical composition of 0.18 % Si,
3.98% Cu, 1.04 % Mg, 0.24 % Fe, 0.51 % Mn, and Al
balance (wt.%) was melted in an electric resistance
furnace. Next, 0.25 and 0.5wt.% of Li were added
to Al-Cu-Mg alloy using pure Al-5Li master alloy.
The dissolved molten metal was subjected to gas bub-
bling filtration at 700°C for 10 min using Ar gas. The
degassed molten metal was poured into a preheated
cylindrical mold at 180°C (diameter 22 mm, height
200mm). The billets for FSBE were machined to a
diameter and height of 20 and 50 mm, respectively. Af-
ter being heated at 495°C for 24 min, the billets were
friction stirred back extruded. Samples with 0, 0.25,
and 0.5 wt.% of Li were labeled with C0, C25, and
C50, respectively. After quenching, the samples were
immediately subjected to FSBE using a punch with
an outer diameter of 20 mm and length of 150 mm, in
which a hole with a diameter of 7 mm was created. The
extrusion process was performed at a rotational speed
of 800 rpm and an extrusion speed of 20 mm min~—!.
After extrusion, to check the microstructure, me-
chanical properties, and corrosion resistance, different
samples were prepared from the extruded rod, accord-
ing to Fig. 1. The microstructure of the samples was
etched using an etchant, including 95 ml distilled wa-
ter, 1.5 ml HCI, 1 ml HF, and 2.5 ml HNOj3. The mi-
crostructure was examined using the NGF-120A op-
tical microscope and a Philips-XL30FSEM scanning
electron microscope (SEM) equipped with an EDS de-
tector. A linear intercept technique (ASTM E112-96)
was used to determine the grain sizes. In addition,
a Rigaku Ultima IV X-ray diffraction machine was
used for phase analysis. The hardness of the samples
was measured using a KOOPA Universal (UV1) mi-
crohardness tester with a force of 100 gr and a dura-
tion time of 15s. The tensile test was performed ac-
cording to the ASTM ES8 standard using a crosshead
speed of 1 mm min~!. To check the reproducibility of
the tensile test results, three tensile samples were pre-
pared from each wire. To check the corrosion resis-
tance of different samples, the corrosion resistance of
the cross-section of different samples was studied. To
perform the corrosion test on different samples, the
electrochemical test was performed by the Autolab
PGSTAT204 device. Before starting the corrosion test,
the samples were immersed in NaCl solution for one
hour. The side surfaces of the corrosion samples were

covered with resin to avoid direct contact with the cor-
rosion solution on other surfaces. The electrochemical
impedance test was performed in the frequency range
of 0.1 Hz to 100 kHz. Then, all samples were kept for
polarization and fixed open circuit potential to per-
form an electrochemical corrosion test between 250
to =250 mV. Then the electrochemical impedance test
was performed at a speed of 1mV s,

3. Results and discussion

In Fig. 2, the microstructure of different samples
before and after the extrusion process is shown. In all
samples, before the extrusion process, the dendritic
structure, along with the intermetallic compounds be-
tween the dendrites, are visible. As seen, regardless
of the amount of lithium added to the aluminum ma-
trix, a significant change in the size of the dendrites,
as well as the amount of secondary phase particles and
the eutectic structure formed in the inter-dendritic
space, is not visible. After the FSBE process, the den-
dritic structure and the secondary phase particles in
the inter-dendritic space of the dendrites are com-
pletely removed and a fine equiaxed microstructure
is formed in the entire cross-section of the wire. Ac-
cording to previous research [29], the formation of fine
and equiaxed grains after the FSBE process is related
to the occurrence of dynamic recrystallization during
the process.

