JMEPEG (2014) 23:3842-3848
DOL: 10.1007/s11665-014-1186-2

and Corrosive Behaviors of Spray-Formed 7075 Alloy

Effect of Aging Treatments on the Mechanical

Rui-ming Su, Ying-dong Qu, and Rong-de Li

(Submitted September 2, 2013; in revised form July 16, 2014, published online August 14, 2014)

Mechanical properties, microstructure, exfoliation corrosion (EXCO), and intergranular corrosion (IGC)
behaviors of the spray-formed 7075 aluminum alloy after T6, T73, retrogression (R), and re-aging (RRA)
treatment, respectively, were studied by using tensile tester, transmission electron microscope, and scanning
electron microscope. The results show that the T6 process can increase the ultimate tensile strength (UTS)
up to 760 MPa, while it decreases the elongation, the EXCO, and the IGC resistance of the alloy. The T73
process can improve elongation, the EXCO, and the IGC resistance of the alloy. The corrosion resistance of
the alloy can also be improved by R and RRA processes with retrogression times increase. The tiny
precipitated phases distributed homogeneously in the matrix can increase the UTS. The close-connected
discrete grain boundary phases (GBP) and the narrow precipitate free zones (PFZ) will lower the elon-
gation, the EXCO, and the IGC resistance of the alloy. Contrarily, the discrete GBP and wide PFZ can
improve the elongation, the EXCO, and the IGC resistance of the alloy. The EXCO and the IGC behaviors
for the spray-formed 7075 alloy after different aging treatments have been established according to the
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standards of ASTM G34-2001 (2007) and ASTM G110-1992 (2009).

Keywords 7075 aluminum alloy, exfoliation corrosion, intergran-
ular corrosion, retrogression and re-aging, spray

forming

1. Introduction

The 7075 (Al-Zn-Mg-Cu) alloy has been widely used in the
aerospace industry due to its desirable mechanical properties
(Ref 1) with the general acceptable tensile strengths between
510 and 530 MPa (Ref 2, 3). In order to further improve the
mechanical properties, the spray-formed method is used and the
strength over 730 MPa (Ref 4-6) was obtained for 7075 alloy.

However, local corrosion, including pitting corrosion,
crevice corrosion, intergranular corrosion (IGC), exfoliation
corrosion (EXCO), etc., usually occurs for 7xxx series
aluminum alloys. Especially, EXCO and IGC are obviously
harmful, which will result in the strength and plasticity of the
material to decrease significantly (Ref 7). Therefore, the
corrosion mechanism investigations are very important for
improving the corrosive properties of the alloy. The widely
acceptable mechanism for the EXCO was suggested by Kelly
and Robinson (Ref 8-11). The Reboul’s theory (Ref 12) also
explained the EXCO phenomena. Furthermore, the mechanism
for the IGC has now become a hot topic for scientists and three
important theories were suggested (Ref 13-17).
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The effect of heat treatment on the properties of the EXCO
and the IGC for 7xxx series aluminum alloy prepared by using
traditional casting process was also reported (Ref 18-22).
However, few papers involved in the EXCO and the IGC
resistance for spray-formed alloy were reported even if they
involved the effect of aging treatment on the mechanical
properties for spray-formed alloy (Ref 23-30). It has been
shown that the RRA process can improve corrosion resistance
to levels approaching those of the T73 condition. Therefore, the
studies of the RRA treatment on the microstructure and
corrosion resistance for spray-formed 7075 alloy were sponta-
neously chosen as a subject to investigate. So this paper is
studied on the effect of RRA treatment on microstructure,
intergranular, and EXCO behavior of spray-formed 7075 alloy.
The results were discussed and compared with those obtained
by T6 and T73 treatments.

2. Experimental

The 7075 aluminum alloy with alloying elements of
5.48 wt.% Zn, 2.21 wt.% Mg, 1.48 wt.% Cu, 0.189 wt.% Cr,
0.371 wt.% Fe, and 0.121 wt.% Si was sprayed with atomiza-
tion gas of nitrogen (N;), spray distance of 370-380 mm,
substrate eccentricity of 60-65 mm, conduit bore of 3.6 mm,
incidence angle of 37-39°, spray temperature of 770-780 °C,
crucible temperature of 735-745 °C, horizontal velocity of
0.15 mm/s, and vertical velocity of 0.18 mm/s. Then resulting
bar was extruded at temperature of 400 °C, ratios of 30:1 and
feeding rate of 1.5 mmy/s.

