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Abstract: The effect of Cu content on intergranular corrosion (IGC) and exfoliation corrosion (EXCO) susceptibility of
Al-Zn—Mg—(Cu) alloys was investigated by electrochemical test, immersion test, electron backscattered diffraction,
optical microscope, scanning electron microscope, scanning transmission electron microscope and scanning Kelvin
probe force microscope. As Cu content increases from 0 to 2.6 wt.%, IGC susceptibility increases, while EXCO
susceptibility first increases and then decreases, reaching the maximum at Cu content of 1 wt.%. With the increase of
Cu content, the area fraction of recrystallized grains increases, and the aspect ratio of recrystallized grains first
decreases and then increases; moreover, the Volta potential difference between grain boundary precipitates (GBPs) and
the matrix increases, making GBPs more susceptible to corrosion. The initiation and propagation of IGC and EXCO are
discussed mainly based on the features of GBPs, grain structure, and the Volta potential difference between GBPs and
the matrix.
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corrosion that generally propagates along GBs, such
as intergranular corrosion (IGC) and exfoliation
corrosion (EXCO). The occurrence of localized

1 Introduction

Al-Zn—Mg—Cu alloys have high specific
strength and good plasticity, and are widely used in
aerospace and transportation fields [1,2]. These
alloys are typical age-hardenable alloys. After
aging, a large amount of fine and dispersed
n' strengthening phases form in the matrix, and
significantly improve the strength [3,4]; but at the
same time, grain boundaries (GBs) are covered by
phase (MgZny) [5]. The corrosion potential of #
phase is lower than that of the matrix [6—8], so that
it is attacked preferentially in corrosive solution. As
a result, these alloys are susceptible to localized

corrosion can lead to premature fracture and failure
of alloys, bringing about huge risks [9,10].
Chemical composition, quenching and aging can
significantly affect the features of grain boundary
precipitates (GBPs) and precipitate-free zone
(PFZ), and therefore affect the IGC and EXCO
susceptibility [11-15].

Among the main alloying elements, Cu can
promote the nucleation of GP zones and #' phase,
and then can effectively improve the strength of
Al-Zn—Mg—Cu alloys [16]. However, Cu exerts
complicated effects on the corrosion susceptibility.
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Some investigations showed that Cu can increase
the corrosion potential of the matrix [17,18]; the
higher Cu content in # phase at GBs makes it more
noble, which can reduce the rate of dissolution
of 5 phase and thus a lower rate of corrosion
propagation [19—23]. This is beneficial to high
resistance to IGC and EXCO. MARLAUD
et al [12] showed that compared with 7449 alloy
(1.9 wt.% Cu) and PA alloy (1.6 wt.% Cu), EXCO
susceptibility of 7150 alloy (2.2 wt.% Cu) is lower;
in 7150 alloy, the Cu enrichment in GBPs decreases
the local corrosion driving force. LI et al [24] found
that as Cu content increases from 0.8 to 2.2 wt.% in
Al-8.54Zn—2.41Mg—XCu alloys, the susceptibility
of both IGC and EXCO first decreases and then
increases, reaching the lowest at X=1.3 wt.%. It was
thought that increasing Cu content can decrease the
corrosion potential difference between GBPs and
the matrix, but no experimental data were given;
while excessively high Cu content results in a large
amount of residual phase, which is not conducive to
corrosion resistance. However, some investigations
showed that the addition of Cu increases IGC and
EXCO susceptibility [25-27]. YUAN et al [25]
reported that as Cu content increases from 0.9 to
226 wt.% in Al-9.0Zn—2.0Mg—XCu alloys, 1GC
and EXCO susceptibility increases; it was thought
that corrosion initiation is easier to occur in alloys
with higher Cu content, but the reason is not clear.
DONG et al [26] found that with Cu content
increasing from 0.8 to 2.2 wt% in Al-9.3Zn—
2.4Mg—XCu alloys, IGC susceptibility increases,
while EXCO susceptibility first decreases and then
increases, and EXCO resistance is the highest at the
Cu content of 1.5 wt.%; the mechanism was not
well understood.