Although with the increase of lithium percentage,
a slight decrease in grain size is observed in the central
area and surface areas of the three samples, the dif-
ference in the average grain size in the three samples
is not large. The average grain size of extruded sam-
ples CO, C25, and C50 is 19.54 + 2.42, 19.94 + 3.84,
and 21.03 + 2.35 um, respectively. The measurement
of wire surface temperature in the three samples does
not show a significant difference. The maximum tem-
perature of the wire surface in samples C0, C25, and
C5h0 is 451, 454, and 456°C, respectively. According
to [30], two factors of temperature and plastic strain
are effective in forming recrystallized grains. In such
a way that with increasing temperature or decreasing
plastic strain, the recrystallized grain size increases.
Considering that the plastic strain during the process
cannot be easily measured experimentally, the plastic
strain during the process was predicted according to
the method proposed in [31], and the maximum plastic
strain values were obtained in the samples C0, C25,
and C50 as 21.34, 22.05, 21.89, respectively. According
to the values of plastic strain and temperature mea-
sured during the FSBE process, which are not signifi-
cantly different, it may be possible to justify the slight
difference in the average grain size of the three sam-
ples after the extrusion process. Another important
point is the difference in grain size on the surface and
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Fig. 2. The optical microscopy images of: (a) sample CO, (b) sample C25, (c) sample C50 before FSBE and (d) sample
C0, (e) sample C25, (f) sample C50 after FSBE.

the center of all three samples, so the grain size on the
surface of the wire is larger than the center zone. The
reason for this phenomenon can be justified accord-
ing to the results of temperature and plastic strain
obtained from experimental measurement and simu-
lation. According to the simulation results, the tem-

perature on the surface of the wire is higher than in
the center zone. Also, the plastic strain in the surface
areas is much higher than in the center zone. Simi-
lar results concerning temperature changes and plas-
tic strain have been reported by other researchers [32].
Considering the higher temperature in the surface ar-
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Fig. 3. The SEM images of extruded samples; (a) sample CO0, (b) sample C25, ¢) sample C50 before FSBE and (d) sample
C0, (e) sample C25, (f) sample C50 after FSBE.

eas, it can be said that the effect of temperature on To be a more precise study of the precipitates and
grain growth in the surface areas has been dominant secondary phase particles formed in the microstruc-
in plastic strain. Because of the conflict between the ture of different samples, the SEM images of the mi-
effect of temperature and plastic strain, a higher tem- crostructure in the center of the different samples are
perature in the surface areas causes grain growth and shown in Fig. 3. Also, the results of the EDS analy-

the formation of coarser grains in the surface areas. sis of precipitates and secondary phase particles are
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Table 1. EDS analysis result of different points marked in Fig. 3

Element (Atomic %) Al Mg Cu Li Fe Mn
Spot I 74.03 10.04 15.67 - 0.14 0.12
Spot 11 64.40 15.98 19.45 - 0.12 0.05
Spot III 73.98 11.45 14.32 0.12 0.08 0.05
Spot IV 78.97 0.07 0.40 - 14.11 6.45
o P = shows that these precipitates are probably the S-
27 & -Aly;CuMg precipitates, which has also been reported
é“ ael (e in other research. As seen, the usual precipitates in
e B E— T R — Al-Li alloys are not visible in the microstructure of
Energy (keV) samples containing lithium. According to [33], it has
v @A Spot 11 been reported that lithium replaces part of the magne-

Energy (keV)
Spot 111
Fe
Ma M Fe Cu Cu
34 51 &8 a5 02 ns ns 153
Energy (keV)
Spot IV

%0 17 34 51 ] e 136 153
Energy (keV)

Fig. 4. The EDS results of different points marked in
Fig. 3.

reported in Fig. 4 and Table 1. According to the re-
sults of EDS analysis and composition of precipitates
and secondary phase particles reported by other re-
searchers [19], the microstructure of the alloys in the
as-cast state mainly includes Fe-rich particles, eutectic
structure, and Cu-Mg-rich precipitates. Meanwhile, in
the samples containing lithium, a little lithium can
also be seen in the Cu-Mg-rich precipitates. The sec-
ondary phase particles and precipitates observed in
the extruded structure are like the as-cast sample,
with the difference that the eutectic structure is not
visible in the extruded samples.

