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Abstract: Evolution of microstructure and stress corrosion cracking (SCC) susceptibility of 7050 aluminum alloy with 0.094%,
0.134% and 0.261% Si (mass fraction) in T7651 condition have been investigated. The results show that the area fraction of Mg,Si
increases from 0.16% to 1.48% and the size becomes coarser, while the area fraction of the other coarse phases including Al,CuMg,
Mg(Al,Cu,Zn), and Al,Cu,Fe decreases from 2.42% to 0.78% with Si content increasing from 0.094% to 0.261%. The tensile
strength and elongation of 7050-T7651 alloys is decreased with the increase of Si content by slow strain rate test (SSRT) in ambient
air. However, electrical conductivity is improved and SCC susceptibility is reduced with the increase of Si content by SSRT in

corrosion environment with 3.5% NaCl solution.
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1 Introduction

7xxx series aluminum alloys (Al-Zn—Mg—Cu) are
widely used in aerospace industry because of their high
specific strength. To face the challenge of mass air
transportation, the improved damage tolerant properties
are needed such as fatigue performance, fracture
toughness and stress corrosion cracking (SCC) resistance
[1-3]. SCC attracts the attentions of researchers because
it limits the application of 7xxx series aluminum alloys
significantly.

Many studies focus on the effects of grain-boundary
precipitates (GBPs) on SCC of 7xxx series aluminum
alloys. SCC resistance can be effectively improved by
increasing the size and spacing of the GBPs to decrease
the initiation and propagation of intergranular crack
[4—7]. Moreover, increasing the Cu content of GBPs also
improves SCC  resistance by reducing the
electrochemical activity to increase the crack initiation
resistance, inversely for Zn [8]. Over-aging and
retrogression and reaging (RRA) treatments have
positive impact on SCC resistance compared with T6

treatment by coarsening and separating GBPs [9-11].
PENG et al [12] reported that SCC resistance of 7B50
aluminum alloy was improved with increasing the time
of repetitious-RRA treatment because the GBPs became
more discrete and coarser and the Cu content of GBPs
increased. HUANG et al [13] improved the SCC
resistance of 7055 aluminum alloy by high-temperature
pre-precipitation treatment to enhance the discontinuous
distribution of the coarse precipitates along the grain
boundary and increase the Cu content of GBPs.

In addition, Fe and Si have an unnegligible impact
on the SCC resistance as the main impurities in 7xxx
series aluminum alloys. The effects of Fe and Si
impurities on the stress corrosion cracking resistance are
relative to the pitting of Fe-rich and Si-rich phases. The
coarse Fe-rich and Si-rich phases are identified to have
different Volta potentials with the surrounding a(Al)
matrix [14,15]. They are the initiation sites for localized
corrosion due to anodic dissolution in corrosion
environment, providing the initial crack and promoting
the production of hydrogen on the cathode [8,16,17].

However, comprehensive studies on the quantitative
effect of impurity contents on the SCC resistance of 7xxx
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series aluminum alloys and the correlation with the

evolution of impurity phases in microstructure are scarce.

The aim of this work is to study the effect of impurity Si
on the microstructure and stress corrosion cracking
resistance of 7050 aluminum alloy as one of the
important aircraft structural materials.

2 Experimental

The raw material of 7050 ingot with a composition
of 5.615% Zn, 1.912% Mg, 2.068% Cu, 0.09% Zr,
0.106% Fe, 0.065% Si and balanced Al (mass fraction)
was remelted in an electrical resistance furnace at the
melting temperature of 780 °C. After completely melted,
the pure Si particles wrapped by aluminum foil were
added into the melt to prepare 7050 alloys containing
different Si contents. The alloys were cast into an iron

mould with an internal dimension of d102 mm x 150 mm.

The actual contents of Si in three remelted 7050 alloys
(designated as Alloys 1, 2 and 3) were analyzed by
spectrophotometry, which were 0.094%, 0.134% and
0.261%, respectively.