In this work, the effect of Cu content
(0—2.6 wt.%) on IGC and EXCO susceptibility was
investigated. Based on the features of GBPs, grain
structure, and the Volta potential difference between
GBPs and the matrix, the mechanism was explored.
It can help to have better understanding of the effect
of Cu on localized corrosion behavior of Al-Zn—
Mg—(Cu) alloys.

2 Experimental

2.1 Materials

Three hot-rolled Al-Zn—Mg—Cu alloy sheets
with a thickness of 3.5 mm were used in this work,
and their chemical compositions are given in

Table 1. Samples with a length of 60 mm in the
rolling direction (RD), a width of 178 mm in the
transverse direction (TD) were prepared. After
solution heat treatment at 450 °C for 1h and
then 473 °C for 0.5 h in an air furnace, the samples
were quenched in room temperature water, and
then, artificially aged at 120 °C for 24 h in the oil
bath.

Table 1 Chemical composition of investigated alloys

(wt.%)

Alloy Zn Mg Cu Zr Si Fe Al
0Cu 9.04 141 — 0.12 0.022 0.087 Bal.
ICu 9.08 1.51 1.01 0.13 0.021 0.078 Bal.
2.6Cu 8.83 149 2.68 0.12 0.020 0.084 Bal.

2.2 Accelerated immersion tests

Samples with a length of 20 mm in RD and a
width of 30 mm in TD were prepared for IGC tests
according to GB/T 7998—2005 specification [28].
The RD-TD surfaces were ground to 1500 grit by
abrasive papers and then polished by 0.5 um
diamond pastes. Subsequently, after immersion in
NaOH solution for 10 min, samples were washed
with water and then immersed in HNOs solution
until the surfaces were bright. Samples were
immersed in a solution containing 1 mol/L NaCl
and 0.1 mol/L H»0O,, and the temperature was
maintained at (35+2) °C in a water bath. After
immersion for 10 min, the corrosion morphology
of samples was observed by ZEISS EVO MAI10
scanning electron microscope (SEM) with an
Oxford X-MaxN energy dispersive X-ray spectro-
scope (EDS). To investigate the development of
IGC, some samples were immersed in IGC solution
for 0.5, 2, 6, 12, 24 and 48 h, respectively;
metallographic samples were cut and prepared to
measure the maximum corrosion depth, which
was performed using Leica DM2700M optical
microscope (OM).

EXCO tests were performed in an aqueous
solution of 4.0 mol/L NaCl, 0.5 mol/L KNOs and
0.1 mol/L HNO; at (25£3)°C in a water bath
according to GB/T 22639—2008 specification [29].
The RD—TD section was exposed with an area of
6 cm?, and the ratio of solution volume to exposed
surface area was 20 mL/cm?. Similarly, the surface
morphology of the sample was observed by SEM
after immersion for 10 min; Seven samples were
prepared and immersed in EXCO solution for 0.5,
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1, 2, 6, 12, 24, and 48 h, respectively, to observe
corrosion morphology and measure the corrosion
depth by OM. Based on the visual examination and
metallographic examination, the EXCO rating can
be evaluated to be pitting (P), superficial exfoliation
(EA), moderate exfoliation (EB), severe exfoliation
(EC), or very severe exfoliation (ED).

2.3 Electrochemical tests

The polarization curves were measured using
AUTOLAB M204 instrument with a platinum
counter electrode, a silver/silver chloride reference
electrode and a working electrode. The RD-TD
surface was exposed with an area of 1 cm?, and the
other surfaces were protected by resin. To ensure
reliable results, six samples of each alloy were
prepared and tested. The polarization curve
measurements were performed at room temperature
in EXCO solution and IGC solution, respectively.