As the amount of lithium increases, the amount of
lithium in the structure of Cu-Mg-rich precipitates in-
creases. Comparing the atomic percentage of Cu and
Mg in the Cu-Mg rich precipitates with the atomic
percentage of Cu and Mg in S-Al,CuMg precipitates

sium element in the structure of the S-Al,CuMg pre-
cipitates. According to the investigations, no traces of
T1 and § precipitates were observed in the microstruc-
ture. According to [34-36], the absence of these precip-
itates is related to the low amounts of lithium additive,
in such a way that because of the high amounts of Cu
and Mg present in the microstructure, the S precip-
itates formation overcomes the formation of lithium-
rich precipitates and particles. In this situation, since
the substitution of lithium instead of magnesium leads
to a decrease in the enthalpy of the formation of S pre-
cipitates, the added lithium in the structure replaces
part of the magnesium in the structure of S precip-
itates. It is noteworthy that after extrusion, a finer
and higher number of precipitates are formed in sam-
ple C50 compared to samples C25 and C0. The aver-
age size of S precipitates has been obtained by SEM
images, due to the limitation of imaging at high mag-
nifications. According to [19], the addition of lithium
through the mechanism of the Li-Vacancy complex
leads to an increase in the nucleation of S precipitates
and the formation of fine precipitates with high ther-
mal stability. An important factor in controlling the
kinetics of precipitation is the solute-vacancy binding
energy. The binding energy of the Li-Vacancy couple
is 0.25 £ 0.03 eV [37]; this value is high enough to al-
low Li atoms to trap vacancies during the quenching
and to nucleate dislocation loops.

The X-ray diffraction results of different samples
can be seen in Figure 5. The results show that only the
peak related to the aluminum matrix appeared in the
diffraction, and there is no trace of precipitates or sec-
ondary phase particles observed in the SEM images.
The reason for this finding is probably because of the
formation of small amounts of these precipitates and
secondary phase particles, which cannot be detected
by X-ray diffraction. One of the proposed strength-
ening mechanisms in aluminum alloys is strengthen-
ing through crystallographic texture. The formation
of the preferred texture in aluminum alloys can af-
fect the strength and ductility of these alloys. Among
the important textures that can increase strength or
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Fig. 5. XRD pattern related to as-cast and extruded sam-
ples.
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Fig. 6. The texture parameters of as-cast and extruded
samples.

ductility in aluminum alloys are {100} and {111}. To
investigate the formation of preferred texture in differ-
ent samples, according to Eq. (1), the texture param-
eter of different samples was calculated. The texture
parameter (TPpy;) was derived from Ippy; (intensity of
(hkl) in an Al alloy with random orientation) and was
then used to determine the orientation of the grains.
The texture parameter is described as follows [38]:
TP — Tnkt/Tonki _ (1)

n

1
=" Inka/Ton
n 1

The texture parameter results of different samples
are presented in Fig. 6. As seen, in both series of as-
cast and extruded samples, the addition of lithium
changes the texture parameters. By adding lithium to
the Al-Cu-Mg alloy, the {110} texture is weakened,
and the {100} texture is strengthened. Although the
intensity of the texture has dropped significantly in
the extruded samples compared to the as-cast sam-
ple with the same composition, the difference in the
crystallographic texture can be seen in the extruded
samples with the addition of lithium. Meanwhile, in
the extruded samples, the intensity of the {100} tex-
ture is strengthened. Based on [39, 40], the {100}
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Fig. 7. a) stress-strain curve of different samples, b) hard-
ness and tensile test results.

and {111} texture reinforcement increases strength
and ductility in aluminum, respectively. Therefore, it
can be expected that balancing these two components
can achieve remarkable strength and ductility in alu-
minum.