The as-cast ingots were homogenized at 430 °C for
24 h and then hot-extruded into plates of 12.7 mm x 25.4
mm at 380—410 °C, with an extrusion ratio of 24.3:1.
T7651 temper was carried out for all the extruded plates,
which consisted of solution treatment at 473 °C for 3 h,
followed by cold water quenching and 2% pre-stretching,
then dual aging at 121 °C for 6 h and 174 °C for 15 h
[18].

Electrical conductivity was determined using
FD-102 eddy current conductivity tester. The slow strain
rate test (SSRT) was carried out in the longitudinal
direction of extruded plates according to GB/T 15970.7—
2000. The dimensions of SSRT specimens are shown in
Fig. 1. The SSRT was conducted in air and in an aerated
3.5% NaCl solution, respectively, for each 7050
aluminum alloy with strain rate of 10°s™. The stress
corrosion cracking susceptibility was evaluated by 1, I5
and 7, which were defined as the relative loss of tensile
strength, elongation and time, respectively, to failure in
air and in an aerated 3.5% NaCl solution with SSRT, as
shown in Egs. (1)—(3) [19].
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where o, and o are the tensile strength in air and in
corrosion solution, respectively; J, and . are the
elongation in air and corrosion solution, respectively; ¢,

and ¢, are the time to failure in air and corrosion solution,
respectively. The larger relative loss reveals the higher
stress corrosion cracking susceptibility.
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Fig. 1 Slow strain rate tensile sample (unit: mm)

Microstructural characterization was conducted by
scanning electron microscopy (SEM) and energy
dispersive X-ray spectrometry (EDS). The area fraction
(fa) of second phases was quantitatively measured over a
number of SEM micrographs using an image analysis
software. The micrographs and macrographs of fracture
surfaces after SSRT were observed by SEM and stereo
microscopy, respectively.

3 Results

3.1 Microstructures of 7050 alloys with different Si

contents after T7651 treatment

Figure 2 shows the SEM images of longitudinal
section parallel to the extruded direction of 7050-T7651
plates with different Si contents. The black and bright
white particles are insoluble second phases above 1 pm
in the three 7050-T7651 aluminum alloys. With the
increase of Si content, the content and size are both
increased obviously for the black particles, while they
are reduced for the bright white particles. It can be
identified that the black particles are Mg,Si and the
bright white particles consist of ALCuMg, Al,Cu,Fe and
Mg(ALCu,Zn), phases by EDS, as shown in Fig. 3. The
types and chemical compositions of black and bright
white particles are the same in the three alloys. The
effects of Si content on the area fractions of black Mg,Si
and all of bright white phases are quantitatively
estimated, as shown in Fig. 4. It can be seen that the area
fraction of Mg,Si increases from 0.16% to 0.32%, but
the area fraction of bright white phases decreases
drastically from 2.42% to 1.37% with increasing Si
content from 0.094% to 0.134%. When the Si content
further increases to 0.261%, the area fraction of Mg,Si
increases to 1.48%, while the area fraction of bright
white phases decreases to 0.78%.

3.2 Electrical conductivity of three 7050 aluminum
alloys
The influence of Si contents on electrical
conductivity of 7050-T7651 aluminum alloys is shown in
Fig. 5. The electrical conductivity increases from 36.5%
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Fig. 4 Effects of Si content on area fraction of second phase
particles in three 7050-T7651 aluminum alloys
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Fig. 5 Effects of Si content on electrical conductivity of 7050-
T7651 aluminum alloy
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to 37.3% (vs IACS) with Si content increasing from
0.094% to 0.134%. When the Si content further increases
to 0.261%, the electrical conductivity increases to a
higher level of 37.7% (vs IACS). The electrical
conductivity is popularly used as one of the standards to
evaluate the stress corrosion cracking resistance in
industry [20]. A better stress corrosion cracking
resistance is usually in company with higher electrical
conductivity. Therefore, it can be inferred that the stress
corrosion cracking resistance is improved with
increasing Si content from 0.094% to 0.261% for
7050-T7651 aluminum alloys.

