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Abstract: Aluminum (Al)—-copper (Cu)-lithium (Li) alloys are susceptible to environmental degrada-
tion, which limits the in-service lifetime of the components. Because of their complex composition,
there are seldom studies focusing on corrosion behavior influenced by one single element, which
is essential to clarify the corrosion mechanism. Herein, the sole influence of Mg on the corrosion
behavior of Al-Cu-Li-xMg alloys was analyzed. Results revealed that the addition of Mg can affect
the nucleation and precipitation process of the T precipitate, resulting in a difference of potential
between grain interior and grain boundary. The precipitation of the T; precipitate was promoted in a
0.7Mg alloy while impeded in a 1.1Mg alloy, due to the competition of Cu atoms and nucleation sites
between T; and S'. Two types of corrosion behavior of Al-Cu-Li-xMg alloys appeared due to the
potential difference and continuity of grain boundaries. Continuous precipitates in grain boundaries
and less precipitates within the grain are likely to cause intergranular corrosion (IGC), while more
precipitates within the grain will result in pitting.

Keywords: Al-Cu-Li alloy; Mg content; corrosion behavior; precipitate

1. Introduction

Aluminum (Al)—copper (Cu)-lithium (Li) alloys have been generally utilized in the
aerospace field due to their low density, high strength, low fatigue—crack growth rate,
and great corrosion resistance [1-5]. With 1% increase in Li content, the density of Al-
Cu-Li alloys can be reduced by approximately 3% and elastic modulus increased by
about 6%, respectively [6]. However, Al-Cu-Li alloys are liable to corrosion in harsh
environments such as wet and salt spray, which shows a significant decrease in the strength
and mechanical properties, even causing the failure. To improve the stability of this alloy
in the application process and to make it more competitive, it is worth investigating the
corrosion properties associated with the Mg content of Al-Cu-Li alloys.

The corrosion behavior of alloys is tightly connected to the characteristic of precipi-
tates [7-13]. Previous studies have shown that enhanced phase particles will precipitate
during aging, such as T;(Al,CuLi), S'(Al,CuMg), 6’(Al,Cu) and &' (Al;Li) [14], demon-
strating that the corrosion potential can be affected by the chemical composition of these
precipitates. For instance, Li and Mg (about —1.7 Vggcg) have more active electrochemical
properties than the Al matrix, which means that the precipitated phases containing more
Li and Mg element have a negative potential and are susceptible to corrosion [15], such
as Ty and S’ precipitates [16,17]. On the contrary, the corrosion resistance of precipitates
is improved with the increasement of Cu content (such as 0 precipitates) because the
corrosion potential of the Cu element is higher than that of the Al matrix [18]. In addition,
the distribution of precipitates has a crucial impact on the corrosion behavior of Al-Cu-Li
alloys. Studies shows that corrosion occurs preferentially along where T; has precipitated,
such as grain boundaries and subgrain boundaries [19-22], confirming that the activated
phases aggregated at the grain boundary are responsible for intergranular corrosion.

As mentioned above, the connection between the precipitates and the corrosion behav-
ior of the Al-Cu-Li alloy was illustrated. Furthermore, the microstructure and corrosion
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behavior of the Al-Cu-Li alloy will be significantly tuned by the addition of micro-alloying
elements. For instance, adding Zn into the Al-Cu-Li alloy can form Zn-rich phases at grain
boundaries, which achieves an improved corrosion resistance by reducing the difference of
potential between grain and grain boundaries [23]. Similarly, appropriate amounts of Sc
will consume Cu atoms in the Al-Cu-Li alloy, reducing the density of T; precipitates [24].

Additionally, Mg is one of the most important micro-alloyed elements in Al-Cu-Li
alloys. Mg present with Zn and Ag has a great influence on the precipitation of the age-
enhanced phases, such as Ty, S’ and @’. Studies have shown that Mg, together with Ag,
can promote the precipitation of the T; precipitates [25-28]. Furthermore, the addition
of Ag in Mg-containing Al-Cu-Li alloys leads to the increase of GP zones, which will
correspondingly increase the density of Ty precipitates [25]. The effect of Mg in the alloy
varies with its concentration by influencing the formation of precipitates. The precursors
tend to change into 6’ precipitates in the matrix when the Mg content is scarce, while the
addition of Mg (>0.35 wt.%) results in the formation of precursors containing Mg and Cu
at the dislocations, which promotes the precipitation of the GP zones and S’ phases in
the Al-Cu-Li alloys, and further inhibits the precipitation of T; precipitates [27]. The S’
precipitates were formed with the loss of T; and 0’ precipitates when the Mg concentration
increased to 0.8 wt.%. It can be concluded that the addition of excessive Mg is helpful
to the nucleation and growth of Mg-containing phases, while restricting them from T
precipitates [29]. The high addition of Mg (1.1 wt.%) in the Al-Cu-Li alloys leads to
sluggish precipitation strengthening, which was explained by a competition mechanism
between T; precipitates and S’ precipitates [30]. These studies have shown the influence of
Mg concentration on precipitates, which can adjust the corrosion properties of Al-Cu-Li
alloys. However, most of studies investigated the addition of Mg + Ag + Zn or the control
of Mg + X [25-28], while there are few studies on the sole influence of Mg concentration on
corrosion behavior.

