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Abstract: The microstructure, mechanical properties and corrosion behaviors of the peak-aged 2A14 aluminum alloys
subjected to pre-stretch prior to artificial aging were investigated. The results indicate that the hardness and strength of
the peak-aged alloy can be greatly enhanced via introducing pre-stretch due to the formation of dense and finer 6’
precipitates with dispersed distribution in alloy matrix. Pre-stretch prior to peak aging evidently enhances the peak
aging hardness and shortens the peak aging time of the alloy. A pre-stretching degree of 7.5% leads to a distinct
inhomogeneous distribution of #' phase, which decreases the ultimate tensile strength. As pre-stretching degree
increases, the plasticity, impact toughness and exfoliation corrosion (EXCO) resistance of the peak-aged alloy all
gradually decrease, but its resistance to intergranular corrosion (IGC) increases and then decreases.
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1 Introduction

Age-hardening 2A14 aluminum alloy, as a
typical Al-Cu—Mg alloy, owns high specific
strength, excellent workability, good heat resistance
and weldability, and has been extensively used
as structural materials for manufacturing of key
components in the aerospace and aircraft fields
such as wheel hubs, fuel tank domes, and missile
noses [1—6]. Minor Si addition into 2A14 aluminum
alloy can obviously accelerate age-hardening
response and enhance peak hardness during
artificial aging due to heterogeneous nucleation of
the strengthening precipitates [7—9]. It is generally
known that conventional manufacturing of 2xxx

series aluminum alloys often involves a
pre-stretching operation before artificial aging,
during which the alloy is typically plastically
strained no more than 5%, to eliminate the large
residual stresses caused by quenching, and to exert
a beneficial effect on the precipitation and relevant
mechanical properties of the alloy [10—14]. WANG
et al [11] have found that the strength and ductility
of 2024 aluminum alloy are enhanced when pre-
stretching degree is 2%, while other pre-stretching
degrees increase the alloy strength but decrease
the elongation. ZHANG et al [12] have employed
the pre-deformation to 2519 aluminum alloy
prior to ageing and discovered that the alloy
strength increases while elongation decreases with
increasing pre-stretching degree. QUAN et al [13]
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have proposed that pre-straining can promote the
peak hardness and reduce the time to reach the peak
hardness with the increase of pre-strain for 2524
aluminum alloy. It has also been found that
pre-straining can accelerate aging response and
increase the peak hardness of Al-4.12Cu—0.66Mg—
0.73Si alloy with a medium Cu-to-Mg ratio by
promoting the formation of fine 6’ precipitates [15].
In addition, the effects of pre-deformation on
corrosion properties of 2xxx series aluminum alloys
have also been investigated. For example, LIU
et al [16] have discovered that the width of
the precipitate free zone (PFZ) decreases with
increasing pre-deformation degree, resulting in
enhancing intergranular corrosion (IGC) resistance
of AI-Cu—Mg—Ag alloy by narrowing the passage
way of IGC. LI et al [17] have reported that the
poor exfoliation resistance is detected in Al-Cu—
Mg alloy subjected to pre-straining before natural
aging due to the increase in dislocation density.
The similar results have also been found in 2024
aluminum alloy under T3 temper [18].

2A14 aluminum alloy parts for the aerospace
applications are subjected to alternating load over a
long term during the service process, so the demand
is relatively high for their comprehensive properties
including strength, ductility, toughness, and
corrosion resistance. Currently, the effects of
pre-deformation before artificial aging on the
strength and ductility of 2A14 aluminum alloy
have often been investigated, but little work has
been focused on its impact toughness and corrosion
resistance [19,20]. Therefore, in this work, the
effects of various pre-stretching degrees on the
precipitation behaviors, microstructure evolution,
mechanical properties and corrosion resistances of
the aged 2A 14 aluminum alloy with high Cu-to-Mg
ratio have been investigated. The results provide a
reference for the development of Al-Cu—Mg—Si
alloys with high performances.

2 Experimental

The nominal and actual chemical compositions
of 2A14 aluminum alloy are given in Table 1. The

experimental alloy ingots were prepared by
conventional casting, as described elsewhere [21].
The as-received ingot was homogenized at 495 °C
for 24h followed by air cooling to room
temperature, and then hot extruded at 440 °C with
an extrusion ratio of 10:1. Subsequently, the
extruded specimens were solution treated at 503 °C
for 3h and then quenched by water to room
temperature. After quenching the specimens were
pre-stretched along the extrusion direction to
various strain levels (0, 1%, 2.5%, 5% and 7.5%)
at room temperature at once, and then were
immediately aged at 160 °C for different durations
to attain the peak hardness. The detailed description
for the procedure is shown in Fig. 1.