2.4 Microstructure examination

Samples were electrolytically polished in a
solution of 10% perchloric acid with 90% ethanol,
and then examined using a JSM—7900F SEM with
an OXFORD electron backscattered diffraction
(EBSD) detector to investigate grain structure.
Samples were carefully ground to be about 80 um
and punched into discs with a diameter of 3 mm,
and then thinned by electropolishing in a solution of
80% methanol and 20% nitric acid below —25 °C in
liquid nitrogen. Subsequently, some GBPs of

samples were examined by Titan G* 60-300

scanning transmission electron microscope (STEM)
equipped with a high angle annular dark field
(HAADF) detector and a Super-X EDS detector,
and the beam spot size was 1 nm and operating
voltage was 300 kV.

2.5 Surface Volta potential measurement

Samples with a length of 10 mm in RD and a
width of 5 mm in TD were prepared for the surface
Volta potential measurement. After polishing, some
indentations were made by Wilson VH1202 Vickers
Hardness tester to mark the GBs in samples. Then,
the surface was measured at a scanning rate of
0.5 Hz using a Bruker Dimension FastScan atomic
force microscope equipped with a CoCr layered
silicon electrode as the reference electrode. After
test, the samples were etched with Graff reagent
(1 mL HF, 16 mL HNOs, 3 g CrO; and 83 mL H,O)
to show grain structure and examined by OM.

3 Results

3.1 Microstructure
3.1.1 Grain structure

Figure 1 shows EBSD orientation maps of
samples with different Cu contents. The low angle
GBs (2°—15°) indicated by white lines are regarded
as subgrain boundaries (SGBs), and the high angle
GBs (>15°) are indicated by black lines. These
samples show a partially-recrystallized micro-
structure, which is a typical grain structure of
hot-rolled Al-Zn—Mg—Cu alloys after solution heat
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treatment [30]. With the increase of Cu content, the
size and the area fraction of recrystallized grains
gradually increase. In 0Cu and 2.6Cu samples, the
recrystallized grains tend to be elongated along
the RD and distributed in layers along the ND,
as shown in Figs. 1(a, c); while in 1Cu sample,
most recrystallized grains are small and exhibit
equiaxed-shape, as shown in Fig. 1(b).

The recrystallization behavior of hot-deformed
Al-Zn—Mg—Cu alloys during solution treatment is
very complicated and it is believed that particle
stimulated nucleation is the main recrystallization
mechanism [31], but in situ recrystallization and
recrystallization by strain induced boundary
migration can also occur [32]. Recrystallization is
related to the second phase and deformation energy
storage of samples after hot deformation [31,32];
different Cu contents may cause the changes in
these factors, and then results in a very complex
recrystallization mechanism.

Based on EBSD images, the quantitative
results of the grain structure features are
summarized in Table 2. With the increase of Cu
content, the length ratio of SGBs decreases, while
the length ratio of GBs first increases and then
decreases, and it is the largest in 1Cu sample.
Moreover, the length along RD of recrystallized

grains first decreases and then increases with a
slight increase in the length along ND. As a result,
the average aspect ratio is the smallest, about 1.8 in
1Cu sample.
3.1.2 Precipitates at grain boundaries

IGC and EXCO generally propagate along
GBs [33]. HAADF-STEM images of precipitates
at GBs for different samples are shown in Fig. 2.
There are fine and dispersed #' strengthening
phases in the interior of grains, and bright and
rod-like # phases are located at GBs. Due to the
anodic nature [6—8], some 7 phase particles are
etched out during TEM sample preparation, and
consequently some black holes at GBs can be seen.
For the three samples, GBPs are closely-spaced
with a length of 10—50 nm and a width of 5—15 nm,
and the width of PFZs is similar, approximately
20 nm. Based on EDS measurements, the chemical
compositions of GBPs are given in Fig. 3. In all the
samples, the ratio of Zn content to Mg content in
GBPs is about 2:1. As Cu content increases from 0
to 2.6 wt.%, there is a slight difference in the
content of Zn and Mg in GBPs, while the content of
Cu in GBPs increases from 0 to 9.0 at.%. As Cu
content in the alloy increases, more Cu atoms can
segregate at GBs, and as a result, GBPs with higher
Cu content are formed at GBs [34,35].

