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Abstract: The effect of the pre-deformation of rolling combined with stretching on the stress corrosion cracking resistance of
aluminum alloy 2519A was studied by means of the slow strain rate technique at 10 s '. The tensile strength and stress corrosion
index of the alloy plate with 7% rolling plus 3% perpendicular stretching were 481 MPa and 0.0429, respectively, showing better
mechanical property and stress corrosion cracking resistance than those with 4% rolling plus 3% parallel stretching or 7% rolling
plus 3% parallel stretching, which is due to its finer and denser precipitates within the grains, discontinuous grain boundary
precipitates, as well as more narrow precipitate-free zone width. Such microstructure is attributing to the denser and more
homogeneously distributed dislocations which are produced by the pre-deformation.
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1 Introduction

The aluminum alloy 2519, which has a good
combination of mechanical properties, weldability,
acceptable ballistic resistance and SCC (stress corrosion
cracking) resistance, is an Al-Cu—Mg alloy with high
Cu/Mg ratio. It has been used for advanced amphibious
assault vehicles [1, 2]. By improving the element
contents of the alloy, a new version armor alloy as 2519A
alloy with higher mechanical properties and SCC
resistance was obtained [3, 4].

As the anodic solution mechanism of SCC [5, 6],
the tendency of intergranular stress corrosion cracking of
aluminum alloy can be controlled by suppressing the
nucleation and growing of the precipitates on the grain
boundaries [7]. For 2xxx aluminum alloy, pre-
deformation is an effective way to control the
precipitates on the grain boundaries [8, 9]. The effect of
the pre-deformation on the resistance to stress corrosion
of 2519A aluminum alloy plate has been investigated,
and the alloy with the T8 temper (adding
pre-deformation prior to aging) has less stress corrosion
susceptibility than that with the T6 temper [10]. On the
other hand, the co-plane slip attributed to the coarseness
of the & phase that results in the glide step increasing

and crack tip can also be suppressed by the
pre-deformation for the fine and dispersed precipitates in
the alloy plates [10].

Researchers [11—13] have focused on the effect of
pre-reduction on the mechanical properties or corrosion
resistance of the aluminum alloy 2519A to obtain a
preferable pre-deformation range on account of the
positive effect of the pre-deformation on the
microstructure of 2519A aluminum alloy. Most of them
paid attention to the pre-deformation degree on the effect
of stress corrosion resistance. However, DYMEK and
DOLLAR [14] studied the effect of the pre-deformation
mode on the resistance to SCC in aluminum alloy 2519.
It was found that the pre-deformation comprising both
cold-rolling and stretching prior to aging was more
beneficial to SCC resistance than stretching alone, since
it produced a more homogeneous dislocation
substructure which provided more uniformly distributed
potential nucleation sites for the hardening precipitates.
The effect of the dislocation distribution on the
morphology and dispersion of the second phases had
been mentioned [15, 16], indicating that the second
phase will coarsen around the dislocation tangle or in the
dislocation cell wall. According to FERNANDES and
VIEIRA [17] and SCHMITT et al [18], in a complex
deformation mode(rolling plus stretching), the dislocation
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tangles or dislocation cells produced by the first
deformation will come to be dispersed in the initial stage
of the second deformation. The aim of this work is to
investigate how the precipitation will be influenced by
different dislocations due to different complex
pre-deformation modes and then affect the SCC of the
2519A alloy plate. The proper candidate pre-deformation
mode which can promote the SCC resistance of the alloy
plate will be explored by employing three different kinds
of complex pre-deformation modes.

2 Experimental

Hot-rolled 2519A aluminum plate with thickness of
6 mm and the chemical compositions of (in mass fraction,
%) 5.80 Cu, 0.20 Mg, 0.29 Mn and 0.20 Zr was further
hot-rolled to final thickness of 2 mm. The alloy plates
were subjected to a solution-treatment at 533 °C
followed by pre-deformation and subsequently aged at
165 °C. Table 1 shows the pre-deformation of alloy plate
A, alloy plate B, and alloy plate C. The stress corrosion
cracking tests of the peak-aged alloy plates after
pre-deformation were carried out in a solution of 3.5%
NaCl in the long transverse direction by using the
slow-strain-rate technique (SSRT). Specimens were
tested in the WDM—3 tensile machine with a load of 30
kN. The tests were carried out by triplicate at strain rate
of 10°° s, Dry control tests were also carried out at the
same strain rate in order to evaluate the comparative
ductility loss, fracture energy loss and stress corrosion
index.