The test samples were cut from the as-extruded bar for the
two-stage solid solution, i.e., 450 °C for 1 h and 475 °C for
2 h, respectively, after which the samples were water quenched
to room temperature. The details of aging treatments are listed
in Table 1.
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Table 1 Aging treatment conditions

Aging treatments Conditions
T6 120°Cx24 h
T73 120 °Cx 8 h + 160 °C x 16 h
R1 120 °C x 24 h + 200 °C x 5 min
R2 120 °C x 24 h + 200 °C x 10 min
R3 120 °C x 24 h + 200 °C x 15 min
RRALI 120 °C x 24 h + 200 °C x 5
min + 120 °C x 24 h
RRA2 120 °C x 24 h + 200 °C x 10
min + 120 °C x 24 h
RRA3 120 °C x 24 h + 200 °C x 15

min + 120 °C x24 h

According to the standard test method for EXCO suscep-
tibility in 2XXX and 7XXX series aluminum alloys (ASTM
G34-2001), the EXCO solution contains NaCl, KNO;, and
HNO; with concentration of 4.0, 0.5, and 0.1 mol/L, respec-
tively, in the distilled water. The temperature and time for the
specimens immersed in the solution are 2543 °C for 48 h,
respectively. The ratings for the EXCO were established
according to the standard photographs N (no appreciable
attack, surface can be disrobed, or superficially etched),
P (pitting; discrete pits, sometimes with a tendency for
undercutting and slight lifting of metal at the pit edges), and
EA to ED (exfoliation; EA to ED represent the EXCO
becoming more and more seriously).

The standard of ASTM G110-1992 (2009) is referred to
evaluate the IGC resistance of heat treatable aluminum alloys
by immersion in a solution with 57 g of sodium chloride and
10 mL of hydrogen peroxide, respectively, in a 1 L distilled
water. The specimen in the solution was maintained for 6 h at
temperature of 30£3 °C. The un-etched polished surfaces
were examined by S-3400N scanning electron microscope
(SEM) made by Hitachi with 500 magnifications.

The microstructures for the samples after different aging
treatments were observed by JEM-2100 transmission electron
microscope (TEM) of JEOL. The tensile samples conformed to
ISO 6892-1:2009 with gage length of 25 mm and diameter of
5 mm were tested by using an MTS universal tensile tester with
10~* s7! of strain rate.

3. Results and Discussion

3.1 Exfoliation Gorrosion

Figure 1 shows the EXCO morphologies of spray-formed
7075 alloy under different aging treatments. It can be seen form
Fig. 1(a) that the corrosive caused much great penetration depth
for the sample after T6 treatment. According to ASTM G34-
2001 (2007), the EXCO rating of the alloy after T6 treatment is
ED. However, only discrete pits appear on the surface for the
sample after T73 treatment as indicated in Fig. 1(b) and the
EXCO rating is P. For the sample after 200 °C retrogression for
5 min (R1), the corrosive penetrates to a considerable depth
into the sample, as shown in Fig. 1(c), and the EXCO rating is
attributed to EC. When the retrogression time is extended to
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10 min (R2), the sample surface emerges notable layering and
penetration as shown in Fig. 1(d), and the EXCO rating is EB.
Furthermore, the retrogression time is extended to 15 min (R3),
many tiny blisters appear on surface of sample as indicated in
Fig. 1(e), and the EXCO rating is EA. Figure 1(f) shows the
surface with notable layering and blisters for the sample after
RRAI1 treatment and the EXCO rating is EB. From Fig. 1(g), it
can be found that thin slivers and flakes with slight separation
appear on the surface for the sample after RRA?2 treatment, and
the EXCO rating is EA. For the RRA3-treated sample, many
discrete pits with a tendency of protruding at the pit edges can
be observed on the surface as shown in Fig. 1(h), and the
EXCO rating is P. Therefore it can be seen that the RRA
treatment can improve EXCO resistance of the samples with
time increases.

3.2 Intergranular Corrosion

Figure 2 shows the cross-sections for the samples after
different aging treatments to reveal the IGC resistance of spray-
formed 7075 alloy. For the T6 treatment sample, the surface is
rough and uneven as shown in Fig. 2(a), which indicates that
the corrosive has penetrated to a great distance of about
131.4 pm into the alloy and the IGC is serious in such case. It
can be seen from Fig. 2(b) that only discrete pits appear on
surface of the sample and the IGC depth is about 2.0 um.
Therefore, the alloy presents a favorable IGC resistance after
T73 treatment. For the samples underwent retrogression
treatment (R1-R3), the IGC depths are decreased with the
retrogression time increases, as indicated in Fig. 2(c)-(e).
Figure 2(c) shows the sample underwent 200 °C retrogression
for 5 min (R1), the IGC is serious and the IGC depth is
96.8 um. When the retrogression time increases to 10 min
(R2), the pits become shallow and the IGC depth is 52.6 um as
shown in Fig. 2(d), which indicates that retrogression time can
alleviate the IGC depth. From Fig. 2(e), it can be found that the
IGC depth is only 35.6 um. Therefore, IGC resistance is
substantially improved after retrogression for 15 min (R3).