Table 2 Grain structure features based on EBSD images of different samples

Feature of grain structure 0Cu 1Cu 2.6Cu
Recrystallization fraction/% 17.3£2.8 37.4+4.0 62.8+4.7
Length ratio of GBs/mm™' 118.9+£29.7 253.6+26.1 129.9+£27.4
Length ratio of SGBs/mm ! 535.7+42.3 206.1+£25.6 124.6+19.2
Length along RD of recrystallized grains/pm 106.2+48.6 19.444.9 46.2+20.2
Length along ND of recrystallized grains/um 8.7+2.1 10.1£3.7 12.84+5.8
Aspect ratio of recrystallized grains 12.246.1 1.8+0.9 4.1+1.7

Fig. 2 HAADF-STEM images showing precipitates at GBs of samples: (a) 0Cu; (b) 1Cu; (¢) 2.6Cu
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Fig. 3 Chemical compositions of GBPs in samples

3.2 Immersion results in IGC solution

Typical SEM images of samples before and
after immersion in IGC solution for 3 and 10 min
are shown in Fig. 4. Before immersion, some bright
and coarse particles with a size of several microns
can be observed, as shown in Figs. 4(ai, by, c1).
The EDS test results show that for 0Cu sample,
these particles primarily contain (85.6+3.0) at.% Al,
(11.1+4.0) at.% Fe, (2.4£0.9)at% Zn and
(0.9+0.3) at.% Mg, and they are likely AlsFe phases

0 min

0Cu

1Cu

2.6Cu

/‘; Al;,Cu,Fe

7 s

3 min
[}

[36]. For 1Cu sample, these particles mainly
contain (81.2+2.4)at.% Al, (11.7+1.5)at.% Fe,
(3.1£0.3) at.% Cu, (2.70.4)at% Zn, and
(1.3+£0.2) at.% Mg, and they are likely Al:;FesCu
phases [37,38]. For 2.6Cu sample, these particles
mainly contain (70.6+£4.5) at.% Al, (9.3£1.6) at.%
Fe, (18.9+£3.7)at.% Cu, (0.84£0.1)at.% Zn, and
(0.4£0.1) at.% Mg, and they are likely Al;CusFe
phases [39]. These phases are cathodic with respect
to the matrix [8,39,40]. After immersion for 3 min,
the surrounding matrix of Fe-containing particles of
the three samples is corroded, leading to tiny pits,
as shown by the arrows in Figs. 4(az, by, ¢2). After
immersion for 10 min, larger pits are visible around
Fe-containing particles in these samples, as shown
by the solid arrows in Figs. 4(a3, bs, c3). However,
for 1Cu and 2.6Cu samples, there are some pits in
the matrix away from Fe-containing particles, as
shown by the dotted arrows in Figs. 4(bs, c¢3), and
the number is larger in the latter sample. This is
likely because of the corrosion of # phase at GBs.
After the immersion for 48 h, the surface
morphology is shown in Fig. 5. In 0Cu sample,
there are some black pits on the surface, as shown
in Fig. 5(a). From Fig. 5(b), in 1Cu sample, in
addition to pits, there are some cracks distributed

10 min
i

Y

Fig. 4 SEM images of samples before and after immersion in IGC solution for different time
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Fig. 5 Digital images showing surface morphology of
samples after immersion in IGC solution for 48 h:
(a) 0Cu; (b) 1Cu; (c) 2.6Cu

along the RD on the surface. For 2.6Cu sample, the
surface is corroded severely, and a lot of corrosion
products can be observed, as shown in Fig. 5(c).
With the increase of Cu content, IGC tends to be
more serious.

In order to further understand the IGC
behavior, the cross section of the samples was
examined by OM after immersion for different
time. As an example, optical micrographs of
samples after immersion for 48 h are shown in
Fig. 6. From Fig. 6(a), in 0Cu sample, there are
only some corrosion pits after immersion in IGC
solution for 48 h. In 1Cu sample, there are mainly
corrosion pits, and the corrosion propagation along

GBs is occasionally observed, as shown in Fig. 6(b).

For 2.6Cu sample, the corrosion tends to propagate
along GBs, and IGC is clearly visible, as shown in
Fig. 6(c).