Figure 7 shows the hardness and strength results
of different samples. Also, the fracture surface of ex-
truded samples is shown in Fig. 8. According to the
hardness and tensile test results, two general findings
can be stated: first, the hardness and strength, and
elongation are improved by performing the FSBE pro-
cess. Second, with the addition of lithium, the amount
of hardness and strength, and elongation increases.
The effect of lithium on extruded samples is clear com-
pared to as-cast samples. The improvement in hard-
ness, strength, and elongation in the extruded sam-
ple compared to the as-cast sample can be attributed
to the removal of casting defects such as porosity, as
well as the formation of fine and uniform grains along
with fine precipitates in the extruded sample. The in-
crease in hardness and strength in the extruded sam-
ple with the increase of lithium can be related to the
effect of lithium in increasing the nucleation kinetics
of S precipitates. Of course, it should be noted that
besides strengthening through precipitates, probably
the formation of texture increases the ductility in the
extruded sample with an increase in the percentage
of lithium. The lack of significant change in hard-
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Fig. 8. The SEM images of the fracture surface of samples; (a) sample CO0, (b) sample C25, (c) sample C50 before FSBE
and (d) sample CO, (e) sample C25, (f) sample C50 after FSBE.

ness, strength, and elongation in the as-cast sample
with the change in lithium percentage can probably
be related to defects and low percentages of lithium
so that the effect of porosity and defects in reducing
strength is far greater than the effect of lithium micro-
alloy.

The mechanical properties of a metal depend on
the movement of dislocations. The easier the dislo-
cations move, the lower the strength and the easier
the deformation of the material. Creation of solid so-
lution, grain size reduction, formation of secondary
phases, strain hardening, and texture strengthening
are among the strengthening mechanisms of mate-
rials [41]. In addition to grain size strengthening (GS),

other mechanisms such as solid solution strengthening
(SS), dispersion strengthening (DS), and precipitation
strengthening (PS) will probably contribute to the
overall strength. According to [42, 43|, the strength
of a precipitation-strengthened aluminum alloy can be
defined:

Uz:O'0+Uss+0'gs+UOr+Ud7 (2)

where oy is the yield stress of pure Al (taken as 35 MPa
[44]), 0ss is the solid solution strengthening, ou is
the grain size strengthening, and op, is the Orowan
strengthening, which comprises both DS and PS. The
associated Orowan strengthening contribution can be
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estimated by [45]:

) (27“)
nl=—
0.4Gb b
A rowan = M e a— ’
Oorowa P )\p

where G is the shear modulus, which is 27 GPa for Al,
b is the Burgers vector, M is the Taylor factor (~3
for randomly oriented fcc polycrystals), v is 0.33, 7 =
r4/2/3 is the mean radius of a circular cross-section in
a random plane for spherical particles/precipitates, r
is the mean radius of the particles/precipitates, and
Ap is the average particles/precipitates spacing. As
seen, by increasing the density of precipitates and de-
creasing the distance between them, and decreasing
their size, the contribution of the Orowan mechanism
increases. Therefore, it can be expected that by in-
creasing the percentage of lithium, the contribution
of the Orowan mechanism will increase with the de-
crease in the size of the precipitates and the distance
between the precipitates. It should be noted that the
contribution of strengthening through dislocations in
extruded samples is small. Because of dynamic re-
crystallization during the process, most of the dislo-
cations in the structure have disappeared, and practi-
cally the effect of strengthening through dislocations is
small. The grain-boundary strengthening mechanism
is usually described by the Hall-Petch equation. Ac-
cording to this equation, with decreasing grain size
the strengthening through grain boundaries increases.
Considering that the significant grain size difference is
not observed in the samples with different lithium per-
centages, it can be said that the contribution of this
mechanism in strengthening the extruded samples and
creating different strength values is small.

