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Abstract: The exfoliation corrosion (EFC) behavior of 7050-T6 aluminum alloy treated with various quench transfer time after
solution heat treatment was investigated by standard EFC immersion tests, strength loss measurements after EFC tests and
electrochemical impedance spectroscope (EIS) technique. The results showed that EFC resistance of the alloy decreased with
increasing quench transfer time. Backscattered electron scanning electron microscope (SEM) together with transmission electron
microscope (TEM) observations revealed that the coverage ratio and microstructure of precipitates at grain boundary area are the
most important factors which influence the EFC susceptibility of the alloy, while precipitate-free zone (PFZ) near grain boundary has
no or only a minor effect on it. In addition, galvanostatic measurements of the alloy present a good correlation between EFC
resistance and transients in potential. The cumulated number of transients in potential can be used to evaluate EFC resistance of the

alloy.
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1 Introduction

7xxx series aluminum alloys have been widely used
as structural materials in the modern aviation industry
because of their high strength and low density [1,2].
However, these alloys in some tempers are sensitive to
localized corrosion such as pitting, intergranular
corrosion (IGC), exfoliation corrosion (EFC) and stress
corrosion cracking (SCC) [3]. To increase the corrosion
resistance, grain structure including grain-boundary
precipitates (GBPs) or grain-boundary segregation
should be modified. For example, the corrosion
resistance of the 7xxx series aluminum alloys can be
improved by over-aging (T7) treatment [4,5] or
retrogression and re-aging (RRA) treatment [6,7], owing
to GBPs coarsening and discontinuous distribution.

Quenching is the most critical step in the sequence
of heat-treating  operations, inadequate
quenching often results in drop in the mechanical
properties and intergranular corrosion resistance after
aging [8]. During slow rate quenching, some type of
precipitation will occur necessarily on the grain
boundaries and can promote the growth of GBPs in the

because

following aging process. As a result, the GBPs of the
slowly quenched alloys become coarse and
discontinuous. Slow quenching, therefore, should
improve the IGC resistances of the alloys according to
the above introduction. However, this is in contrast to the
general opinion that slow quenching is detrimental to
IGC resistance of the 7xxx series aluminum alloys [8].
To solve this question, the effect of quenching process on
the microstructure and corrosion resistance of the 7xxx
series aluminum alloys needs to be studied further.

Quench transfer time, namely delay during
quenching, is an important quenching parameter in
industrial production. YOU et al [9] studied the influence
of quench transfer time on the mechanical properties of
the 7055 alloy. They found that the size and distance of
the precipitates on the grain boundary increased with
prolonging transfer time, and the strength and elongation
decreased slowly with the transfer time increasing within
20 s. In order to obtain a good combination of high
strength and low susceptibility to corrosion, the effect of
quench transfer time on the properties of 7xxx series
aluminum alloys should be evaluated by its corrosion
resistance.

Exfoliation corrosion is deteriorating significantly

Foundation item: Project (2012CB619502) supported by the National Basic Research Program of China
Corresponding author: Xin-ming ZHANG; Tel: +86-731-88830265; E-mail: xmzhang@csu.edu.cn

DOI: 10.1016/S1003-6326(14)63342-2



Feng-xuan SONG, et al/Trans. Nonferrous Met. Soc. China 24(2014) 2258—2265 2259

to the serve life and safety of 7xxx series aluminum
alloys. It happens usually on the plates presenting
elongated grains and lifts out the material’s surface. In
this work, the effects of various quench transfer time on
the microstructural evolution and exfoliation corrosion
behavior in the 7050-T6 aluminum alloy have been
investigated. The use of complementary techniques
(galvanostatic  polarization  and  electrochemical
impedance spectroscopes, scanning and transmission
electron microscopes) enables to better understand the
relationship between the corrosion behavior and
microstructure of the alloys. In addition, the
galvanostatic measurement technique enables to relate
the EFC resistance to the current and potential transients
of the electrochemical measurements.