The effect of Mg content on the corrosion behavior of Al-Cu-Li alloys was investigated
from the general immersion tests, OCP and potentiodynamic polarization tests. To further
clarify the influence of microstructure on corrosion, the alloys were characterized by
transmission electron microscope (TEM) and optical microscope (OM), which revealed the
sluggish precipitation of T; phase in high Mg alloys. This work can help the design of
Al-Cu-Li alloys and shed light on corrosion behaviors.

2. Experimental
2.1. Material Preparation

Three alloys were used in this study, prepared by conventional casting with a steel
mold which was protected by Ar atmosphere, followed by three respective steps of homog-
enization, at 360 °C for 4 h, 410 °C for 8 h and 510 °C for 20 h, using a 5x-12-10 resistance
furnace. It was then homogenized in three different processes for 32 h. The alloys were
designated as Mg-free alloys, 0.7Mg alloy, and 1.1Mg alloy in terms of the Mg concentra-
tion. The chemical composition of the three alloys was shown in Table 1. The surface of
the samples was ground out and subsequently rolled to a thickness of 2 mm. The alloys
aged at 150 °C from 6 h to 140 h followed by homogenization, water quenching and 5%
pre-deformation.

Table 1. Chemical composition of investigated alloys (all in wt.%).

Alloy Cu Li Mg Ag Zn Mn Zr Al
Mg-free alloy 3.92 0.88 - 0.26 0.47 0.31 0.12 Bal.
0.7Mg alloy 3.92 0.76 0.68 0.26 0.47 0.32 0.12 Bal.

1.1Mg alloy 3.92 0.85 1.04 0.26 0.47 0.31 0.12 Bal.
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2.2. IGC Tests

The IGC test was performed in accordance with the 7998-2005 GB/T standard. The
samples after different aging time were immersed at 35 & 2 °C for 6 h in the IGC solution,
which consisted of 57 g/L NaCl and 10 mL/L H,O,. Afterward, the sectional surfaces of
the corroded samples were ground to 2000 grit by silicon carbide paper and subsequently
polished by diamond paste. Then the sectional surfaces were characterized by Leica
DMILM metallographic microscope (Leica Instrument Co., Ltd., Wetzlar, Germany). The
maximum corrosion depth was carried out three times for each sample.

2.3. Electrochemical Tests

The samples were cut into approximately 15 mm x 15 mm sheets with a thickness
of 2 mm, and the samples were sanded and polished before each experiment. The open
circuit potential (OCP) and potentiodynamic polarization curves were analyzed in NaCl
solution (3.5 wt.%) using a parstat3000adx electrochemical workstation. The flat cell uses a
silver/silver chloride electrode (SSCE) as reference electrode, a platinum plate served as
the counter electrode, and the test area of samples was 1 cm?. OCP testing was recorded for
10 min with a potential scan rate of 1 mV /s. Potentiodynamic polarization tests were carried
out after the OCP test with the same potential scan rate. For each sample, electrochemical
tests were performed at least three times at least.

2.4. Characterization

TEM samples of different Mg content and aging time were prepared. The aged
specimens were electro-polished using RL-I electropolisher with 30% HNO; + 70% CH3;0OH
at —40 °C to —30 °C. Tecnai G20 and F20 transmission electron microscopes (Royal Dutch
Philips Electronics Ltd., Amsterdam, the Netherlands), operating at 200 kV with bright
field (BF) and high-angle annular dark field (HAADF) modes, were used in this study.

2.5. DSC Measurement

DSC thermal analysis was carried out on model TA Q20 dynamic thermos-flowmeter
scanning calorimeter (NETZSCH Scientific Instruments Trading Ltd., Selb, Germany). The
instrument was corrected before the experiment, including temperature correction, furnace
constant correction and baseline T; correction. The DSC measurements were started at an
initial temperature of room temperature and a final temperature of 400 °C, with a heating
rate of 50 °C/min under an atmosphere of a high-purity nitrogen flux. After solution
treatment at 510 °C, all samples were subjected to DSC tests after 12 days of natural aging.
Before measurement, the samples were polished with sandpaper to keep the samples clean
and cut to 2 mm X 2 mm squares with a thickness of 1 mm to fit in the dedicated pure
aluminum crucibles. Meanwhile, the sample weight was measured for normalization
(range of sample weights: 10-20 mg).