3.3 Stress corrosion

The tensile strength (oy), elongation (6) and time to
failure (f) were measured for the three 7050-T7651
aluminum alloys with SSRT in air and in 3.5% NaCl
solution, respectively, and the relative losses of the three
parameters were calculated by Eqgs. (1)—(3), as listed in
Table 1. When the alloys were tested in air, the tensile
strength and time to failure decrease a little with
increasing Si content from 0.094% to 0.134%, while the
elongation has a small amount of improvement. With
further increasing Si content to 0.261%, the tensile
strength dramatically decreases to 478 MPa and the
elongation and time to failure decrease as well. When the
test was conducted in the 3.5% NaCl solution, the tensile
strength, elongation and time to failure of three
7050-T7651 aluminum alloys all decrease compared
with those in air, which indicates that the 7050-T7651
aluminum alloy has high stress corrosion cracking
susceptibility.

The stress corrosion cracking susceptibility of three
7050-T7651 aluminum alloys with different Si contents
were evaluated by the relative losses of tensile strength 7,
elongation /; and time to failure /,. I, increases a little, but
15 and 7, all reduce with increasing the Si content from
0.094% to 0.134%. When the Si content increases to
0.261%, 1,, Is and I, all reduce to the least. As a result, the
stress corrosion cracking susceptibility drops with
increasing Si content from 0.094% to 0.261% based on
the relative losses of tensile strength, elongation and time
to failure with SSRT, which is in accordance with the
results of electrical conductivity.

Figure 6 shows the SEM images of fracture surface

of 7050-T7651 aluminum alloys with different Si
contents by SSRT both in air and in 3.5% NaCl solution.
In air, the fracture surfaces exhibit a dominant ductile
transgranular fracture with small ductile dimples and a
few of large dimples generated by decohesion between
the matrix and coarse intermetallic particles for the three
7050-T7651 aluminum alloys, as shown in Figs. 6(a)—(c).
However, the size and number of large dimples increase
obviously in the case of 0.261% Si, which is
corresponding with the increase of size and number of
Mg,Si. It is the main reason for decreasing the tensile
strength and elongation of 7050-T7651 aluminum alloys
with 0.261% Si by SSRT in air.

After being tested in 3.5% NaCl solution, the
corrosion of fracture surfaces is alleviated by increasing
Si content from 0.094% to 0.261%, as shown in Figs.
6(d)—(f). The fracture surface with 0.094% Si has the
largest amount of corrosion products with a shape of
globularity, while the amount of corrosion products is the
least and some small ductile dimples can be clearly
found on the fracture surface with 0.261% Si. It can also
be seen that intergranular and secondary cracks occur in
the three alloys, which is the characterization of brittle
fracture. Figure 7 shows that the fracture surface has an
angle of 45° to the axis of the tensile specimen with
0.094% Si, which is similar to the brittle fracture. With
increasing Si content, the fracture surface tends to be
perpendicular to the axis, denoting the improved ductility.
According to the fracture characteristic, it can also be
illustrated that the stress corrosion cracking susceptibility
reduces with increasing Si content from 0.094% to
0.261% for 7050-T7651 aluminum alloys.

4 Discussion

In the microstructures of 7050-T7651 aluminum
alloys, coarse Mg,Si, AlLCuMg, Al;,CuFe and
Mg(ALCu,Zn), are undissolved during homogenization
and solution treatments, but distribute along the direction
of extrusion. With increasing Si content, the content of
Mg,Si increases by depleting more Mg atoms, causing
that the contents of the other Mg-rich phases decrease,
including Al,CuMg and Mg(Al,Cu,Zn),. Coarse Mg,Si
particle is easy to crack or separate from the matrix to
form a void due to stress concentration under a low

Table 1 Tensile properties and stress corrosion cracking susceptibility of three 7050-T7651 aluminum alloys by SSRT