2 Experimental

2.1 Specimen preparation

The material tested was a hot rolled plate of 7050
aluminum alloy with a thickness of 80 mm, whose
composition is 6.06% Zn, 2.20% Mg, 2.12% Cu, 0.11%
Zr, 0.08% Fe, 0.04% Si, and balance Al (mass fraction).
Samples with a thickness of 2.5 mm were cut from an
area near the S/4 (S is the plate thickness) of the plate.
Solution treatment was carried out in a salt bath at 473
°C for 1 h. All samples were then taken out from the salt
bath, and held for different period in air followed by
room temperature water quench. The resident time in air
was 2, 16, 45, 120 and 240 s, respectively. Timing was
from the emergence of the first corner of a specimen
from the salt bath until immersion of the last corner of a
specimen in the water quench tank. Aging treatments for
as-quenched samples were immediately carried out at
121 °C for 24 h (T6).

2.2 Microstructure examination

The morphology of the precipitates near grain
boundary in the alloys treated with different quench
transfer time was examined on Sirion 200 scanning
electron microscope (SEM). The morphology and
composition analysis of GBPs were studied by FEI
TecnaiG® 20 transmission electron microscope (TEM)
together with EDS, operated at 200 kV. Thin foils for
TEM observation were made by twin-jet electropolishing,
using a mixture solution of 20% nitric acid (14 mol/L)
and 80% methanol (0.791-0.793 g/cm’) cooled to —35
°C with liquid nitrogen and at 15 V. The size and
distribution of GBPs in the typical TEM micrographs
were analyzed using imagine pro-plus software. The
longest diameter was used as a measure of the size of the
plate-shaped particles. For EDS analysis of GBPs, each
data point was the arithmetic mean of at least 10
measured GBPs at 3 different grain boundaries. Since
each EDS analysis involves Al element, and its content is

approximately identical, the measurement for Cu and Zn
content is little affected by the Al content in the matrix
[10].

2.3 Corrosion behavior testing

The accelerated exfoliation corrosion (EXCO) test
and classification were performed according to the
standard EXCO test as described in ASTM G34-01 [11].
The test solution was 4.0 mol/L NaCl + 0.5 mol/L KNO;
+ 0.1 mol/L HNOs;, and the solution temperature was
maintained at 25 °C. The strength loss percentage after
EFC tests was obtained by measuring the tensile property
of the un-corroded specimens and specimens suffering
from EFC, respectively. The ambient temperature tensile
property tests were carried out on CSS-44100 electronic
universal testing machine at a tensile velocity of
2 mm/min. The fractured surfaces were characterized by
SEM.

Electrochemical impedance spectroscopy (EIS) tests
were carried out at the open-circuit potential in the
frequency ranging from 0.01 Hz to 100 KHz, using a
5 mV AC signal. A standard three-electrode system,
consisting of a saturated calomel electrode as reference
electrode, a Pt foil as counter electrode, and the alloy
being studied as the working electrode, was connected to
CHI 660C Electrochemical Workstation, a product of
Shanghai Huachen Instruments Ltd. (Songhua River
Road 251 Magnolia Green Square, Shanghai, China).
Galvanostatic measurements were tested in a solution of
1 mol/L NaCl + 0.25 mol/L NaNQO;, supplemented by
0.033 mol/L AIC; in order to buffer the variation of AI**
cations and to hold the pH stable at 3.2, using a 2.5 mA
current (Ig) [12].

3 Results and discussion

3.1 Microstructures

The SEM images showing precipitates near the
grain boundaries in the 7150-T6 alloys treated with
different quench transfer time are shown in Fig. 1. It is
noticeable that the grain boundary coverage ratio by the
precipitates increases with prolonging quench transfer
time. For the quick quench sample, only some large
bright particles can be clearly seen (Fig. 1(a)). These are
mainly the remnant S-Al,CuMg phase which has not
been completely dissolved into the Al matrix during
solution heat treatment. With increasing quench transfer
time to 45 s, a large number of GBPs with their length
less than 10 um and a large grain structure can be clearly
observed (Fig. 1(b)). This suggests that some second
phases precipitate on high-angle grain boundaries during
transferring to quench, which bring out the recrystallized
grain shapes. When prolonging transfer time to 120 s,
both the amount and size of GBPs increase remarkably,
indicating a higher grain boundary coverage ratio by the
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Fig. 1 Backscattered electron SEM images showing grain and
sub-grain boundary precipitates in 7050-T6 alloys treated with
different transfer time: (a) 2 s; (b) 45 s; (c) 120 s