3. Results
3.1. Electrochemical Performance

The OCP of Al-Cu-Li alloys with different Mg content after aged at 150 °C for 0-140 h
are shown in Figure 1 as a function of aging time. After aging for 24 h, the OCP of Mg-free
alloy declines from —506 mVgsscg (solution state) to —580 mVsgcE, and gradually drops
to —646 mVeggcr after aging for 140 h. However, the OCP of the 0.7Mg alloy lowers from
—508 mVsgcE (solution state) to —615 mVggcg after aging for 24 h, and finally falls to
—649 mVgsgcp with 140 h of aging. The evolution trend of the OCP of the 1.1Mg alloy is
basically consistent with that of the 0.7Mg alloy.

The potentiodynamic polarization curves of Al-Cu-Li alloys with different Mg content
aged at 150 °C for various times are displayed in Figure 2. According to the IGC test
experimental results, the polarization curves of 0.5 h, 6 h, 18 h and 97 h were detected. The
corrosion potential (Ecorr) and corrosion current density (Icorr) of three alloys with different
Mg content are shown in Table 2, and Icorr values of Al-Cu-Li—xMg alloys extracted from
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potentiodynamic polarization studies in Figure 2 are shown in Figure 3. The Eo decrease
with aging progress and Mg content are consistent with the OCP. The Eo,; of three alloys
with different aging times basically follows the following pattern: 1.1Mg alloy < 0.7Mg alloy
< Mg-free alloy. The 0.7Mg Alloy aged for 97 h exhibited a high I¢or of 6.656 x 107° A/cm?,
which was approximately 3—4 times higher than the other samples.
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Figure 1. Open circuit potential of Al-Cu-Li alloys with different Mg content after aging at 150 °C
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Figure 2. Potentiodynamic polarization curves of Al-Cu-Li alloys with different Mg content aged at
150 °C for (a) 0.5 h, (b) 6 h, (c) 18 h, (d) 97 h in 3.5% NaCl solution at near neutral pH.
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Table 2. Ecorr and Icorr values of Al-Cu-Li—xMg alloys extracted from potentiodynamic polarization
studies in Figure 2.

. Icorr (106 Anodic Cathodic 2 Corrosion Rate
Time (h) Alloy Ecorr (Vssc) Alcm?) Slopes (V/A)  Slopes (V/A) Rp (Qfem?) (mm/year)

Mg-free alloy —0.521 1.657 0.008 0.03 1657 0.058
0.5 0.7Mg alloy —0.557 1.738 0.01 0.03 1876 0.061
1.1Mg alloy —0.549 1413 0.007 0.1 2013 0.049
Mg-free alloy —0.553 2.926 0.04 0.03 2547 0.102
6 0.7Mg alloy —0.557 2.11 0.01 0.05 1717 0.074
1.1Mg alloy —0.604 2.410 0.17 0.04 5841 0.084
Mg-free alloy —0.621 2.317 0.05 1.21 9010 0.081
18 0.7Mg alloy —0.637 2.681 0.04 0.37 5854 0.094
1.1Mg alloy —0.652 1.056 0.03 0.37 11,425 0.037
Mg-free alloy —0.633 1.509 0.03 0.49 8145 0.053
97 0.7Mg alloy —0.702 6.656 0.03 0.24 1741 0.232
1.1Mg alloy —0.638 0.857 0.03 0.26 13,645 0.030
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Figure 3. I.orr values of Al-Cu-Li—xMg alloys extracted from potentiodynamic polarization studies
in Figure 2.

3.2. Corrosion Modes and IGC Microstructure

Representative cross-sectional corrosion morphologies of Al-Cu-Li alloys with differ-
ent Mg content immersed for 6 h in 1 M NaCl + 0.1 M HyO, solution are shown in Figure 4.
Only a small portion of the surface appears with local IGC, as seen in Figure 4a. In addition
to local IGC, pitting is another typical corrosion morphology. Local IGC with pitting is
a particular type of corrosion mode where a specific level of IGC can be observed near
the border of the pit, as illustrated in Figure 4b. Generally, this type of corrosion mode
takes place during the interval between local IGC and pitting. In this work, two distinct
forms of pitting are detected, one of which is defined as pitting 1, as shown in Figure 4c.
Some shallow and discontinuous pitting can remain in this kind of pitting. The other is
defined as pitting 2 and is displayed in Figure 4d, which has a deeper and wider range of
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corrosion, simultaneously keeping an almost uncorroded grain boundary. The corrosion
mode and IGC depth of the alloys aged at 150 °C for different times are displayed in Table 3,
demonstrating that all alloys exhibit IGC susceptibility during the early stages of aging.
Furthermore, the IGC of the 0.7Mg alloy disappeared earliest while the 1.1Mg alloy lasted
the longest.