The hardness values were monitored by
Vickers hardness measurements and at least 6 spots
for each sample were selected and then the average
value was calculated. The mechanical properties of
all the samples were carried out by an Instron 3369
testing machine at room temperature with a tensile
speed of 2 mm/min. The impact toughness was
examined by pendulum impact tests according to
ASTM standard E-23-07. The dimensions of the
tested specimen were 10 mm X 10 mm x 55 mm
and a 45° V-notch with a depth of 2 mm was cut at
the center along the length direction. The IGC tests
were performed at (35+2) °C for 12 h according to
GB/T 7998—2005 standard [22]. The exposed
surface was normal to the short transverse (S)
direction. The corrosion depth from the
cross-sections of samples was measured using
optical microscopy (Leica, Wizz, German). The
exfoliation corrosion (EXCO) test was carried out
according to GB/T 22639—2008 standard. The
sample was immersed in the solution (234 g/L
NaCl + 50 g/L KNOs + 6.5 mL/L HNOs) at (25+1) °C
for 96 h. The corroded surface was photographed
and then evaluated according to EXCO ranking
standard.

The XRD patterns were detected by X-ray
diffractometer (D8 Adwance type) with a step of
2 (°)/min. The diffraction angle was calibrated
with Si standard sample and the XRD data
were analyzed by Jade software. The microstructural

Table 1 Nominal and actual compositions of 2A 14 aluminium alloy (wt.%)

Composition Cu Mg Si Fe Mn Ti Al
Actual 4.17 0.42 0.70 0.041 0.63 0.023 Bal.
Nominal 3.9-4.8 0.4-0.8 0.6-1.2 0.2 0.4-1.0 0.15 Bal.
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Fig. 1 Schematic diagram of heat treatment process for
2A14 aluminum alloys: (a) Peak aging; (b) Pre-stretch
prior to peak aging

observations were performed using optical
microscopy (OM, Leica DM4000H, Germany),
scanning electron microscopy (SEM, FEI Nova
Nano 230) and transmission electron microscopy
(TEM, JEM—2100F). Longitudinal—long transverse
(L-T) sections of OM specimens were ground,
polished and then etched by Keller’s reagent. Thin
foils for TEM were prepared by mechanical
polishing and then twin-jet elector-polishing in
30% HNOs+70% CH3OH solution at —20 °C.
Differential scanning calorimetry analysis was
carried out on a DSC system (DSC 8000) at a rate
of 10 K/min.

3 Results

3.1 Microstructure evolution
3.1.1 Optical micrograph

Figure 2 shows the optical micrographs of L—T
sections of the peak-aged 2A14 aluminum alloys
subjected to various pre-stretching degrees. It can
be seen that the alloy grains are elongated along
the extrusion direction, and coarse crystalline
phases are distributed in chain-like conformation
along grain boundaries. With the increase of pre-
stretching degree, the elongated grains become
longer and narrower along the extrusion direction.
As shown in Figs. 2(c—e), the aspect ratio of alloy
grains increases significantly when pre-stretching
degree is no less than 2.5%.
3.1.2 DSC analysis results

Figure 3 shows the DSC curves of 2A14
aluminum alloys after solution treatment and the
peak-aged ones subjected to various pre-stretching
degrees. It can be seen that all the samples have two
exothermic peaks (labeled as A and C) and two
endothermic peaks (labeled as B and D) in the
temperature range between 200 and 350 °C. These
four peaks correspond to the precipitation of Q'
and 6’ phases (A and C) and the dissolution of Q'
and @' phases (B and D), respectively, as described
elsewhere [6,23]. The precipitation peak temperatures
of Q' and 6’ phases in the peak-aged 2A14
aluminum alloy subjected to various pre-stretching
degrees are given in Table 2. With the increase
of pre-stretching degree, the precipitation peak

* — _:‘-f. »unt
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Fig. 2 Optical micrographs for L-T sections of peak-aged 2A14 aluminum alloys subjected to various pre-stretching

degrees: (a) 0; (b) 1%; (c) 2.5%; (d) 5%; (e) 7.5%
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Table 2 Precipitation peak temperatures of Q' and 6’
phases of samples with various pre-stretching degrees