However, the strengthening mechanism through
a solid solution is also effective in a precipitation-
strengthened aluminum alloy. According to [46-48],
the solid solution strengthening arises from Cu, Mg,
and Mn as the principal alloying elements in the base
alloy used in this study, which is estimated as:

> kixCl, (4)

i=element

3)

Oss =

where C; is the concentration of species i in the solid
solution, k; is the corresponding strengthening related
to the solute-dislocation interaction that depends on
the differences in the radii of the alloying and matrix
elements [49], and m is a constant. Gazizov et al. [50]
show that the ratio of the strengthening mechanism
through Orowan strengthening is 4-5 times higher
than the strengthening mechanism through the solid
solution. Therefore, it can be mentioned that strength-
ening through a solid solution is less effective than
Orowan strengthening. According to the above de-
scriptions, it can be said that the role of strengthening
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Fig. 9. Polarization curves of different samples.

through the Orowan mechanism in the strength differ-
ence between extruded samples is far more than other
mechanisms.

Figure 9 shows the polarization curves of the as-
cast and extruded samples. As seen, there is no sig-
nificant difference in the rate and current of corrosion
among the as-cast samples. Meanwhile, with the in-
crease in the amount of lithium, the corrosion resis-
tance and corrosion current in the extruded samples
have increased and decreased, respectively. Adding
0.5wt.% of lithium shows that the corrosion resis-
tance has increased by 35 %. It is also observed that
the corrosion potential decreases with the increase in
lithium percentage. By reducing the corrosion poten-
tial, the resistance to pitting corrosion can be expected
to increase. The high i.. value in the samples with
lower Li content is attributed to the coalescence of
fine precipitates into coarser precipitates fewer and
concentrating only in some portions of the alloy, creat-
ing nonuniform distribution and precipitate-free zones
(PFZs). The improved corrosion resistance of sample
C50 is related to the formation of fine-strengthening
precipitates uniformly distributed throughout the al-
loy, avoiding the formation of PFZs [51, 52]. EIS has
been popularly used in corrosion as a powerful method
to study the surface condition of metals in aggressive
environments. It can characterize, in terms of elec-
trical measurements, a chemical process occurring at
the electrode/electrolyte interface. EIS gives informa-
tion about the response of a circuit to an alternating
current (I) or voltage (V') as a function of frequency
(f). Nyquist plots are frequency-independent, provid-
ing information about the charge transfer resistance
(Ret) and the solution resistance (Rs) in a corrosive
medium. The inhibition of charge transfer is repre-
sented by R.t. The compact native oxide layer on the
surface retards the transport of corrosive ions to in-
teract with the substrate. The charge transfer process
occurs only at the electrode-electrolyte interface [51].
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Table 2. The measurements made after fitting the experimental EIS data