Table 1 Pre-deformation mode for alloy plates

Alloy plate Pre-deformation mode
A Rolling 4%+ // stretching 3%
B Rolling 7%+ // stretching 3%
C Rolling 7%+ L stretching 3%

TEM observations were made in bright field
imaging modes on TecnaiG*20 microscope operating at
200 kV to study the microstructure. The disk specimens
for TEM were taken from the top side of the plate,
prepared by twin-jet electro-polishing in a solution of
30% HNO;-methanol at —15 V and —25 °C cooled by
liquid nitrogen.

In order to analyze the corrosion resistance of the
alloy plates in the corrosion environment, the
electrochemical behavior was studied by Tafel
polarization curve gained by zeta potential scanning
method in 3.5% NaCl. The test was carried out in the
CHI660C electrochemical workstation at 25 °C in a
three-electrode structure with platinum electrode being
the counter electrode and SCE(saturated calomel
electrode) being the reference electrode. The scanning

voltage was from —1.0 V to —0.2 V and the scan rate was
0.002 V/s. The samples were grinded by waterproof
abrasive paper, cleaned by alcohol and acetone, and then
sealed by wax and colophony with a proportion of 1:1,
except leaving a test surface with unite area. Grain shape
of the plates in longitudinal section was analyzed by the
optical microscopy.

3 Results and discussion

3.1 Stress corrosion test

By hardness test, the peak-aging time of alloy plates
A, B and C was 15 h, 12 h and 12 h determined,
respectively. Figures 1 and 2 show the stress—strain
curves tested in air and in 3.5% NaCl solution for the
three different pre-deformed alloy plates after peak-aging.
The tensile strength, elongation, fracture energy
corresponding to each alloy plate are illustrated in Table
2. The fracture energy was obtained by the area integral
of the stress—strain curve. It is evident that alloy plate C
has the highest aging strength, fracture energy and the
best elongation tested either in air or in 3.5% NaCl. The
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Fig. 1 Stress—strain curves of alloy plates peak-aged at 165 °C
and stretched in air (strain rate: 10 %s™")
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Fig. 2 Stress—strain curves of alloy plates peak-aged at 165 °C
and tensed in 3.5% NaCl (strain rate: 10 °s™")
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relative value of the tensile strength loss and fracture
energy loss, as well as stress corrosion index Issrt, Which
are exhibited in Table 3, were gained from Table 2,
where the stress corrosion index Issgr is given by

Isser=1=03(1+6 )/ [oa(1+01a) ] (1)

where oy, and Jg, are the tensile strength and elongation
gained from tests in 3.5% NaCl, respectively; og and g
are the tensile strength and elongation gained from tests
in air, respectively [19]. It is explicitly observed that
alloy plate C shows the best stress corrosion resistance,
since it presents the lowest /ssgr and fracture energy, as
well as little loss of tensile strength.

Table 2 Tensile strength, elongation, fracture energy values of
three pre-deformed alloy plates peak-aged at 165 °C, tested in
air and in 3.5% NaCl solution, respectively

Alloy . Tensile . Fracture
Medium strength/  Elongation/% energy/
plate MPa (J-em™)
Air 439 9.2 38.8
3.5% NaCl 421 7.9 323
Air 468 9.1 41.8
3.5% NaCl 452 8.6 35.8
Air 481 9.0 41.9
3.5% NaCl 465 8.8 40.1

Table 3 Stress corrosion index, tensile strength loss and
fracture energy loss of plates tested in 3.5% NaCl solution
compared with those of plates tested in air

Tensile Fracture Stress
Alloy .
late strength energy corrosion
P loss/% loss/% index
A 4.1 16.8 0.1632
B 34 14.4 0.0820
C 33 4.3 0.0429

3.2 Microstructure

Precipitation microstructure is the main factor that
influences the SCC resistance of the alloy plates and it
may be affected by the dislocation distribution produced
ascribing to the pre-deformation mode. High densities of
dislocations are clearly visible within the grains of all the
alloy plates, as shown in Fig. 3. Figures 3 shows the
images of dislocations of alloy plates A, B and C,
respectively. Owing to greater pre-deformation, alloy
plates B and C have higher dislocation density than plate
A. However, the dislocation of alloy plate C is not only
denser, but also more homogeneous than plate B. During
the 4% rolling reduction in alloy plate A, the dislocation
slip just started and the dislocation density was low. But
the 7% rolling reduction in alloy plates B and C
generated more mobile dislocations which became dense

after the following 3% stretching, even though the
dislocation multiplication was not easy in such a low
stretching. In alloy plate C, the direction of the following
stretching changed. It made the tangled dislocations
come to be dispersed and some new dislocation slip
systems activated. Thereby, the higher density and more
equally distributed dislocations were attained in alloy
plate C.