Pre-stretching  Peak temperature  Peak temperature

degree/% of Q' phase/°C of ' phase/°C
0 232.51 281.64
1 234.85 280.01
2.5 233.23 270.95
5 233.46 267.72
7.5 231.86 263.32

temperature of Q' phase does not change much,
and is (233+2) °C. However, the precipitation peak
temperature of @' phase varies greatly with
pre-stretching degree. Compared with the alloy
without pre-stretch, the peak corresponding to the
precipitation of &' phase slightly shifts to the left
(less than 2 °C). When the pre-stretching degree
increases from 1% to 2.5%, the precipitation peak
of ' phase shifts to the left by about 10 °C. With
the further increase of pre-stretching degree, the
precipitation peak temperature of 6’ phase also
continues to decrease. This may be due to the
dislocations introduced by pre-stretch which
accelerate the diffusion of solute atoms in solid
solution and promote the nucleation of precipitated
phase.
3.1.3 XRD data for dislocation density

In order to estimate the effect of pre-stretching
degree on dislocation density of the studied alloys,
the XRD data have been obtained and analyzed
by Jade software. Figure 4(a) presents the XRD
patterns of the peak-aged 2A14 aluminum alloys
subjected to various pre-stretching degrees. It can
be confirmed that the studied alloys mainly consist
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Fig.4 XRD analysis results of peak-aged 2A14

aluminum alloys subjected to various pre-stretching
degrees: (a) Diffraction pattern; (b) Curves of AK—K

of Al matrix and Al,Cu (¢) phase. Though the
2A14 aluminum alloys subjected to various pre-
stretching degrees indicate very similar diffraction
patterns, there are still a few differences in these
alloys. Dislocation density can be estimated based
on XRD data by the modified Williamson—Hall
method [24,25]. According to the equations
described in Ref.[24], dislocation density is
believed to be approximately proportional to
the slope of AK—K curves. K=2sin §/4 and
AK=2A6cos /4, where @ is the diffraction angle, A
is the wavelength of the X-rays, and A# is the full
width of half maximum (HFWH) for diffraction
peak. Figure 4(b) presents the relationship between
AK and K for the peak-aged 2A14 aluminum alloys
subjected to various pre-stretching degrees based on
the modified Williamson—Hall method. According
to the fitted slopes of AK—K curves in Fig. 4(b), the
pre-stretch prior to artificial aging distinctly
enhances the dislocation density of 2A 14 aluminum
alloy and its dislocation density increases with
pre-stretching degree.
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3.1.4 TEM microstructure

In order to further understand the effect of
dislocations on the aging precipitates of 2A14
aluminum alloy, TEM experiment has been carried
out. Figure 5 shows the TEM bright-field images
and the corresponding selected area electron
diffraction (SEAD) patterns along the [001]a; zone
axes of the peak-aged 2A14 aluminum alloys
subjected to various pre-stretching degrees as well
as the schematic diagrams of diffraction patterns
of 8" and Q' phases [26,27]. The TEM image and

corresponding SEAD pattern of the peak-aged alloy
without pre-stretch in Figs. 5(a, b) present that there
are mainly two kinds of the precipitates evenly
distributed in the matrix, fine-dots and lath-like
phases. As shown in Figs. 5(b, g, h), the corresponding
diffraction fringes are the characteristic diffraction
fringes of Q' and 6’ phases. The faint streaks
corresponding to 8’ phase are found at the position
of (110)ar along the [010]ar and [100]a; directions,
while the diffraction spots corresponding to Q'
phase occur at the position of (020)a; along the [001]

2130)p  (2131),,

® @ L
200,
o ° ° ° o

Fig. 5 TEM bright-field images and corresponding SEAD patterns along [001]a; zone axes of peak-aged 2A14 alloys
subjected to various pre-stretching degrees ((a, b) 0; (c) 1%; (d) 2.5%; (e) 5%; (f) 7.5%) and schematic diagrams of

diffraction patterns of 8’ phase (g) and Q' phase (h)
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zone axis. The hardness and strength of the alloy
mainly depend on the strengthening effect of the
uniformly distributed 6" and Q' phases. When
pre-stretching degree is 1%, it can be found from
Fig. 5(c) that the number of #’ phases in the alloy
matrix increases compared with the alloy without
pre-stretch. After further increasing the pre-
stretching degree from 1% to 2.5%, the number of
6' phases also further increases and its distribution
is relatively uneven, but the average dimension of 8’
phases is slightly larger than that of the sample with
1% pre-stretching degree (Fig. 5(d)). As shown in
Fig. 5(e), the distribution of &' phases in the
peak-aged alloy with 5% pre-stretching degree is
heterogeneous and its size is also different. The
coarsening of a portion of 8’ phases is obvious.
When the pre-stretching degree is 7.5%, the
distribution of 8’ phases is more uneven in the alloy
matrix (Fig. 5(f)). The distribution density of 6’
phases is relatively higher in some regions shown in

the upper-right area of Fig. 5(f) and fairly sparse in
some regions (upper-middle area in Fig. 5(f)).
Compared with €' phase, the number and size of
Q' phases do not change much with increasing
pre-stretching degree. The pre-stretch prior to
artificial aging has a great influence on the
precipitation of @’ phase in 2A14 aluminum alloy.
This suggests that ' phase is more sensitive to the
dislocations than Q' phase, which is consistent with
the above DSC results (Fig. 3).