(b)
Local IGC Local IGC with pitting

Pitting 2

Figure 4. Representative cross-sectional corrosion morphologies of Al-Cu-Li alloys with different
Mg content immersed for 6 h in 1 M NaCl + 0.1 M H,O, solution, representing: (a) local IGC (1.1Mg
alloy aged for 0.5 h) and (b) local IGC (1.1Mg alloy aged for 1 h) with pitting, (c) pitting 1 (Mg-free
alloy aged for 97 h) and (d) pitting 2 (0.7Mg alloy aged for 50 h).

Table 3. Corrosion mode, maximum and average depth of investigated alloys aged for different times.

. . . Maximum Average
Alloy Agm(%l)T me Corrosion Mode Mg;m:;:;l III(‘;C A]‘:I)Zrat‘f/ IiC Pitting Pitting
PR Ptk Depth/um Depth/um
05 Local IGC with 155.7 130.6 170.8 1433
pitting 1
1 Local IGC with 2217 208.4 205.8 190.6
pitting 1
2 Local IGC with 318.9 265.2 2421 193.1
pitting 1
4 Local IGC with 264.1 208.6 260.5 191.4
Mg- free pitting 1
alloy 6 Local IGC with 2047 166.9 93.6 825
pitting 2
12 Pitting 2 - - 102.9 90.5
18 Pitting 2 - - 163.7 141.1
24 Pitting 2 - - 1135 97.1
37 Pitting 2 - - 174.3 152.3
50 Pitting 2 . - 204.7 1815
70 Pitting 2 - - 262.8 1873
97 Pitting 1 - - 345 259
140 Pitting 1 . - 19.9 16.8




Metals 2023, 13, 341

7 of 16

Table 3. Cont.

. . . Maximum Average
Alloy Agm(gl;l)T me Corrosion Mode M?;;n?ll:;l III?C A]\;e;ratghe; IglC Pitting Pitting
PEVH PEVH Depth/um Depth/um

05 Local IGC with 429.1 317.7 220.8 210.7
pitting 1

1 Local IGC with 3459 264.6 158.8 1355
pitting 1

2 Local IGC with 3248 2593 1222 777
pitting 1

4 LOC; tﬁé ‘{“th 401.2 325.9 88.5 72.7

0.7Mg alloy 6 Pitting 2 - - 101.8 85.8

12 Pitting 2 - . 108.1 171.5

18 Pitting 2 - - 182.7 1415

24 Pitting 2 . - 2412 212.3

37 Pitting 2 - - 261.6 191.4

50 Pitting 2 - - 293.2 243.7

70 Pitting 2 . - 205.8 197.6

97 Pitting 2 - - 185.7 1478

140 Pitting 2 - - 217.3 156.1

05 Local IGC with 4471 368.7 . .
pitting 1
1 Local IGC with 449.9 354.3 - -

pitting 1

2 Local IGC with 449.7 368.0 101.7 86.7
pitting 1

4 Local IGC with 447.9 419.5 263.7 1933
pitting 1

Local IGC with

1 1Mg alloy 6 pitting 1 290.1 2256 444 294

12 Local IGC with 351.6 301.1 89.9 75.1
pitting 1

18 Pitting 1 . . 355 25.8

24 Pitting 1 - - 30.1 275

37 Pitting 1 - . 275 22

50 Pitting 1 . . 462 38.8

70 Pitting 1 - - 64.9 482

97 Pitting 1 - - 80.3 56.1

140 Pitting 1 - - 1472 74.6

The Cross-sectional micrographs of three alloys with different Mg content aging at

150 °C for 0.5-97 h are displayed in Figure 5. Among the three alloys with various Mg
content, the corrosion mode followed a similar order: local IGC with pitting, pitting. After
being aged for 0.5 h, the Mg-free alloy exhibits local IGC with pitting, becomes pitting 2
until 12 h, and finally appears as pitting 1. The corrosion mode of the 0.7Mg alloy transfers
from local IGC and pitting 1 to pitting 2 with age. The corrosion mode of the 1.1Mg alloy
transfers following the order of aging time: local IGC with pitting 1, pitting 1. Local IGC
with pitting is identified after being aged for 0.5 h and persists for 18 h, then formed to
pitting 1.
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0.5h