Fig. 6 Optical micrographs of cross section of samples
after immersion in IGC solution for 48 h: (a) O0Cu;
(b) 1Cu; (c) 2.6Cu (The cross section of samples was
etched with Graff reagent)

In addition, the maximum corrosion depth of
samples was measured after immersion for
different time, as shown in Fig. 7. For 0Cu sample,
only pitting occurs during immersion, and the
pit depth slightly increases with the increase of
immersion time. For 1Cu sample, there is pitting
after immersion up to 2h; after 2h, corrosion
propagation along GBs can be occasionally
observed, and the depth of IGC rapidly increases
with the increase of immersion time. For 2.6Cu
sample, IGC can be observed after immersion for
0.5 h and the corrosion depth is about 31 pm. Then,
as immersion time increases, the corrosion depth
keeps increasing at the highest rate among the three
samples. After 48 h, the maximum corrosion depth
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is about 165 um in 2.6Cu sample, about twice that
in 1Cu sample, and six times that in 0Cu sample.
This indicates that IGC susceptibility increases with
the increase of Cu content, which is consistent
with the results of YUAN et al [25] and DONG
et al [26].

200
—=—0Cu
—=—1Cu
=
: t
o
.5 1201 %/
g %/
g 80r / ;/%
=]
=) G/l
= 401
% / -
= ! 5—-5/‘!
-
0 F! I I I !
0 10 20 30 40 50

Immersion time/h
Fig. 7 Maximum corrosion depth of samples after
immersion in IGC solution for different time

3.3 Immersion results in EXCO solution

Typical SEM images of samples immersed
in the EXCO solution for different time are
shown in Fig. 8. Before the immersion, as shown
in Figs. 8(ai, bi, c1), the features of Fe-containing

0 min

Aly;Fe,Cu

1Cu

Kne,

2.6Cu

Al,Cu,Fe

particles are the same as that described in
Section 3.2. From Figs. 8(ay, bz, ¢), after immersion
for 3 min, a small number of black pits in the
matrix away from Fe-containing particles can be
observed in all the samples. This may indicate the
corrosion of # phase. After immersion for 10 min, a
large number of black pits are formed on the
surface of the three samples, but it is difficult to
observe intergranular corrosion, as shown in
Figs. 8(as, bs, c3).

After the immersion for 48 h, the surface
morphology is shown in Fig. 9. For 0Cu sample,
there is the separation of metal, and the surface still
retains a metallic luster, and EXCO rating is EA, as
shown in Fig. 9(a). From Fig. 9(b), there are a lot
of corrosion products on the surface and the loss
of metal occurs, and corrosion penetrates into the
metal; EXCO rating is EB for 1Cu sample. For
2.6Cu sample, there are a small quantity of
corrosion products on the surface, and EXCO may
be evaluated to be EA, as shown in Fig. 9(c).

The cross section was examined by OM after
immersion for different time to understand the
EXCO behavior. As an example, optical micro-
graphs of samples after immersion for 48 h are
shown in Fig. 10. In OCu sample, a uniform-
layering morphology can be seen, and the surface

3 min 10 min

Fig. 8 SEM images of samples before and after immersion in EXCO solution for different time
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Fig. 9 Digital images showing surface morphology of samples after immersion in EXCO solution for 48 h: (a) 0Cu;

(b) 1Cu; (c) 2.6Cu

Fig. 10 Optical micrographs of cross section of samples after immersion in EXCO solution for 48 h: (a;, a;) 0Cu;

(b1, by) 1Cu; (c1, c2) 2.6Cu

metal barely falls off, as shown in Fig. 10(a;). In
1Cu sample, the corrosion exhibits uneven and
undulating morphology, and the surface metal
completely falls off, as shown in Fig. 10(b;). In
2.6Cu sample, the surface metal falls off and the
corrosion is uniform, as shown in Fig. 10(c;).