Figure 6 shows the TEM images focusing
on the grain boundary of the peak-aged 2A14
aluminum alloys subjected to various pre-stretching
degrees. As pre-stretching degree increases from 0
to 7.5%, the distribution of the precipitates on grain
boundaries gradually changes from a continuous
chain to discontinuity and the size of the
precipitates decreases significantly. Compared with
the alloys with pre-stretch (Figs. 6(b—e)), the
precipitation free zone (PFZ) of the alloy without

Fig. 6 TEM images focusing on grain boundaries of peak-aged 2A14 aluminum alloys subjected to various
pre-stretching degrees: (a) 0; (b) 1%; (c) 2.5%; (d) 5%; (e) 7.5%
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pre-stretch is more obvious (Fig. 6(a)). With the
increase of pre-stretching degree, the width of PFZ
decreases. It is worth noting that the dislocations
also occur on grain boundaries when pre-stretching
degree is 7.5%.

3.2 Mechanical properties
3.2.1 Age hardening curves

The age hardening curves of 2A14 aluminum
alloys with various pre-stretching degrees ranging
from 0 to 7.5% aged at 160 °C for up to 30 h are
shown in Fig. 7(a). It can be found that the initial
hardness value of 2A14 aluminum alloy increases
as pre-stretch degree increases up to 7.5%. The
initial hardness of the as-quenched alloy is about
HV 105, while the highest initial hardness value of
HV 139 can be attained for the alloy with a
pre-stretching degree of 7.5%. Working hardening
is responsible for the increase of the initial hardness
with the increase of the pre-stretching degree.
Otherwise, all the hardness variations of the alloys
subjected to various pre-stretching degrees on aging
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Fig. 7 Aging hardening curves of 2A14 aluminum alloys
subjected to various pre-stretching degrees at 160 °C for
30 h (a); Hardness variations on aging time after 10 h (b)

time exhibit a similar trend. At the initial stage of
aging, the hardness rapidly increases, and then
attains the peak value. To further clarify the peak
hardness and aging time, the partial enlarged
drawings of aging hardening curves of the alloys
are shown in Fig. 7(b). It can be seen that the peak
hardness is HV 158 at 16 h for the alloy without
pre-stretch. After applying pre-stretching degrees of
1%, 2.5%, 5% and 7.5%, the peak hardness is about
HV 160, HV 162, HV 164 and HV 162, respectively,
while the time required for achieving the peak
hardness is about 14, 14, 12 and 12 h, respectively.
The increase of pre-stretching degree prior to
artificial aging enhances the peak hardness of the
alloy and reduces the time to reach peak hardness.
3.2.2 Tensile properties

The tensile properties of the peak-aged 2A14
aluminum alloys subjected to various pre-stretching
degrees are summarized in Fig. 8§ and Table 3. As
shown in Fig. 8(a), the ultimate tensile strength
(UTS) increases with the increase of pre-stretching
degree before reaching a maximum value of
538 MPa at a pre-stretching degree of 5%, but
slight decreases to 525 MPa when pre-stretching
degree further increases to 7.5%. The yield strength
(YS) increases continuously as the pre-stretching
degree increases from 0 to 7.5% (Fig. 8(b)).
However, it is also clearly seen from Fig. 8(c) that
the elongation decreases continuously with the
increase of pre-stretching degree. The maximum
value of YS is 502 MPa at a pre-stretching degree
of 7.5%, while the maximum value of elongation
is about 10.5% for the alloy without pre-stretch.
The results show that pre-stretch prior to artificial
aging can effectively improve the strength of the
peak-aged 2A14 aluminum alloy, but reduce its
plasticity.
3.2.3 Tensile fracture morphology

Figure 9 shows the SEM images of tensile
fracture morphologies of the peak-aged 2A14
aluminum alloys subjected to various pre-stretching
degrees. For the alloy without pre-stretch, as shown
in Fig. 9(ai), the fracture surface is composed of
tearing edges and dimples with various sizes,
indicating a mixed model of dimple-induced
trans-granular fracture and intergranular fracture.
Figure 9(a) presents the enlarged view of the green
box in Fig. 9(a;). It can be found that most of
dimples are small, but there are some large dimples
with a size of about 9 um. Besides, there are some
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Fig. 8 Room-temperature tensile properties of peak-
aged 2A14 aluminum alloys subjected to various pre-
stretching degrees: (a) Tensile strength; (b) Yield strength;
(c) Elongation

second-phase particles inside dimples and small
dimples are distributed around the large dimples.
As pre-stretching degree increases from 1% to
7.5%, it can be seen from Figs. 9(bi—d) that the
size of the dimple becomes smaller and its depth
gets shallower. Otherwise, the area dominated
by the flat plane on the fracture also gradually
increases. A significant intergranular brittle fracture
characteristic is found on the fracture of the alloy