2519A alloy is a typical age-hardenable alloy which
is strengthened by the semi-coherent fine &' phase (Al,Cu)
precipitate. Figure 4 displays the TEM images within the

Fig. 3 TEM bright field images showing dislocations of
pre-deformed alloy plates prior to aging: (a) Alloy plate A;
(b) Alloy plate B; (c) Alloy plate C
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Fig. 4 TEM bright field images showing 6’ phases within grains
from pre-deformation alloy plates peak-aged at 165 °C:
(a) Alloy plate A; (b) Alloy plate B; (¢) Alloy plate C

grains from the three different pre-deformed alloy plates
peak-aged at 165 °C. The precipitates within the grains
in alloy plates B and C are denser than those in alloy
plate A. This denser precipitates are accordant with the
higher density dislocations which were demonstrated by
Figs. 3(b) and Fig. 3(c). The dislocations can provide
efficient sites for the heterogeneous nucleation of the
precipitates and fast diffusion paths for the solute atoms
during aging. The higher density dislocations can supply

more nucleation sites for the precipitations. However, the
distribution of the precipitates within the grains in alloy
plate C is more homogeneous than that in alloy plate B.
It is due to its more homogeneous distribution
dislocations, as discussed above. So, the distribution of
the dislocations can influence the distribution of the
precipitates, and the homogeneous distribution
precipitates are more beneficial to the mechanical
property of the alloy plate.

The TEM images of the grain boundaries in the
three different pre-deformed alloy plates peak-aged at
165 °C are presented in Fig. 5, which are the statistics of
the PFZ (precipitate-free zone) width and precipitate size
in Table 4. The grain boundary precipitates (GBP) of
alloy plate C are not only finer, but also have
discontinuous distribution. What is more, the PFZ width
in alloy plate C is lower. As the anodic solution
mechanism of the intergranular corrosion, a corrosion
cell can form between the GBP and the PFZ on account
of their potential difference. The cathode of the GBP is
rich of element Cu, showing higher electric potential,
while the anode of the PFZ is lack of element Cu,
showing lower electric potential [20]. The potentials of 6
(0" phase, PFZ and matrix were —0.53, —0.78 and —0.68
V, respectively [14]. The reduction of the GBP decreases
the potential difference between the cathode and the
anode, making the intergranular corrosion not easy to
happen. And the discontinuous GBP prevents the
forming of a continuous passage of the intergranular
corrosion [11]. On the other hand, the comparison
between the electric potential of the PFZ near the grain
boundary and the electric potential inner grain shows that
the former was generally lower than the latter. This
potential difference can lead to another corrosion cell
forming, and the PFZ near the grain boundary will be
first dissolved once the corrosion happens. Then in the
effect of stress, the microcrack will take place, develop
along the corrosion passage and lead to the
intercrystalline cracking ultimately.

Table 4 Statistics of precipitation size in grain boundaries in
different pre-deformed alloy plates peak-aged at 165 °C

Alloy plate PFZ width/nm  Diameter of second phase/nm

A 140.0 191.0
B 90.0 90.7
C 75.0 49.4

At the same time, the fine and disperse precipitates
within the grains not only decrease the glide steps and
crack tip on the alloy surface which may aggravate the
happening of SCC [10], but also are beneficial to the
homogeneous distribution of the electric potential in the
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Fig. 5 TEM bright field images showing 6’ phases in grain
boundary in three kinds of pre-deformation alloy plates
peak-aged at 165 °C: (a) Alloy plate A; (b) Alloy plate B;
(c) Alloy plate C

grains, which can reduce the local corrosive pitting
around the places with high electric potential, such as the
coarse precipitates. The susceptibility of aluminum
alloys to localized corrosion strongly depends on the
distribution and electrochemical properties of second
phase particles. According to the rupture of brittle
passive film theory [19], the oxidation film of the
corrosion pit will slip along with the metal matrix in the
effect of stress and then crack, exposing the new metal

surface. The electric potential of the new metal surface is
lower than its surrounding environment, making it much
easier to be eroded. Moreover, the anodic area of the new
alloy surface is much smaller than the surrounding
cathodic area, which accelerates its eroding rate.
Therefore, a corrosion pit could develop constantly,
penetrate deeply, and finally lead to the transgranular or
intergranular fracture with stress.

3.3 Polarization curves

Mostly, corrosion is the beginning of the SCC
procedure in which corrosion resistance is an important
factor of SCC resistance of the alloy plates. Figure 6
shows the polarization curves of the three different
pre-deformed alloy plates prior to aging and peak-aging.
The three curves in Fig. 6(a) show a similar polarization
behavior and each of them relates a rapid rising in anodic
current density. The three curves in Fig. 6(b) also show a
similar polarization behavior, but the rising rate of the
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Fig. 6 Polarization curves of three different pre-deformed alloy
plates: (a) No-aged alloy; (b) Peak-aged alloy (The tests were
processed by zeta potential scanning method in 3.5% NaCl at
25 °C in a three-electrode structure with platinum electrode
being counter electrode and SCE (saturated calomel electrode)
being reference electrode. The scanning voltage was from —1.0
V to —0.2 V and the scan rate was 0.002 V/s)
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anodic current density in each curve obviously descends
compared with that in Fig. 6(a). The onset of pitting is
not observed visibly in Fig. 6(b), which means that Ej; is
very close to . [20, 21], because pitting is the main
corrosion way when the alloy plate is soaked in 3.5%
NaCl solution.