precipitates compared with the other two conditions
(Fig. 1(c)). Specially, a finer grain structure can be seen
in Fig. 1(c), owing to more precipitates on sub-grain
boundaries. Therefore, it can be inferred that the
precipitation temperature range of GBPs during
quenching is different on grain boundaries and sub-grain
boundaries, which is in line with conclusions of
GODARD et al [13].

Figure 2 shows the typical microstructures of
7150-T6 alloy treated with different transfer time by
TEM observations. For the sample with transfer time of

2 s, the fine dispersed precipitates with high density can
be observed in the matrix (Fig. 2(b)), while GBPs
distribute uniformly along the grain boundaries with
narrow precipitate free zone (PFZ) (Fig. 2(a)). In
addition, it can be seen in Fig. 2(b) that the strengthening
particles within the grains are mainly metastable 7'
(MgZn,) particles. When prolonging transfer time to 45 s,
some coarser precipitates mainly equilibrium-state #
(MgZn,) particles can be seen (Fig. 2(d)), whereas the
size of GBPs and the width of PFZ become larger
(Fig. 2(c)). When the transfer time increased to 120 s, the
size of GBPs and the width of PFZ are significantly
increased (Fig. 2(e)), while a large number of coarser #
phase particles precipitate within the grains, even a
considerable number of # phase particles appear on Al;Zr
particles because of the core of heterogeneous nucleation
(Fig. 2(f)).

The copper content, the size of GBPs, and the width
of PFZ in 7050-T6 alloy treated with different transfer
time are listed in Table 1. Obviously, the GBPs coarsen
and the PFZ becomes wider with the quench transfer
time prolonging. The composition of GBPs, however,
increases slightly. This relates to the decrease of vacancy
and dislocation content in solid solution, which reduces
the drive force for alloying elements to diffuse [14].
During transferring, the temperature of the as-solution-
treated alloys decreases rapidly, leading to the
preferential precipitation of # phase on grain boundaries
and dislocations where are highly active [8]. These 7
phases can act as heterogeneous nucleation sites in the
following aging heat treatment. As a result, the size and
space of GBPs and the PFZ width all become larger with
transfer time prolonging. Note that, the copper content of
GBPs increased slightly when transfer time was
prolonged. The reason may be that slow quenching can
maintain a relatively high material temperature for
several minutes (within 4 min for a sheet of 2.5 mm in
thickness), although the material temperature reduces
continuously during transferring. This is beneficial for
copper element to diffuse into the precipitates near grain
boundaries. Actually, we have no solid proof to support
this hypothesis and it needs to research further in future.

3.2 Exfoliation corrosion evaluations

The EFC behaviors of 7050-T6 alloys treated with
various quench transfer time were firstly evaluated by
the standard EXCO tests in a more aggressive medium
according to ASTM G34-01, and the evolution of the
EXCO ratings with immersion time of the alloys is
shown in Fig. 3. It can be seen that EXCO resistance
decreased with quench transfer time prolonging, and the
EXCO rating after 48 h immersion degraded from EC in
the immediate quenching condition (transfer time <2 s)
to ED in the air cooling condition (transfer time >240 s).
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Fig. 2 TEM images of 7050-T6 alloys treated with different transfer time: (a, b) 2's; (c, d) 45 s; (e, f) 120 s

Table 1 Summary of data showing grain-boundary precipitates size, copper content, and precipitate-free zone width in 7050 alloy
treated for different transfer time

Transfer time/s GBP size/nm PFZ width/nm Zn content in GBP/% Cu content in GBP/%
45 70+ 10 60+ 10 3.8+0.1 23+0.2
120 180 £ 20 190 £ 15 34+0.5 3.7+0.1