Table 3 Mechanical properties of peak-aged 2A14
aluminum alloys subjected to various pre-stretching

degrees
Pre-stretching Ultimate tensile Yield  Elongation/
degree/% strength/MPa  strength/MPa %
0 494 445 10.51
1.0 512 472 9.56
2.5 524 479 8.56
5.0 538 489 8.31
7.5 525 502 7.26

with a pre-stretching degree of 7.5%, which
indicates that the increase of pre-stretching degree
is detrimental to the plasticity of the peak-aged
2A14 aluminum alloy. This fracture behavior is
consistent with the curve shown in Fig. 8(c).

3.2.4 Impact toughness and impact fracture surfaces

Figure 10 presents the relationship between the
absorbed energies of the peak-aged 2A 14 aluminum
alloys subjected to various pre-stretching degrees
during impact testing and pre-stretching degrees.
The impact toughness represents the ratio of
absorbed impact energy to area of fracture. As
shown in Fig. 10, the absorbed energy of the alloy
without pre-stretch is 12.98 J/cm?. With the increase
of pre-stretching degree, the absorbed impact
energy gradually decreases. At a pre-stretching
degree of 7.5%, the lowest absorbed energy of
9.55J/cm? is attained. This suggests that the
increase of pre-stretching degree results in the
decrease of impact toughness for the peak-aged
2A14 aluminum alloys.

Figure 11 shows the SEM images of impact
fracture morphologies of the peak-aged 2A14
aluminum alloys with pre-stretching degrees of 0,
2.5% and 7.5%. As shown in Figs. 11(a, b, c), the
crack initiation zones of all the samples are
relatively flat and close to the V-notch root, which
essentially exhibits the initial fracture under impact
loading after local shear deformation along the
maximum shear stress direction [28]. The width of
crack initiation zone (W.) has been measured by
Image J software. The W value of alloy without
pre-stretch is 81 um and higher than that of the ones
with pre-stretching degrees of 2.5% (52 um) and
7.5% (39 um), which suggests the decreased energy
consumption for crack initiation under the larger
pre-stretching degree. According to the previous
reports [28], the crack initiation energy dominates
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Fig. 9 SEM images of tensile fracture morphologies of peak-aged 2A14 aluminum alloys subjected to various
pre-stretching degrees: (a1, a2) 0; (b1, b2) 1%; (c1, ¢2) 2.5%; (d1, d2) 5%; (e1, €2) 7.5%
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the total fracture energy of the alloy under impact
loading, so the impact toughness of 2Al4
aluminum alloy decreases with the decrease of We;
induced by increasing pre-stretching degree. In the
high-magnification view (shown in Figs. 11(d, e, f)),
a typical ductile fracture characteristic consisting of
densely distributed small dimples and relative larger
ones (with diameter more than 10 pm) occurs on
fracture surface for all the samples. With the
increase of pre-stretching degree, much shallower
and relatively larger dimples increase on fracture
surface, which consumes much lower fracture
energy, leading to the decrease of impact toughness
for the peak-aged 2A 14 aluminum alloy. Moreover,
some micro-cracks occur in the root of relatively
large dimples when pre-stretching degree is up to
7.5%.

3.3 Corrosion properties
3.3.1 IGC resistance
The cross-section corrosion morphologies and
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maximum corrosion depths of the peak-aged 2A14
aluminum alloys subjected to various pre-stretching
degrees are shown in Figs. 12 and 13, respectively.
Maximum corrosion depth is used to evaluate IGC
resistance of the alloy. As shown in Figs. 12 and 13,
the corrosion extends along grain boundaries and
the depth of corrosion attack changes with pre-
stretching degrees. The alloy without pre-stretch
exhibits severe IGC susceptibility and its corrosion
area and depth both are the largest for all the
samples. The IGC depth for the alloy without
pre-stretch is found to be about 290 um. As
pre-stretching degree increases from 0 to 5.0%, the
IGC depth of the alloy gradually decreases. When
pre-stretching degree is up to 5.0%, the IGC depth
reaches the minimum value (about 193 um). Further
increasing pre-stretching degree to 7.5%, the 1GC
depth of the alloy is about 225 pm, which is deeper
than that of the alloy with a pre-stretching degree of
5.0%.
3.3.2 Exfoliation corrosion (EXCO) resistance