Table 5 shows the corresponding ¢, and corrosion
current density (J) obtained from these curves. The @cor
is the abscissa value of the intersection between the
anodic polarization curve and the cathodic polarization
curve. The corrosion current density was gained by
making tangents over both the anodic and the cathodic
polarization curve. Then the ordinate value of the
intersection point of the two tangents is the value of the
corrosion current density. The order of corrosion current
density of all the three alloy plates prior to aging is 107,
decreases to 10 after peak-aging, but exhibits little
difference between each other. However, the difference
of peorr cannot be ignored. Before aging, as the defects
within the grains increased with deformation, the ¢, of
alloy plate B was more negative than that of alloy plate A,
while alloy plate C was not. After peak-aging, the o Of
all the alloy plates became negative, and the difference
between each other was also obvious. The ¢, values of
the three alloy plates from negative to positive are: Qe
of alloy plate A<g., of alloy plate B<g. of alloy plate
C. This is well coincident with the SSRT test result.

Table 5 ¢, and corrosion current density J of three different
pre-deformed alloy plates no-aged and peak-aged at 165 °C

Alloy plate Treatment Peor/V JI(A'mm ?)

No-aged -0.376  7.6x1077

A Peak-aged at 165 °C g
for 15 h —0.658  5.5x10
No-aged -0.499  1.8x107’

B Peak-aged at 165 °C g
for 12 h —0.634  7.7x10
No-aged -0.378  1.7x1077

C Peak-aged at 165 °C g
for 12.h -0.507  6.9x10

The ¢, difference of the alloy plates prior to aging
is related to the pre-deformation degree and
pre-deformation mode. Compared with alloy plate A,
alloy plate B had more grain defects for more
deformation, and the electrochemical inhomogeneity was
also more serious, either inside an individual grain or
between each grain. Defects which were active places in
electrochemical corrosion could lead to the decrease of
@Qcorr- Whereas, the ¢, of alloy plate C remained
unchanged after more deformation. This may be
responsible to its different grain shapes. As shown in

Fig. 7, the grain shape of alloy plate C which is near to
isoaxial after stretching along stretching direction
perpendicular to rolling direction is different from the
long strip grain shape of alloy plates A or B stretched
along stretching direction parallel to rolling direction.
The equiaxial grains were the result of homogeneous
deformation between the transverse and longitudinal
direction, which exhibited more electrochemical
homogeneity than the long strip grains. The deformation
homogeneity has also been discussed above in the TEM
image of the dislocations.

Fig. 7 Grain structure in different pre-deformed alloy plates
prior to aging: (a) Alloy plate A; (b) Alloy plate B; (c) Alloy
plate C

As the analysis above, it is the precipitates in the
grains and the grain boundaries that cause the difference
of @ and SCC resistance of the three alloy plates
peak-aged. But the shape of the grains is also an
important factor which should be considered. With the
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susceptibility to intergranular corrosion of the alloy
plates, the cracks tend to grow along pre-existing paths,
and grain boundaries. In the report of stress corrosion
cracking behavior of the 8090 Al-Li alloy, CONDE and
DAMBORENEA [6] suggested that the crack had to
change its orientation when passing from one grain to
another during its growth. An elongated grain can hinder
the crack growing perpendicularly to the stress, making it
grow parallel to the stress and the stress acting at the tip
is lower with attenuated growth rate. In this study, the
influence of the precipitations on anodic dissolution is
the predominant factor for the SCC resistance, while the
elongated grain shape may also delay the crack growth

progress.

4 Conclusions

1) Compared with 4% rolling plus 3% parallel
stretching and 7% rolling plus 3% parallel stretching, the
tensile strength and stress corrosion index of the alloy
plate with 7% rolling plus 3% perpendicular stretching
were 481 MPa and 0.0429, showing the best mechanical
property and SCC resistance.

2) The 7% rolling plus 3% perpendicular stretching
produced not only high but also homogeneous distributed
dislocations, which made the precipitates within grains
not only denser, but also distribute more homogeneously,
and the GBP size and PFZ width were also smaller than
the other alloy plates. The dispersion of dislocations and
precipitates is not only related to the complex
pre-deformation degree, but also is affected by the
deformation path of rolling and stretching.
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