18 h

97 h

€)

(b)

Mg-free alloy 0.7Mg alloy 1.1Mg alloy

Local IGC with pitting 1 (a') Local IGC with pitting 1 (a") Local IGC with pitting 1

Local IGC with pitting 2 Pitting 1

Pitting 1

Pitting 1

Figure 5. Cross-sectional micrographs of Mg-free alloy aging at 150 °C for (a) 0.5 h, (b) 6 h, (c) 18 h,
(d) 97 h; 0.7Mg alloy aging at 150 °C for (a”) 0.5 h, (b”’) 6 h, (¢) 18 h, (d’) 97 h; 1.1Mg alloy aging at
150 °C for (a”) 0.5 h, (b”) 6 h, (c”) 18 h, (d”) 97 h.

3.3. Microstructure

The dark field (DF) TEM images and corresponding selected area electron diffraction
(SAED) patterns for Al-Cu-Li alloys with different Mg content aged at 150 °C for 37 h are
presented in Figure 6. The SAED patterns along <112>, for the three alloys show that
the T; precipitates have formed [31]. A minor number of T; precipitates were seen in the
TEM DF image of the Mg-free alloy after being aged for 37 h (Figure 6a). T; precipitates are
finer and more noticeable with the increasement of Mg content (Figure 6b,c). In addition,
multiple S’ precipitates can be seen in the 1.1Mg alloy. The SAED patterns along <100>5;
for the three alloys indicate the presence of 0’ precipitates. Some GP zones were found in
the Mg-free alloy (Figure 6d), which is the precursor of 8’ precipitates. Few 6’ precipitates
are visible in the 0.7Mg alloy (Figure 6e) and almost no precipitate was found in the 1.1Mg
alloy (Figure 6f).
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0.7Mg alloy-37 h

[100JAl

7 : ¥y ':-"'
Mg-free alloy-37 h |12 0.7Mg alloy-37 h}s! 1.1Mg alloy-37 h

Figure 6. DF TEM images and corresponding SAED patterns for Al-Cu-Li alloys with different Mg
content (Mg-free alloy (a,d), 0.7Mg alloy (b,e), 1.1Mg alloy (c,f)) aged at 150 °C for 37 h.

DF TEM images and corresponding SAED patterns for Al-Cu-Li alloys with different
Mg content aged at 150 °C for 97 h are displayed in Figure 7. The SAED patterns along
<112> 4 for Al-Cu-Li alloys with various Mg content show the existence of T; precipitates.
There are few T; precipitates in the Mg-free alloy aged at 150 °C for 97 h (Figure 7a), which
is similar with the Mg-free alloy aged at 150 °C for 37 h. It is worth mentioning that a
substantial number of fine T; precipitates can be seen in the 0.7Mg alloy (Figure 7b) while
there are coarser T; precipitates in the 1.1Mg alloy (Figure 7c), with a minor number of the
S’ precipitates present as well. When Mg is added in the proper quantity, the Ty precipitates
are accelerated while 0 precipitates are inhibited.

Mg-fre : ~£ W1 1/1Mg aloy-97 h

[100JAI

Mg-free alloy-97. h 0.7Mg alloy-97 h 1.1Mg alloy-97 h

Figure 7. DF TEM images and corresponding SAED patterns for Al-Cu-Li alloys with different Mg
content (Mg-free alloy (a,d), 0.7Mg alloy (b,e), 1.1Mg alloy (c,f)) aged at 150 °C for 97 h.
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BF TEM images of Al-Cu-Li alloys with different Mg content aged at 150 °C for 37 h
and 97 h are shown in Figure 8. Fine and continuous phases emerge at the high-angle
grain boundary of the Mg-free alloy after being aged for 37 h (Figure 8a). The phases near
the grain boundaries of the Mg-free alloy tend to disappear as the aging time increased
to 97 h, while the intragranular phases appear (Figure 8d). The precipitates at the grain
boundaries of the 0.7Mg alloy aged at 150 °C for 37 h (Figure 8b) are coarser than those of
the Mg-free alloy, and the precipitates start to become discontinuous at grain boundaries.
The precipitates at the grain boundaries become coarser and more discontinuous after aged
for 97 h (Figure 8e). At grain boundaries, the 1.1Mg alloy aged for 37 h (Figure 8c) and 97 h
(Figure 8f) shows essentially no visible precipitates.