The visual EXCO ratings of the peak-aged
2A14 aluminum alloys subjected to various pre-
stretching degrees after immersion for various time
are listed in Table 4. It can be found that the degree
of corrosion increases to various levels with the
extension of immersion time for all the samples.
The corrosion rate of N (No appreciable attack) is
given for all the samples after immersion for 6 h
due to no pitting or exfoliation corrosion on surface.
Increasing pre-stretching degree can obviously
increase the EXCO susceptibility. When the
immersion time is no more than 48 h, no severe
pitting, blistering or delamination is seen for the
peak-aged 2A14 aluminum alloys with the pre-
stretching degrees of 0, 1%, 2.5%, and 5%, but
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Fig. 12 SEM images of cross-section corrosion morphologies of peak-aged 2A14 aluminum alloys subjected to various

pre-stretch degrees: (a) 0; (b) 1%; (c) 2.5%; (d) 5%; (e) 7.5%
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Fig. 13 Maximum corrosion depths of peak-aged 2A14
aluminum alloys subjected to various pre-stretch degrees

Table 4 Exfoliation corrosion levels of peak-aged 2A14
aluminum alloys with various pre-stretching degrees
after different immersing time

Pre-stretching Immersion time/h

degree/% 6 24 48 72 96
0 N PA PC PC EA

1.0 N PA PA PC EA
2.5 N PA PB PC EB
5.0 N PB PC EA  EC

7.5 N PB EA EB ED
N—No appreciable attack; PA—Slight pitting; PC—Severe pitting;

EA-Superficial exfoliation; EB—Severe exfoliation; EC—Severe
exfoliation and penetration; ED—Very severe exfoliation

blisters with several millimeters in diameter and
delamination occur on the surface of the sample
with a pre-stretching degree of 7.5% and its EXCO
rate is ranked as EA (superficial exfoliation). After
immersed for 72 h, the EXCO rates are ranked as
EA and EB when pre-stretching degree is no less
than 5%, respectively. Figure 14 shows the EXCO
macrographs of the peak-aged 2A14 aluminum
alloys subjected to various pre-stretching degrees
after immersion for 96 h. As shown in Figs. 14(a, b),
only superficial exfoliation (EA) can be found on
the surfaces of the samples without pre-stretch and
with a pre-stretching degree of 1%, indicating that
they have good EXCO resistances. When further
increasing pre-stretching degree from 2.5% to 7.5%,
it can be seen from Figs. 14(c—e) that notable
delamination and penetration occur on the surfaces
of the samples and their EXCO rates increase
from EB (severe exfoliation) to ED (very severe
exfoliation). The above results show that the EXCO
resistance of the peak-aged 2A14 aluminum alloy
decreases with increasing pre-stretching degree.

4 Discussion

4.1 Effects of pre-stretch
behaviors during aging

As a Al-Cu—Mg-Si alloy with high Cu-to-Mg

ratio, the precipitation processes of 2A 14 aluminum

alloy can be summarized as follows [23,29,30]:

on precipitation
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Fig. 14 EXCO macrographs of peak-aged 2A14 aluminum
immersion for 96 h: (a) 0; (b) 1%; (c) 2.5%; (d) 5%; (e) 7.5%

(1) Supersaturated solid solution (SSS) — Clusters
— Guinier—Preston (GP) zones— 60"— 0 —
6 (Al,Cu); (2) SSS —  Guinier—Preston—
Bagaryatsky (GPB) zones — S§" — §' — §
(Al,CuMg); (3) SSS — GP zones — Q' — Q
(A15Cu2MggSi6, A13Cu2Mggsi7 or A14Cu2MggSi7).
The precipitation sequence during artificial aging
depends mainly on Cu-to-Mg and Mg-to-Si ratios in
Al-Cu—Mg-Si alloy system. It has been shown that,
when the Cu-to-Mg ratio is in the range of 4%—8%
and Cu content is more than 1.0 wt.%, the main
strengthening phases are ' and S’ with coherent or
semi-coherent configuration in Al-Cu—Mg alloys.
The introduction of Si can change the aging
precipitation sequence of Al-Cu—Mg alloys. The
secondary strengthening phases in Al-Cu—Mg—Si
alloys are @', S’ and ' phase if the ratio of Mg-
to-Si is more than 2:1. However, the precipitation
behavior of Al-Cu—Mg—Si alloys with a ratio of
Mg-to-Si lower than 1:1 is more complicated, and
the O, 0, and S’ phases as well as their precursors
can be found [20,27,31,32]. From Fig. 5, it can be
seen that the 6’ and Q' phases coexist in the
peak-aged 2A14 aluminum alloys with and without

alloys subjected to various pre-stretching degrees after

pre-stretch, and no S’ phase is observed. The
presence of Si contributes to the formation of
Mg-containing dot-like Q' precipitates owing to
the strong binding energy between Si and Mg at
the early stage of aging [33]. Besides, RINGER
et al [34] also have found that it is easier for Cu—Cu
cluster to form GP zones rather than GPB zones in
Al-Cu—Mg—-Si alloys with Mg content below
0.8 wt.%. Therefore, the formation of S’ phase is
suppressed in the investigated alloys.