240 195+10 200+ 15 32+0.1 4.1+0.1
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For the sample with 16 s transfer time, the EXCO rating
after 48 h immersion had almost no change compared
with the fast quenched alloys at least by visual evaluation
based on corrosion morphologies. Similarly, it is difficult
to determine the corrosion difference between the alloys
treated with 120 and 240 s transfer time, both which
developed a more bad EXCO rating characterizing a
severe lift-out of alloy surfaces (ED). Although it is
difficult to determine the corrosion difference among all
the samples by EXCO rating evaluation, it can still be
inferred that the transfer time should be confined in 16 s
in order to avoid an apparent degradation of the EFC
resistance in this alloy based on the evolution of the
EXCO ratings in Fig. 3.
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Fig. 3 Evolution of EXCO rating as function of immersion time
for 7050-T6 alloys treated with different transfer time
according to ASTM G34-01

In order to give quantitative support to morphology
descriptions and better presentation about the EFC
susceptibilities, yield strength and its loss after EFC of
the 7050-T6 alloys were measured, and the results are
shown in Fig. 4. Obviously, both the yield strength and
its loss decreased with the transfer time prolonging. The
strong relationship between the strength loss and quench
transfer time demonstrates that the EFC susceptibility
increases with prolonging quench transfer time. This is
consistent with the coverage ratio of GBPs as referred to
above. It is therefore reasonable to conclude that the high
EFC susceptibility of the slowly quenched alloys is
exactly attributable to the coverage ratio of GBPs (herein
n phase). In addition, PFZ has no influence on the
corrosion resistance of the alloys or plays a minor role on
it, because the PFZ width has grown to an enough large
size to act as a separate integrity according to Ref. [15].
But the yield strength loss after EFC of 240 s transfer
time sample almost did not decrease compared with that
of the 120 s transfer time sample. Indeed, the increase of
copper content in the sample treated with 240 s transfer

time will improve the corrosion resistance of it, but the
change is so little that its effect can be neglected here. On
the other hand, the copper content, neighbor space and
coverage ratio at grain boundaries of GBPs are the most
important factors influencing the corrosion resistance of
the 7050-T6 alloy.
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Fig. 4 Yield strength and strength loss after EFC tests of

7050-T6 alloys treated with different transfer time

Figure 5 gives the typical fracture surfaces of the
samples with different quench transfer time after EFC
attack. The fractured surface of the sample with transfer
time of 2 s exhibits mostly transgranular failure,
characterized by dimples. In contrast, the fractured
surface of the sample with transfer time of 120 s is
dominated by intergranular fracture, and some large
cracks and cleavage facets can be observed on the
fractured surface. The fracture mode of the sample with
transfer time of 45 s is a multiple fracture. The fractured
surface of this sample indicates a prevailing of
transgranular fracture and there are some regions where
some small dimples are also observed on the fractured
surface. These observations can provide further evidence
for EFC resistance decreasing with the increase of
quench transfer time.

3.3 Electrochemical tests

Figure 6 shows EIS curves of the 7050-T6 alloys
treated for different quench transfer time. Nyquist plots
in all conditions consist of a high-frequency capacitance
arc and a low-frequency induce arc. The radius of
capacitance arc decreased with quench transfer time
prolonging. This is an indicator of a process under
activation control and attacks appearing on the surface of
the electrode [16]. The meaning of the inductance,
however, is not clear now. To compare the corrosion
behavior for different conditions, EIS parameters were
obtained by the ZView software and are listed in Table 2.
The results show that the solution resistance (R;) values
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Fig. 5 Fracture surfaces after EFC tests of 7050-T6 alloys treated with different transfer time: (a, b) 2 s; (¢, d) 45 s; (e, f) 120's
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Fig. 6 Typical Nyquist plots in 3.5% NaCl solution for 7050-T6 alloys treated with different quench transfer time (a) and

corresponding equivalent circuit (b)
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Table 2 Electrochemical parameters obtained by fitting
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analysis of Nyquist plots in Fig. 6