(a) Gramboundary '[1 o 7 b KT e,
prec iates . 2,07 P
o :
- ’“\ 4 x_/, o :
-~

,’/ l

ey . 4 ’I
. -. l’

- 2 ’,._, \

P Sllght discontinuous grain &

boundary precipitates

%’
200m Mg-free alloy-37 h

x A - |
-y
ANERN A
- AR
U . N
> : - &
Discontinuous grain ©.
boundary : N e A

200 _nm Mg-free alloy-97 h L‘"L" £l 20,

Figure 8. BF TEM images of Al-Cu-Li alloys with different Mg content (Mg-free alloy (a,d), 0.7Mg
alloy (b,e), 1.1Mg alloy (c,f)) aged at 150 °C for 37 h (a-c) and 97 h (d—f).

HAADF STEM images after being aged at 150 °C for 97 h for Al-Cu-Li alloys with
different Mg content and corresponding EDS mapping images of Figure 8b are displayed
in Figure 9. According to Figure 9a, the phases at the grain boundary of the Mg-free alloy
aged for 97 h are discontinuous, which is consistent with Figure 8c. The grain boundary
contains some coarse secondary phase particles, with almost no phases near them. After
97 h of aging, coarse secondary phase particles can also be seen in the HAADF STEM
images of the 0.7Mg alloy (Figure 9b). However, there is a precipitate band in the other
grain boundary areas close to the coarse phases. The EDS mapping images of Figure 9b
are displayed in Figure 9d, demonstrating that the Mg—Cu phases make up the coarse
secondary phase particles. When the 1.1Mg alloy is aged for 97 h, coarse particles only
occur in the grain boundary, as shown in Figure 9c.
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1.1Mg‘alloy—97 h

Figure 9. HAADF STEM images after being aged at 150 °C for 97 h for Al-Cu-Li alloys with different
Mg content (Mg-free alloy (a), 0.7Mg alloy (b), 1.1Mg alloy (c)), and corresponding EDS mapping
images of Figure 8b (d).

3.4. DSC

DSC heat flow curves of Al-Cu-Li alloys with different Mg content are shown in
Figure 10 (upward is the direction of exothermic). The Mg-free alloy only exhibits an
exothermic peak at about 350 °C (peak A) and no observable endothermic peak. The 0.7Mg
alloy exhibits a clear exothermic peak at 300 °C (peak C) and an endothermic peak at 150 °C
(peak B). The 1.1Mg alloy shows an exothermic peak at 315 °C (peak E) and an endothermic
peak between 163 °C (peak D) and 262 °C.

- T Exo up
-05F

Heat Flow (W/Q)
S
oo

-0.9
-1.0
-1.1 |—— Mg-free alloy
t |—— 0.7Mg alloy
-1.2 -|—— 1.1Mg alloy
L 1 L 1 1 " 1 " 1
100 150 200 250 300 350

Temperature (°C)

Figure 10. DSC heat flow curves of Al-Cu-Li alloys with different Mg contents.
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4. Discussion
4.1. OCP, Microstructure and Corrosion Mode with the Aging Process

The microstructure of Al-Cu-Li alloys is significantly affected by the aging process,
which also changes their electrochemical performance. The type and quantity of precipitates
in alloys after various aging times are clearly distinct, as illustrated in Figures 6 and 7.
Several studies have simulated the corrosion potential and current density of different
precipitates [15], as shown in Table 4. The precipitates at grain boundaries and inside
the grains have an important impact on the corrosion behavior. It is hard for corrosion
to occur without a sufficient difference of potential, which is typically provided by the
precipitates and matrix. The Al-Cu-Li alloys develop a galvanic cell due to a difference
of potential, leading to the dissolution of the anode. The main precipitates of the studied
Al-Cu-Li alloys in this paper are Ty, 8’ and S’ precipitate. The corrosion potential of the Tq
and 0’ precipitate is —1.751 Vsscg and —0.744 Vggcg, which normally acts as anode and
cathode in corrosion, respectively. The nearby matrix of 8’ precipitate also is regarded
as anode due to the higher concentration of Cu. The S’ precipitate is a common phase in
2xxx aluminum alloys, which contain the active element Mg, resulting in the decrease of
OCP. Therefore, the OCP and E; dropped as a result of the precipitation during aging
process, especially T; and S’ precipitates [32]. In addition, the distribution of precipitated
phases at the grain boundary during the aging process causes a decrease of potential, which
further influences IGC susceptibility. This study proved that the coarsening phases and
discontinuous precipitates in grain boundaries lead to the decrease of IGC susceptibility,
due to the balance of potential between grain boundaries and grains [33,34]. The corrosion
mechanism of Al-Cu-Li alloys followed a consistent pattern with aging time for the three
alloys: local IGC with pitting — pitting.

Table 4. Corrosion potential and current density of precipitates phase.