As shown in Figs. 5(d, e), the number of fine
0’ precipitates extremely increases as pre-stretching
degree increases to 2.5%, while the distribution of
0" precipitates is relatively uneven and its size is
also obviously different when pre-stretching degree
is up to 5%. After the as-quenched alloys are
subjected to pre-stretch prior to artificial aging, a
large number of dislocations are introduced in the
alloy matrix. The dislocations can provide the
channels for short-range diffusion [16,35], leading
to the decrease of activation energy for diffusion
and the acceleration of solute atomic diffusion. This
can facilitate the ' nucleation and increase its
distribution density. Otherwise, the relatively higher



Lan-ping HUANG, et al/Trans. Nonferrous Met. Soc. China 34(2024) 1065—1080 1077

energy at the dislocations in alloy matrix offers
the required strain energy for the nucleation of
strengthening phase [12,16,35]. This also reduces
the energy required for the nucleation of 6’ phase,
resulting in the decrease of its precipitation
temperature (Fig. 3). The 6’ distribution becomes
more uneven when further increasing pre-stretching
degree to 7.5%. This non-uniform distribution is
closely linked with the formation of dislocation
cells, which more easily occur for the alloy with
higher pre-stretching degree. When pre-stretch
increases to a certain degree, excessive dislocations
occur in alloy matrix and some of them entangle
with each other, leading to the formation of
dislocation cells. The dislocation density within the
cells is distinctly higher than that on the cell walls,
which results in the non-uniform @' distribution
within the cells and on the cell walls.

As pre-stretching degree increases from 0
to 7.5%, the distribution of the grain-boundary
precipitates gradually changes from continuous to
discontinuous and their size decreases significantly
(Fig. 6). A large number of dislocations occur in
grain interiors due to pre-stretch and then can
act as preferential positions for the nucleation of
precipitates. The distinct increase of the precipitates
in grain interiors makes solute atoms in alloy
matrix decrease, which leads to the discontinuous
distribution of the grain-boundary precipitates.
Meanwhile, the resistance to dislocation movement
is relatively low during pre-stretch prior to artificial
aging, so most of dislocations are easy to be
blocked near grain boundaries and induce the
formation of dislocation pile-ups near grain
boundaries. During subsequent aging, the increase
of dislocation density near grain boundaries
induced by dislocation pile-ups prompts the
diffusion of solute atoms near grain boundaries.
This makes the PFZ formation very difficult, so its
width becomes narrower with the increase of pre-
stretching degree. However, for the alloy without
pre-stretch, solute atoms near grain boundaries
are mainly consumed to form the grain-boundary
precipitates, resulting in a wider PFZ.
4.2 Effects of pre-stretch on mechanical

properties

It is well known that 6" phase is the main
strengthening phase rather than Q' phase in 2A14
aluminum alloys according to Refs.[31,36,37].

Otherwise, as shown in Fig. 5, the number and size
of Q' phases do not change much with the increase
of pre-stretching degree. Therefore, the increase in
peak strength of the peak-aged 2A14 aluminum
alloy with increasing pre-stretching degree is
closely linked with the distribution, number density
and size of #' phases. When pre-stretching degree
increases to 2.5%, the number of §’ phases obviously
increases and its size becomes slightly larger
(Figs. 5(a—d)). The relatively larger distribution
density of #' phases in alloy matrix is responsible
for the increase of peak strength of the alloy with
pre-stretch. Besides, the dislocations introduced by
pre-stretch prior to artificial aging can offer the
channels for the diffusion of solute atoms, which
helps to enhance the growth rate of aging
precipitates, so the time to reach peak hardness
decreases for the alloy with pre-stretch. When
pre-stretching degree further increases up to 7.5%,
the yield strength of the alloy also continuously
increases but its tensile strength slightly decreases
than that of the alloy with a pre-stretching degree of
5%. This suggests that the improvement in the
strengthening effect of aging precipitates is limited
by increasing pre-stretching degree. Otherwise,
as shown in Fig. 5(f), the distribution of the
precipitates is uneven, which is unfavorable for the
enhancement of tensile strength and ductility of the
alloys [12].