After etching with Graff reagent, the grain
structure is revealed, as shown in Figs. 10(az, bo, c2).
The corrosion propagates mainly along GBs
for all samples. In OCu and 2.6Cu samples, the
phenomenon that corrosion tends to propagate
along the RD in the cross section can be observed
(Figs. 10(az, c2)). However, in 1Cu sample, many
corroded grains are exfoliated, and the corrosion
propagation does not show obvious directivity on
the cross section (Fig. 10(b2)).

The maximum corrosion depth of samples was
measured after immersion for different time, as
shown in Fig. 11. After immersion for 1h, the
largest corrosion depth is 38 pm in 2.6Cu sample.

360 %
—=—0Cu
320 _a—1Cu

550l —A—2.6Cu i
240} /
160
120}
80t
40}

Maximum corrosion depth/um

0 10 20 30 40 50
Immersion time/h

(=]

Fig. 11 Maximum corrosion depth of samples after
immersion in EXCO solution for different time

The corrosion depth increases with the increase of
time, and the increment is similar for the three
samples within 6 h. After immersion for 12 h, the
corrosion depth is always the largest for 1Cu
sample and similar for 0Cu and 1Cu samples. After
immersion for 48 h, the maximum depths of EXCO
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are about 281, 339 and 273 um for 0Cu, 1Cu and
2.6Cu samples, respectively, indicating that EXCO
susceptibility first increases and then decreases.
This phenomenon is different from previous
findings by YUAN et al [25], DONG et al [26]
and LI et al [24]. The content of Zn and Mg in
alloys, the variation range of the Cu content,
grain structure and aging treatment in this
work are different from those in previous
investigations [24—26], and all of these factors can
affect the corrosion sensitivity.

3.4 Polarization curves

Polarization curves can be used to evaluate
the corrosion resistance of samples in corrosive
solutions [17,41]. Figure 12 shows the typical
polarization curves of samples immersed in
different solutions. All polarization curves exhibit a
similar shape, and also similar to those of other
Al-Zn—Mg—(Cu) alloys after aging [42]. The
polarization curves move towards the positive
direction of corrosion potential with the increase
of Cu content. Compared with immersion in IGC
solution, the polarization curves immersed in
EXCO solution tend to move to the negative
direction. The corresponding corrosion potential
and corrosion current density obtained by Tafel
extrapolation method are listed in Table 3.

0
= 0Cu inIGC
= = 0Cuin EXCO -
-1k 1Cu in IGC P -

1Cu in EXCO -
= 2.6Cuin IGC 14
— — 2.6Cuin EXCO

le[J/(A-cm™)]

-1.2 —l‘.l —1‘.0 —d.‘) —()‘.8 —(;.7 —(;6 —6.5 -0.4
Potential (vs SSCE)/V

Fig. 12 Polarization curves of samples immersed in IGC

and EXCO solutions

It is known that lower corrosion potential
means higher corrosion tendency, and higher
corrosion current means higher corrosion rate [43].
As Cu content increases, the corrosion potential
becomes higher and the corrosion current density
becomes larger. The difference in corrosion current
density is smaller for the three samples immersed in
EXCO solution than in IGC solution. This means
that the three samples immersed in IGC solution
can show a significant difference in corrosion rate,
while there may be smaller difference in corrosion
rate in EXCO solution. It is basically consistent
with the results in the initial stage of immersion
shown in Figs. 7 and 11.

3.5 Surface Volta potential

Scanning Kelvin probe force microscope
(SKPFM) is widely used to study the localized
corrosion of the aluminum alloys [19,39,44].
Figures 13(a;—ci) show the surface Volta potential
distribution images of different samples. After tests,
according to the indentation mark, OM images of
the corresponding regions in Figs. 13(ai—c;) are
shown in the dotted box in Figs. 13(ax—c2),
respectively, and GBs can be identified, as shown
by the white dotted lines in Figs. 13(a;—c;). Typical
Volta potential variations along lines across the
GB in Figs. 13(a;—c1) are shown in Figs. 13(as—c3),
respectively. It is seen that the GB regions, which
are mainly composed of close-spaced GBPs (Fig. 2),
exhibit a lower Volta potential relative to the matrix.