Sample no. Rs R1 CPE1 nl R2 CPE2 n2 Rt x-squared
(Qem?)  (Qem?)  (Fem™?) (Qcm?)  (Fem™?) (Q cm?)
CO0-before FSBE 12.09 5.00E-03 4.02E-11 0.956 53.11 5.03E-05 0.785 45.32 0.074
C25-before FSBE 12.32 4.30E-03 4.98E-11 0.945 52.89 497E-05 0.689 47.11 0.072
C50-before FSBE 12.78 5.60E-03 5.89E-11 0.903 54.93 5.67TE-05 0.653 48.09 0.067
CO-after FSBE 28.09 3.21 3.21E-03 0.785 110.34 0.00045 0.502 100.09 0.00124
C25-after FSBE 32.11 4.67 4.32E-03 0.711 121.45 0.00034 0.432 121.45 0.00112
C50-after FSBE 35.89 5.02 3.09E-03 0.672 129.93 0.00021 0.401 134.89 0.00098
£ vealing the formation of two complex oxide layers
sl | o° © %o @ on the surface in the chloride solution environment.
: . o° ®®® ®°6,°%0, The corrosion process of the extruded samples can be
il o2 a® & siee 9% explained based on the equivalent circuits shown in
EY & 2o °° A Fig. 10. In the equivalent circuits, th itance i
5 5l o o ° ® 00 ig. 10. In the equivalent circuits, the capacitance is
% 0 oog.. Gf’a' .()(?,o.oaggq;.i?etk % replaced by a constant phase element (CPE, impure
2l 2 '.'S%. E% capacitance) because of dispersion effects induced by
4 g the microscopic roughness of the sample surface. The
6t E ; double-layer and corrosive layer capacitance are cou-
. = : - = 5 : 7 pled to the constant-phase components CPE1 and
7(Q.Cm) CPE2, respectively, at the substrate/electrolyte inter-
face [563, 54]. The impedance of CPE is determined by
65 ® the values of Y and n (0-1) [55]:
S0P 00 oo%
o S |
T e 000 e a@mm:,(%.o%) ZCPE = W, (5)
g » W
N e o0 semene %@b where the letters Y and n stand for the dispersion in-
- 00§68 oo o G o dex and non-ideal capacitance, respectively. Forn =1,
E : CPE corresponds to an ideal capacity. The total resis-
s : . . . = tance RT (RT = R1 + R2) values of the samples CO0,
A ' ‘”quuc’:jymz}“’”“ LT DO e C25, and C50 are 100.09, 121.45, and 134.89 Q cm?,
2 respectively.
st PO © Based on the fitting parameters in Table 2, the
&0t greatest RT value indicates the slowest corrosion rate,
=5 and sample C50 has the best corrosion resistance. Fig-
g o ure 10 displays the samples’ phase curves. Each sample
2 st exhibits a consistent decline in phase angle, indicating
S ot the passivation layer and a decline in the protective
SEN properties with time and frequency. The highest and
-20 greatest phase angle indicates a considerable electro-
-25
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Fig. 10. (a) Nyquist diagram, (b) Bode plots, and (c) phase
plots of different extruded samples.

The Nyquist plots (Fig. 10) of the extruded sam-
ples exhibit two capacitive loops, which are also re-
flected in the Bode impedance plots in Fig. 10, re-

chemical resistance and further supports the creation
of a high-density oxide film [56].

The corrosion tendency increases with the precip-
itation of S anodic precipitates in the grain bound-
aries or with the depletion of Cu from the surround-
ing matrix [57]. The coarse S precipitates, especially
along the grain boundaries, leading to a large amount
of material loss and finally resulting in the fallout of
the grains. The corrosion surface of different samples
is shown in Fig. 11, and related EDS results are re-
ported in Table 3. The EDS results of the particles
reveal the enrichment of Cu by selective dissolution of
the S-phase concerning the PFZs and the matrix. By
increasing Li content, the extent of corrosion damage
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Fig. 11. The SEM images of the corrosion surface of samples: (a) sample CO0, (b) sample C25, (c) sample C50 before FSBE
and (d) sample CO, (e) sample C25, (f) sample C50 after FSBE.

is homogeneous, because of the uniform distribution of
precipitates, as evident from the SEM image. Another
important point regarding the corrosion results is that
the corrosion voltage is higher in the extruded samples
compared to the as-cast sample. Because of the shear-
ing process and large strains associated with the FSBE

process, the initial grain boundaries and their unique
arrangement of precipitates were destroyed. The SPD
during the FSBE process in effect “desensitizes” the
grain boundaries and the dominant failure mode ap-
pears to be pitting, which is associated with the con-
stituent particles [58].
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Table 3. Chemical composition of corrosion surface of different samples (wt.%)