Sample In air In 3.5% NacCl solution Relative loss
No. o,/MPa /% t/h o,/MPa /% t/h 1,/% I5/% 1/%
1 530 29.1 757 360 15.0 28.3 32.1 58.9 62.6
2 521 29.6 753 344 16.5 38.1 34.0 44.9 49.4
3 478 27.3 74.0 362 17.5 40.4 24.4 36.3 454
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Fig. 6 Morphologies of SSRT fracture surfaces of 7050 aluminum alloys with different Si contents: (a) Alloy 1 in air; (b) Alloy 2 in
air; (c) Alloy 3 in air; (d) Alloy 1 in 3.5% NaCl solution; (e) Alloy 2 in 3.5% NaCl solution; (f) Alloy 3 in 3.5% NaCl solution
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Fig. 7 Fracture macrographs of 7050-T7651 aluminum alloys by SSRT in 3.5% NaCl solution observed by stereo microscopy: (a)

Alloy 1; (b) Alloy 2; (c) Alloy 3

stress, which results in the decrease of strength and
ductility of aluminum alloys [21]. Thus, the largest size
and number of coarse Mg,Si particles give rise to the
lowest tensile strength and elongation in 7050-T7651
aluminum alloy with 0.261% Si by SSRT in air, as listed
in Table 1.

Electrical conductivity is strongly influenced by the
lattice distortion of matrix originated from the point
defects. The higher the concentration of the solute atoms
is, the more serious the lattice distortion of matrix is and
the more scattered the electron in matrix is. Therefore,
the electrical conductivity drops with the increase of the
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solute atom concentrations [22,23]. In addition, electrical
conductivity is reduced with finer and more dispersive
and uniform-distributed precipitates [22,24]. With the
increase of Si content, the concentration of Mg atoms
dissolved in Al matrix is reduced because of the increase
of coarse Mg,Si content, and the content of other
Mg-rich phases decreases as well, which contributes to
the improvement of electrical conductivity.

Stress corrosion cracking (SCC) is a type of brittle
intergranular fracture usually, generated as a result of
combined function of tensile stress and corrosion.
Hydrogen embrittlement and anodic dissolution are the
two dominant mechanisms for SCC [22]. Anodic
dissolution depends on the difference of potential
between the second phases and surrounding matrix,
which not only provides an initial crack, but also
promotes the production of hydrogen on the cathode,
hence reducing the SCC resistance [8]. The potential of
Al;CuyFe is lower than that of Al matrix, acting as a
cathode to promote dissolution of the matrix, while the
potential of Mg,Si, ALCuMg, Mg(Al,Cu,Zn), and
MgZn, is higher than that of Al matrix, being anodes
dissolved preferentially [17,25]. The area fraction of
bright white particles (AlLCuMg, Al,CuFe and
Mg(ALCu,Zn),) is decreased with increasing Si content
(Table 1), but their sizes are similar in three 7050-T7651
aluminum alloys (Fig. 2), which implies that the spacing
in bright white particles is enlarged. It has been reported
that the second phases presenting discrete distributions
are responsible for enhancing the SCC resistance
[12,20,26]. Although the content of Mg,Si is increased
with the Si content, it becomes coarser and distributes
much more discrete, which has a little impact on
increasing the stress corrosion cracking susceptibility.
However, the decreasing content of bright white particles
and the enlargement in the spacing between them reduce
the stress corrosion cracking susceptibility evidently.

5 Conclusions

1) With Si content increasing from 0.094% to
0.261%, the area fraction of Mg,Si increases from 0.16%
to 1.48% and the size becomes coarser, while the area
fractions of the other coarse phases including Al,CuMg,
Al,CuyFe and Mg(AlLCu,Zn), decrease from 2.42% to
0.78% and the size is also reduced in 7050-T7651
aluminum alloys.

2) Electrical conductivity increases with Si content
increasing from 0.094% to 0.261%, which is attributed to
the reducing of the concentration of Mg atoms dissolved
in Al matrix and the decreasing content of other Mg-rich
phases.

3) The increase of size and content of coarse Mg,Si
with Si content increasing from 0.094% to 0.261%

reduce the tensile strength and elongation by SSRT in air
for 7050-T7651 aluminum alloys. However, the stress
corrosion cracking susceptibility is reduced by increasing
Si content due to the decreasing content of the other
coarse phases and the enlargement in the spacing
between them.
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