The RRA treatment can further improve the IGC resistance.
Figure 2(f) shows some pits on surface of sample after RRA1
treatment. The corrosive can infiltrated into the matrix under
the help of some pits and the IGC depth reaches 28.8 pm. It can
be found from Fig. 2(g) that the pits on surface of sample
decrease and become shallow after RRA2 treatment, and the
IGC depth is reduced to 16.8 pum. However, the IGC depth is
further reduced to 5.2 um for the sample underwent RRA3
treatment, and only sporadic pits on surface are observed as
indicated in Fig. 2(h). Comparison to T6 treatment, corrosion
stability of alloy is observably enhanced for the alloy after RRA
treatment, and comparable to those after T73 treatment.
According to our experiments, the EXCO and the IGC for
the spray-formed 7075 alloy after various aging treatments can
be established by referring ASTM G34-2001 (2007) and
ASTM G110-1992 (2009), which are shown in Table 2,
including the mechanical properties of the alloy.

3.3 Mechanical Properties

The typical tensile stress-strain curves of samples after T6,
T73, and RRA2 treatments are given in Fig. 3. The ultimate
tensile strength (UTS), the yield strength (YS), and elongation
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Fig. 1 Exfoliation corrosion morphologies of spray forming 7075 alloy after various aging treatments: (a) T6, (b) T73, (c) R1, (d) R2, (e) R3,

(f) RRAL, (g) RRA2, and (h) RRA3

are listed in Table 2. The UTS and the elongation are 760 MPa
and 4.8%, respectively, for the samples underwent T6 treat-
ment. The UTS is reduced to 676 MPa and the elongation
increases to 8.4% for the T73 treatment samples. The
retrogression is the most important intermediate stage of the
RRA process, which can increase the elongation of the alloy.

3844—Volume 23(11) November 2014

Therefore, the elongations for all the samples treated by
retrogressions are higher, while the UTSs are usually lower
than those of RRA process. RRA treatments can further
improve the UTSs of tested samples. We can find that the UTS
(758 MPa) and the elongation (8.6%) for RRA2-treated sample
are close to that for T73-treated sample.
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156.0kV 10.6mm x500 SE 5/21/2013 13:13

156.0kV 10.2mm x500 SE 5/21/2013 14:16 100um

(©)

15.0kV 10.5mm x500 SE 5/21/2013 14:05 100um

(2)

156.0kV 11.0mm x500 SE 5/21/2013 100um

(b)

15.0kV 11.9mm x500 SE 5/21/2013 13:40

15.0kV 12.0mm x500 SE 5/21/2013 13:50 100um

15.0kV 13.0mm x500 SE 5/2 314:2 100um

Fig. 2 SEM images of intergranular corrosion of spray forming 7075 alloy after various aging treatments: (a) T6, (b) T73, (c) R1, (d) R2, (e)

R3, (f) RRAL, (g) RRA2, and (h) RRA3

3.4 Microstructure

The usual precipitation sequence of 7xxx series aluminum
alloys can be summarized as super-saturated solid solution
(SSSS) — GP zones — metastable n° — stable 1 (Ref 1).
GP zones are metastable, coherent solute clusters of Zn, Mg,
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and Cu. The metastable " phases, Al, Cu, and Mg components
based on a solid solution of MgZn,, Mg(ZnCuAl),, or
Mg(Zn,,AIMg) appear as discrete platelet particles that are
semi-coherent with the matrix, which is known to populate
within the grains, and 7 is pseudostable, non-coherent of the
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Table 2 Properties of spray-formed 7075 alloy after various aging treatments

Elongation, %

IGC depth, pm EXCO rating

4.8 131.4 ED
8.4 2.0 P
10.0 96.8 EC
10.4 52.6 EB
10.6 35.6 EA
6.4 28.8 EB
8.6 16.8 EA
9.0 52 P

Treatments UTS, MPa YS, MPa
T6 760 719
T73 676 621
R1 630 583
R2 613 570
R3 618 577
RRAIL 735 699
RRA2 758 711
RRA3 723 674
800
T6 RRA2
600 - T73
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Fig. 3 Stress-strain curve of tensile samples after T6, T73, and
RRA2 treatments

same phase appearing as rods or plates, which is known to
populate the grain boundary.