Phase Ecorr (Vsscp) Leorr (Alcmz)
T —1.751 1.02 x 10~
Al —0.900 9.0 x 107°
o’ —0.744 1x10°°

In this work, the three corrosion modes—local IGC with pitting, pitting 1 and pitting
2—are correlated with characteristics of precipitates. T; precipitates preferentially formed
near dislocation, grain boundary and subgrain boundary. Anodic dissolution happens
preferentially at grain boundaries because of the large difference of potential between the
T; precipitate and the matrix. Grain boundary potential is lower than the grain due to
the continuous distribution of grain boundary phases during the early stage of the aging
process. There are seldom intragranular precipitates, resulting in the significant potential
variation across grain boundaries and intragranular without precipitates, which then causes
high susceptibility to IGC. The corrosion mode turns from IGC to pitting with the aging
process. Firstly, the precipitation increases with the aging process, resulting in a lower
potential within the grain so that the difference of potential with the grain boundaries
was decreased. Secondly, the precipitates at grain boundaries are discontinuous, which
obstructs the pathway of corrosion and then reduces IGC susceptibility. The precipitates at
grain boundaries become more discontinuous when arriving at over-aged, which leads to
less difference of potential between the grain and the grain boundary. It is also insufficient
to trigger IGC due to the low intragranular potential. These two factors contribute to the
susceptibility to corrosion in grains and two pitting morphologies, which are defined as
pitting 1 and pitting 2, respectively. The precipitates at grain boundaries are discontinuous
and resistant to corrosion, while the intragranular precipitates are more susceptible to
corrosion. Therefore, pitting 1 takes place within the grain, while the corrosion of pitting 2
takes place at both intragranular and intergranular levels.
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4.2. OCP, Microstructure, Corrosion Mode with Mg Content

Although Mg is a micro-alloying element in Al-Cu-Li alloys, its concentration has
an important effect on the aging precipitates. In the Mg-free alloy, the main precipitate is
0’, while in the 0.7Mg alloy, it is T;. However, S’ increased in the 1.1Mg alloy while the T4
and 0’ precipitates decreased. This suggests that the T; precipitates may be dramatically
accelerated and 0’ precipitates can be significantly inhibited with the addition of proper
Mg [27]. Excessive Mg may prevent the production of T; precipitates while promoting the
emergence of 8’ and S’ precipitates [29].

It is proven that the precipitation in Mg-containing alloys increases rapidly compared
to Mg-free alloys during artificial aging [35]. Several Mg—Cu vacancy clusters were easily
produced after adding trace Mg, which aided in the nucleation process of T; precipitates.
Simultaneously, Mg facilitates the formation of GP zones, which encourages the nucleation
process and the increase in nucleation sites of T1 [25]. However, a higher Mg content retards
the precipitation process of the T; precipitates. A single Mg atom has a lower binding
energy with a vacancy than a Li atom, which creates Mg-Vacancy atomic pairs in place
of Li-Vacancy atomic pairs, and then furthers the growth of Cu-Mg atomic clusters. In
addition, the formation of clusters contributes to the nucleation and precipitation of the S’
precipitates since they are precursors of S’ precipitates. Cu atoms are required to generate
the T; and the S’ precipitates, which both develop on the dislocation. The nucleation
sites of Ty precipitates are occupied by the precipitation of S’ precipitates, which prevent
the precipitation process of T; precipitates in the early stages of aging. Additionally, the
Cu diffusion rate is slowed down by the concentration of atoms in the vicinity of the
S’ precipitates, which also prevents the precipitation of T;. The T; precipitates in the
1.1Mg alloy are still forming after 37 h of aging, but a significant number of S’ precipitates
have appeared (Figures 6 and 7). Figure 9 depicts the Mg-rich zone in Mg-containing
alloys, which may have an impact on the corrosion sensitivity [36]. Hence, T1 precipitates
progressively formed after 97 h of aging because S’ precipitates do not compete with Ty for
the Cu atom and nucleation site (Figure 7c).

The evidence that Mg content impacts the precipitation process can be found based on
the DSC results. The experiment demonstrates that the T; precipitates are the main phase
of the alloy during the aging process, from ambient temperatures to 375 °C [37,38]. The
Mg-free alloy does not exhibit an endothermic peak, but the 0.7Mg alloy and 1.1Mg alloy
do. The disintegration of GP zones or atomic clusters that were previously present in the
Al-Cu-Li alloys causes endothermic peaks B and D to appear. As a result, it resembles
the endothermic peak found in samples that have aged naturally, which denotes the
breakdown of solute clusters generated at ambient temperatures [39]. Further evidence
that the inclusion of Mg encourages the development of atomic clusters in the alloys is
shown in Figure 10 by the exothermic peak of alloys containing Mg. Combining Figure 10
and the literature, peak A has a wider span and correlates to the growth and precipitation
processes of Tj precipitates, while peak C and peak E have smaller spans. Peak A might
be the peak where T; and 0’ precipitates first formed, given that the 6’ peak can be seen
at 375 °C. The fact that peak A (350 °C) is around 50 °C later than peaks C (300 °C) and
E (315 °C) shows that the addition of Mg is thermodynamically more favorable for the
nucleation process of the T precipitates.