Based on a number of measurements, the Volta
potential of the matrix (¢pm) and the Volta potential
of GBPs (¢g), and their differences are listed in
Table 4. In alloys with higher Cu content, there is
higher Cu content in GBPs (Fig. 3), and thus both
om and ¢g increase; however, the increment of ¢m
(Apm) is larger than that of ¢c (Apg). This is
because the effect of Cu content on the corrosion
potential of the matrix is much larger than that on
GBPs, which is verified in previous investigations.

Table 3 Electrochemical parameters obtained from Tafel slope analysis in Fig. 12

In IGC solution

In EXCO solution

Sample
@corr (V8 SSCE)/V Jeor/ (LA -cm2) @corr (Vs SSCE)/V Jeor/ (LA -cm2)
0Cu —0.915+0.007 70.8+4.5 —0.976+0.004 275.5+21.2
1Cu —0.767+0.013 108.1£12.6 —0.824+0.009 318.8+27.7
2.6Cu —0.651+0.011 339.4+15.1 —0.728+0.010 369.1£19.4
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Fig. 13 Volta potential distribution (a;—c1), OM images etched with Graff reagent (a»—c»), and Volta potential variation
(as—c3) along lines in (a;—c1): (a1—a3) 0Cu; (bi—bs3) 1Cu; (ci—c3) 2.6Cu

Table 4 Volta potential of matrix and GBPs and their differences

Sample

Pm/mV Apm/mV pc/mV Apg/mV (pm—pc)/mV
0Cu 1459.2+19.4 - 1430.0+10.2 - 29.248.2
1Cu 1558.7+£25.1 99.5 1509.3£16.3 79.3 49.4+9.8
2.6Cu 1751.1£27.9 290.9 1677.9£21.7 247.9 80.0+13.1

It was found that when Cu content increases from
0.01 to 0.89 at.%, the corrosion potential of the
matrix increases by 252 mV while the corrosion
potential of #z phase hardly increases [17,41].
As a result, the Volta potential difference between
GBPs and the matrix (VDPGM, ¢n—¢c) gradually
increases with the increase of Cu content, making
GBPs more susceptible to corrosion. It is contrary
to the result that GBPs with a higher Cu content are

more noble [21,26]. This is because in these studies
only the effect of Cu content on the potential of
GBPs was considered, but the fact that the increase
of Cu content can increase the potential of the
matrix was ignored.

4 Discussion

EXCO is generally considered to be a
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special form of IGC, and the materials with high
IGC susceptibility often exhibit high EXCO
susceptibility [12,25,45,46]. However, in this work,
it is found that as Cu content increases, 1GC
susceptibility increases, while EXCO susceptibility
first increases and then decreases; 1Cu sample
exhibits slight IGC but severe EXCO. The initiation
and propagation of corrosion must be considered
simultaneously.

4.1 Corrosion initiation

In previous investigations [24-27], little
attention was paid to the effect of Cu on corrosion
initiation. Corrosion initiation of GBPs is closely
related to the VDPGM. There are only pits in 0Cu
sample, and IGC becomes significant with the
increase of Cu content (Fig. 6). This means that the
critical Volta potential difference for triggering
corrosion of GBPs in IGC solution is close to the
VDPGM of 1Cu sample, about 49.4 mV (Table 4).
Similarly, GBs of the three sample are corroded
after immersion in EXCO solution (Fig. 10), so the
critical Volta potential difference for triggering
corrosion of GBPs in EXCO solution is less than
29.2 mV.

In the initiation stage, EXCO and IGC show
different behavior. In IGC solution, the VDPGM of
0Cu sample does not exceed the critical value, so
the corrosion of GBPs is not triggered. The
VDPGM of 1Cu sample is similar to the critical
value, while the VDPGM of 2.6Cu sample is higher
than the critical value. Therefore, more GBPs are
corroded in 2.6Cu sample, forming more black
pits after immersion for 10 min (Fig. 4). After
immersion in EXCO solution, the VDPGM of all
samples is higher than the critical value. # phase at
GBs is attacked, and after immersion for 3 min,
corrosion pits can be observed in the three samples

(Fig. 8).