Sample label Al Cu Mg Na Cl (0)
C0-before FSBE 16.75 3.12 0.92 21.05 24.05 34.11
C25-before FSBE 22.83 3.05 0.56 19.02 22.45 32.09
C50-before FSBE 26.5 2.98 0.89 16.87 18.09 34.67
CO-after FSBE 43.43 3.03 0.78 13.09 14.56 25.11
C25-after FSBE 46.62 3.21 0.94 12.89 13.56 22.78
C50-after FSBE 44.82 3.67 0.86 12.45 12.11 26.09
4. Conclusions Si contents, Acta Materialia 132 (2017) 209-221.
https://doi.org/10.1016 /j.actamat.2017.04.037
The effect of lithium microalloying on mechanical [4] E. Gariboldi, P. Bassani, M. Albu, F. Hofer, Pres-
and corrosion properties of friction stir back extruded ancé Ofv[sﬂg_erz nzr 'ﬂ/:e stlﬁengt]féenl.ng particles of an
. . . . . -Cu-Mg-Si-Zr-Ti-Ag alloy during severe overag-
?ﬁecﬁ;gf ggg?n‘g;tgrgu'Mg ratio 3.8 was investigated. ing and creep, Acta Materialia 125 (2017) 50-57.
: L https://doi.org/10.1016 /j.actamat.2016.11.056
— After the FSBE process, the dendritic struc- [5] M. Werinos, H. Antrekowitsch, T. Ebner, R. Prillhofer,
ture and the secondary phase particles in the inter- P. J. Uggowitzer, S. Pogatscher, Hardening of Al-Mg-
dendritic space of the dendrites are completely re- Si alloys: Effect of trace elements and prolonged nat-
moved, and a fine equiaxed microstructure is formed. ural aging, Materials & Design 107 (2016) 257-268.
— The grain size on the surface of the wire is larger https://doi.org/10.1016/j.matdes.2016.06.014
than the center zone. It can be said that the effect of [6] C. R. Hutchinson, S. P. Ringer, Precipitation pro-
temperature on grain growth in the surface areas has fess‘?s lln Ail-(ls/}l-iv[g 111?1}:5 mlCY;’_alloyzdSVlVl(t;OgB)1\;[(;’;11-
been dominant in plastic strain. urgica and Materials Lransactions B
— The microstructure of the alloys in the as-cast 2733. https: d01.01ﬁg 10.1007/BF02830331
. . : . . [7] S.J. Kang, T.-H. Kim, C.-W. Yang, J. I. Lee, E. S.
state mainly includes Mn-Fe-rich particles, eutectic Park, T. W. Noh, M. Kim, Atomic structure and
structure, and Cu-Mg-rich precipitates. Meanwhile, in growth mechanism of T1 precipitate in Al-Cu-Li-
the samples containing lithium, a little lithium can Mg-Ag alloy, Scripta Materialia 109 (2015) 68-71.
also be seen in the Cu-Mg-rich precipitates. https://doi.org/10.1016/j.scriptamat.2015.07.020
— The hardness, strength, and elongation are im- [8] C. Li, G. Sha, B. Gun, J. Xia, X.F. Liu, Y.
proved by performing the FSBE process. Also, with Wu, N. Birbilis, 8. Ringer, Enhanced age-hardening
the addition of lithium up to 0.5 wt.%, the hardness, response of Al-4Mg-1Cu (Wt%) microalloyed with
yield strength, and ultimate tensile strength of FSBE Ag and S,l’ Scripta Ma.terlgha 68 (2013) 857-860.
. https://doi.org/10.1016/j.scriptamat.2013.02.009
processed samples increases by 11, 9, and 13%, re- [9] 1. F. Mohamed, T. Masuda, S. Lee, K. Edalati, Z.
spectively. Horita, S. Hirosawa, K. Matsuda, D. Terada, M.
— By adding 0.5 wt.% of lithium, the results show Z. Omar, Strengthening of A2024 alloy by high-
that the corrosion resistance has increased by 35 %. It pressure torsion and subsequent aging, Materials
is also observed that the corrosion potential decreases Science and Engineering A 704 (2017) 112-118.
by 7% with the increase of lithium percentage up to https://doi.org/10.1016/j.msea.2017.07.083
0.5wt.%. The corrosion voltage is higher in the ex- (10] R. J. Rioja, J. Liu, The evolution of Al-Li base prod-
truded samples compared to the as-cast sample. ucts for aerospace and space applications, Metallurgi-
cal and Materials Transactions A 43 (2012) 3325-3337.
https://doi.org/10.1007/s11661-012-1155-z
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