The OCP of Al-Cu-Li alloys with various Mg content reduces quickly in the early
aging stage, then gradually lowers to a dynamic stability. In particular, the 0.7Mg alloy
and 1.1Mg alloy reach a lower potential than the Mg-free alloy aged for 24 h. The key
factors impacting the OCP are the characteristics of inter-metallics [32,40] and the matrix.
The precipitates with more negative potential than the matrix will lead to the decrease of
the OCP. These two reasons (the aged precipitates and the lower potential of Mg) lead to
the decrease of the OCP in the Mg-containing alloy. Figure 6a,b shows that the number of
T, precipitates of the 0.7Mg alloy is greater than that of the Mg-free alloy. Additionally,
the potential of the T; precipitate is around —1.751 Vggcg, which is lower than the matrix
(about —0.900 Vsscpg). Thus, the OCP of the 0.7Mg alloy decreased dramatically as soon as
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aging occurred. A small amount of Ty precipitate may be seen in the 1.1Mg alloy, although
the amount is still greater than in the Mg-free alloy. Therefore, the OCP of the 1.1Mg alloy
is still lower than that of the Mg-free alloy. Correspondingly, the Ecorr gradually decreased
with Mg content due to the existence of precipitates. It can be seen from Table 2 that the Icorr
of the Al-Cu-Li alloy with different Mg concentration in the early aging period is relatively
close. However, the corrosion current density of the samples aged 97 h varies more with
the Mg content. The Icorr of the 0.7Mg alloy is as high as 6.656 x 107° A/cm? while that of
the 1.1Mg alloy is only 0.857 x 10~® A /cm?, which shows the excellent corrosion resistance
of the 1.1Mg alloy and that the 0.7Mg alloy is prone to corrosion. It can be clearly reflected
by the IGC tests (Figure 5) that the 0.7Mg alloy has a maximum corrosion depth compared
to others. The polarization resistance (Rp) and corrosion rate displayed in Table 2 also show
a better corrosion resistance of the 1.1Mg alloy, due to the higher Rp and lower corrosion
rate than other alloys.

Some studies have thought that there are two reasons for the corrosion of S’ precipi-
tates [41-43]: At first, the S’ precipitates contain Mg and Al, which have a low corrosion
potential and are both active elements, so the S’ precipitates act as the anode at the be-
ginning of the corrosion. Then the high corrosion potential Cu content increases, and the
S’ precipitates were transformed into the cathode and were protected, resulting in the
corrosion of the aluminum base. There is also a view that the S’ precipitates do not dissolve,
but the particles around them do. However, the specific corrosion process still needs further
research.

5. Conclusions

The OCP, corrosion behavior and microstructure of Al-Cu-Li alloys with different
Mg content were investigated in this paper. Based on the study herein, the conclusions are
summarized as follows:

(1) The concentration of Mg has an important effect on the aging precipitates. The
T; precipitates are dramatically accelerated and 6’ precipitates can be significantly
obstructed with the addition of medium Mg. It is worth mentioning that the process
of Ty precipitates was prevented in the alloy with excessive Mg.

(2) The interaction between the low potential of Mg and the acceleration of T; precipitates
produced a negative OCP value in Mg-containing alloys at the early stages of aging.
Similarly, the Ecorr of Al-Cu-Li alloy with various Mg content decreased with the
aging process and Mg content.

(3) The conversion of the corrosion mode in the Al-Cu-Li alloys is caused by variations in
the precipitates at the grain and grain boundaries. Firstly, continuous grain boundaries
and low levels of precipitation in the grain result in IGC. Secondly, continuous grain
boundaries and higher levels of precipitation in the grain produce pitting 2. Finally,
discontinuous precipitates in grain boundaries and higher levels of precipitates in the
grain produce pitting 1. The corrosion mode exhibited a similar pattern, from local
IGC to pitting with age and time.

(4) The 1.1Mg alloy displayed higher polarization resistance and a lower corrosion rate
than the Mg-free alloy and 0.7Mg alloy, which shows that excessive Mg (1.1 wt.%) is
beneficial to the corrosion protection of Al-Cu-Li alloys.
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