In the peak-aged 2A14 aluminum alloys, the
number of precipitates in grain interiors increases
and the spacing among precipitates decreases as
pre-stretching degree increases, which leads to
the incompatibility between the relatively hard
precipitates and Al alloy matrix during deformation.
This incompatibility causes these second-phase
precipitates to detach from Al matrix around them
and then results in the formation of micro-cracks
under severe deformation. These micro-cracks are
interconnected and ultimately cause the fracture
of 2A14 aluminum alloy [21]. Therefore, the
elongation and impact toughness of the peak-aged
2A14 aluminum alloy decrease as pre-stretching
degree increases. Otherwise, it can be found from
Fig. 6(e) that there are still dislocation pile-ups in
the peak-aged alloy subjected to the relatively high
pre-stretching degree, which makes dislocation
glide inhibited during deformation. This also results
in the loss of ductility and toughness.
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4.3 Effects of pre-stretch on corrosion properties

During the service process of aluminum alloys,
IGC, as a common form of local corrosion, can
destroy the bonding force among grains, resulting
in a significant decrease in mechanical properties of
aluminum alloys. The IGC is considered to be
developed from electrochemical corrosion, so the
difference of electrochemical heterogeneity plays a
dominate role in IGC of aluminum alloys between
grain boundary and its surrounding microstructure,
including the width of PFZ, and the potential
difference between PFZ and the matrix as well as
the size and distribution of grain-boundary
precipitates. It is well accepted that Cu content in
PFZ is lower than that of alloy matrix or grain-
boundary precipitates (GBPs) [38,39]. Therefore,
the self-corrosion potential of PFZ is more negative
than that of Al alloy matrix and GBPs, which acts
as the anode during corrosion. As shown in Figs. 12
and 13, with the increase of pre-stretching degree,
the width of PFZ decreases, so the IGC resistance
of the alloy is obviously enhanced because the
wider PFZ is more easily subjected to preferential
dissolution and Al matrix is still stable during
IGC. Otherwise, compared with the continuously
distributed GBPs in the alloy without pre-stretch,
the discontinuous distribution of grain-boundary
precipitates is unfavorable for the development of
IGC (Fig. 6). It is worth noting that the IGC
resistance of the alloy slightly decreases when
the pre-stretching degree increases from 5% to
7.5%. This may be linked with the existence of
dislocations on grain boundaries. The dislocations
pinned on grain boundaries can make strain energy
near grain boundaries increase, which promotes
IGC more likely to occur [18,40].

As a particular form of IGC, EXCO is often
observed on the surface of aluminum alloys with an
elongated grain structure [41]. As shown in Fig. 14,
EXCO generally proceeds along intergranular
paths parallel to the surface. During immersion, the
volume of corrosion products formed is larger than
that of the initial alloy matrix from which the
product is formed, which results in a wedging stress
that may lift up the surface grains and induce a
layered appearance. It is well known that the
susceptibility of EXCO is closely linked with the
grain aspect ratio of the alloy [42,43]. The alloy
with grains of higher aspect ratio shows higher
EXCO susceptibility. It can be seen from Fig. 2

that the grain aspect ratio of the alloy increases
distinctly when pre-stretching degree is no less than
2.5%. Therefore, the EXCO susceptibility of the
alloy gradually decreases with the increase of
pre-stretching degree.

5 Conclusions

(1) Pre-stretch prior to artificial aging
enhances the aging kinetics of the alloy, reflected
by the lower precipitation temperature of 6’ phase,
faster aging hardening behavior and higher peak
hardness, and facilitates the &' phase formation.
With the increase of pre-stretching degree, the
tensile strength and yield strength of the alloy both
increase but the ductility and impact toughness
gradually decrease. The number density of 8’ phase
increases as pre-stretching degree increases, but an
over high pre-stretching degree (7.5%) results in a
distinct inhomogeneous distribution of 6’ phase,
which makes the ultimate tensile strength slightly
lower compared with that at a pre-stretching degree
of 5%.

(2) As pre-stretching degree increases, the
continuous distribution of the grain-boundary
precipitates becomes evidently discontinuous and
the PFZ width is narrower, which leads to the
enhancement of IGC resistance of the alloy.
However, when pre-stretching degree is up to 7.5%,
the IGC resistance slightly decreases due to the
increase of strain energy on grain boundaries
induced by the over high pre-stretching degree.
Otherwise, the increase of pre-stretching degree
results in the increased susceptibility to EXCO of
the alloy because of the higher grain aspect ratio.
The distribution of grain-boundary precipitates, the
PFZ width and dislocations on grain boundaries
play an important role in the IGC resistance.
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