Figure 4 shows the TEM images of spray-formed 7075 alloy
after various aging treatments. From Fig. 4(a), it can be seen
that abundant matrix precipitates (MPt) are thin, isolated, and
dispersed for T6 sample. Sizes of these phases are 1-2 nm. At
grain boundaries, grain boundary precipitates (GBP) are
discrete and close-connected. The precipitate free zones
(PFZ) are about 5 nm. From Fig. 4(b), it can be found that
the MPt for T73 sample are bigger and more agminate than
those for T6 sample. The volume fractions of the MPt are
decreased and sizes are increased to 3-5 nm. At grain
boundaries, the GBP become discrete and the PFZ is increased
to 25 nm. The tensile strengths of the alloy are immediately
influenced by the sizes and the volume fractions of the MPt.
The tensile strength up to 760 MPa is obtained for the T6
sample due to abundant tiny precipitates formation in the
matrix. While tensile strength is only 676 MPa for T73 sample
due to the growing up of the MPt as well as its volume fractions
decrease. Because the GBP are preferentially dissolved as
anodes, the galvanic corrosion usually occurs in the aluminum
matrix and the continuous GBP, which increases the EXCO and
the IGC susceptibility of the alloy treated by T6 process.
However, the discrete GBP appeared in T73 sample can
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obstacle to the galvanic corrosion and improve corrosion
resistance of the alloy.

Figure 4(c)-(e) shows the TEM images of alloy subjected to
200 °C retrogression treatment for 5 min (R1), 10 min (R2),
and 15 min (R3), respectively. It can be found that the volume
fractions of the strengthening MPt in matrix are decreased and
much bigger MPt can be observed for the retrogression
samples. At the initial stage of retrogression treatment (R1),
lots of the MPt smaller than critical size are dissolved, while a
few of the MPt bigger than critical size are grew up and
transformed to stable m phases, as shown in Fig. 4(c).
Therefore, we can understand the reason why the strength is
decreased abruptly for the R1 sample. During R2 retrogression
treatment, most of the MPt are dissolved in the matrix, as
shown in Fig. 4(d), the strength of the alloy is decreased to the
minimum value. Subsequently, the precipitates with dispersive
distribution in the matrix can increase the strength of the alloy
gradually, which is shown in Fig. 4(e). The volume fractions of
the precipitated phases in the matrix are obviously increased for
the R3 sample. Such a phenomenon is obviously different from
the 7xxx series aluminum alloys prepared by traditional casting
process. It can be deduced that the MPt will be coarsened and
transformed into stable phase as retrogression time increases.
Therefore, the precipitated phases on grain boundaries are
separated from each other, which is beneficial in improving
corrosion resistance of the alloy.

For the RRA samples shown in Fig. 4(f)-(h), the tiny
particles with homogeneous distribution are precipitated again
in the grains. That is the reason why the strength of the alloy is
increased again. The GBP on grain boundaries become thick
and discontinuous with the retrogression time, i.e., the GBP are
obviously coarsened and discrete distributed. Those discrete
GBP, similar to those formed in T73 sample, can prevent the
formation the galvanic corrosion and increase the strength of
the alloy. Therefore, the RRA treatments can endow both high
strength and favorable corrosion resistance for the alloy.
According to the results obtained in our experiment, a wide
PFZ can improve plasticity and corrosion resistance of the alloy,
which is also supported by Jiang’s experiment (Ref 31, 32).
However, it should be noticed that the opinions about effect
of PFZ on these properties are sill needed to be consistent.
The Cu concentration on the corrosion resistance (Ref 33-36)
after RRA and T73 treatment for Cu-containing 7075 alloy is
also a reason of the favorable corrosion resistance of the
alloy.
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Fig. 4 TEM images of spray forming 7075 alloy after various aging treatments: (a) T6, (b) T73, (c) R1, (d) R2, (e) R3, (f) RRAI, (g) RRA2,

and (h) RRA3

4. Conclusions

The EXCO and the IGC behaviors for the spray-formed
7075 alloy after different aging treatments have been estab-
lished according to the standards of ASTM G34-2001 (2007)
and ASTM G110-1992 (2009).

For T6 process, the UTS up to 760 MPa is obtained because
the tiny MPt are homogeneously distributed in the matrix.
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While the close-connected discrete GBP and the narrow PFZ
cause a lower elongation and the inferior EXCO and IGC
susceptibility of the alloy.

For T73 process, the discrete GBP and wide PFZ
can improve the elongation, the EXCO, and the IGC resistance
of the alloy. However, the UTS of the alloy is reduced to
676 MPa due to the decrease of the volume fractions of the
precipitates.
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For retrogressing process, the MPt smaller than the critical
size are dissolved, while for those of the MPt bigger than
critical size will be grew up and transformed into stable phases.
The corrosion resistance of the alloy can be improved with
retrogression time increases.

For RRA process, the UTS up to 758 MPa is obtained
because the tiny MPt are homogeneously distributed in the
matrix, which is comparable to those by T6 treatment. The
elongation, the EXCO rating, and the IGC depth are 8.4%, EA,
and 16.8 pm, respectively, which is comparable to those
obtained in T73 process.
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