4.2 Corrosion propagation

It is known that the features of GBPs and PFZ
are important factors that affect the propagation of
IGC and EXCO [47,48]. In the three samples, the
GBPs with a slight difference in their sizes are
closely-spaced, and the width of PFZ is similar
(Fig. 2). This indicates that the features of GBPs
and PFZ are not the main factors leading to the
difference in IGC and EXCO susceptibility of the
three samples.

Corrosion initiation can affect corrosion
propagation. After immersion in IGC solution,
GBPs of 0Cu sample are not corroded, and the IGC
does not initiate and thus does not propagate. The
propagation rate of pitting corrosion is much lower
than that of IGC, so the corrosion depth of 0Cu
sample is very small (Fig. 7). With the increase of
Cu content, GBPs is more susceptible to corrosion,
and thus corrosion can propagate more rapidly
along GBs. As a result, the sample with a higher Cu
content exhibits a higher IGC susceptibility.

Unlike the immersion in IGC solution, the
corrosion of GBPs is triggered when the three
samples are immersed in EXCO solution. After the
dissolution of GBPs, a large amounts of corrosion
products are produced. The accumulation of
corrosion products creates wedging stress at GBs,
causes large surface strain, and finally results in
blistered or exfoliated morphology [49,50].

The grain structure can affect the exfoliation of
the metal [49,51], which in turn affects the
propagation of EXCO. It is thought that blisters
form more readily in material with higher aspect
ratio grains, but the strain accumulation is slow.
However, in material with lower aspect ratio grains,
the strain in the surface increases more rapidly until
it exceeds the fracture strain [49,52]. This indicates
that the surface grains with lower aspect ratio are
more likely to fall off. After the surface grains fall
off, a new surface is exposed to the corrosive
solution,
propagate rapidly. However, if the metal surface
does not fall off, it is difficult for corrosive solution
to enter the corrosion tip, and the corrosion
propagation is hindered. The aspect ratio of grains
shows a trend of 0Cu>2.6Cu>1Cu (Table 2), so the
surface metal is easy to fall off and corrosion can
penetrate to a large depth in 1Cu sample (Fig. 10).

The grain structure can also affect the direction
of corrosion propagation [53], which in turn affects
the depth of EXCO. The corrosion path in three
samples is shown schematically in Fig. 14. It is
known that SGBs can contribute to higher
resistance to corrosion than GBs [54,55]. The
recrystallized grains of 0Cu and 2.6Cu samples are
distributed in layers along the ND (Fig. 1). When
corrosion propagates along the ND, it can be
hindered by SGBs (Fig. 14(a)). As a result, a small
corrosion depth can be observed. For 1Cu sample,
the length of GBs is the largest (Table 2). Thus, the

and the corrosion can continue to
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number of GBPs is the largest and it is not
conducive to EXCO resistance [13]. The small and
equiaxed-shape recrystallized grains result in
corrosion that can easily propagates along the ND
(Fig. 14(b)), and as a result, a large corrosion depth
is formed.

Fig. 14 Schematic diagrams of propagation of EXCO in
different samples: (a) 0Cu and 2.6Cu samples; (b) 1Cu
sample

5 Conclusions

(1) With Cu content increasing from 0 to
2.6 wt.%, IGC susceptibility increases, while
EXCO susceptibility first increases and then
decreases, reaching the maximum at Cu content of
1 wt.%.

(2) The initiation and propagation of IGC are
mainly related to the potential difference between
GBPs and the matrix. As Cu content increases, the
potential difference between GBPs and the matrix
increases, and thus IGC susceptibility increases.

(3) Cu content has a little effect on the
initiation of EXCO. Cu changes the grain structure,
and therefore leads to the differences in the
propagation of EXCO for different samples. For
1Cu sample, the small and equiaxed-shape grains
are more likely to fall off and make the corrosion
more likely to penetrate along the depth direction.
As a result, EXCO susceptibility is the highest in
1Cu sample.
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