Transfer time/s RJ/(Q-cm?) Rp/(Q-cmz) RJ/(Q-cm?)
2 2.681 1786 2210
45 2.171 606.7 1676
120 3.744 628.9 740
240 3.825 630.1 733
Transfer time/s CPE-T/(F-cm ?) n L/(H-cm?)
2 4.155%x107° 0.8391 5374
45 3.225x10°* 0.6012 3740
120 1.421x107* 0.7749 3107
240 1.496x107* 0.7451 3479

of the alloys vary negligibly, while the polarization
resistance (R,) and charge transfer resistance (R;) values
vary more significantly with prolonging the quench
transfer time. The value of R; is inversely proportional to
the value of corrosion current density (J) in all
instances [17]. Therefore, the corrosion resistance of the
alloys decreased with prolonging quench transfer time
because of the increase of R; values, which is consistent
with the yield strength loss. In the equivalent circuit
(Fig. 6(b)), capacitance was mathematically modeled
using a constant phase element (CPE) in order to obtain a
better simulation between the
experimental data. CPE represents an imperfect/leaking

model and the

capacitor, and means an ideal capacitance, a resistance
and a Warburg impedance when »n=1, 0, and -1,
respectively [18]. In addition, the value of inductance
decreased with prolonging transfer time, and were
proportional to the corrosion resistance of the alloys.
Galvanostatic measurements can be used to more
accurately evaluate the EFC difference of differently
heat-treated alloys according to the work by MARLAUD
et al [12,19]. The evolution of potential fluctuations with
immersion time in a solution of 1 mol/L NaCl + 0.25
mol/L NaNOj; and the variation of cumulated number of
transients in 12 h of galvanostatic test of the 7050-T6
alloys as a function of quench transfer time are shown in
Figs. 7 and 8, respectively. For the samples treated with
240 s quench transfer time, a large number of potential
fluctuations were recorded, typically characterized by a
sharp drop in potential followed by a gradual return to a
steady state value. With the decrease of transfer time,
both the number and amplitude of potential fluctuations
reduced, implying a good relationship between the
potential transient and individual EFC event. To find out
some relations, a 2 mV threshold was used to detect the
cumulated number of transients in 12 h of galvanostatic
test for all the 7050-T6 alloys. Immediately, it is obvious
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Fig. 7 Evolution of potential with time during galvanostatic test
for 7050-T6 alloys treated with different quench transfer time
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Fig. 8 Variation of cumulated number of transients in 12 h of

galvanostatic test for 7050-T6 alloys with quench transfer time

to see that the cumulated number of transients increases
with prolonging quench transfer time, which is in good
agreement with the EFC susceptibility. It is very useful
to evaluate the EFC resistance of the alloys, especially
when the visual determination is difficult.

4 Conclusions

1) The EFC resistance of the 7050-T6 aluminum
alloy decreases with prolonging quench transfer time. In
order to maintain a high resistance to EFC, the transfer
time should be controlled within 16 s.

2) The coverage ratio and microstructure (including
size, the nearest neighbor space and chemical
composition) of GBPs are the most important factors
which influence the corrosion resistance of the alloys,
while PFZ has no or a minor influence on it.

3) The potential fluctuations during galvanostatic
tests are exactly related to some EFC events, and the
cumulated number of transients in potential can be used
to evaluate EFC resistance of the alloys.



Feng-xuan SONG, et al/Trans. Nonferrous Met

References

(1

(2]

131

(4]

(3]

(6]

(7]

(8]

(9]

(10]

REFEDIOS K H. Aluminium structures used in aerospace—Status
and prospects [J]. Material Science Forum, 1997, 242: 11-42.

CHEN Song-yi, CHEN Kang-hua, JIA Le, PENG Guo-sheng. Effect
of hot deformation conditions on grain structure and properties of
7085 aluminum alloy [J]. Transactions of Nonferrous Metals Society
of China, 2013, 23(2): 329-334.

LI Jin-feng, PENG Zhuo-wei, LI Chao-xing, JIA Zhi-qiang, CHEN
ZHENG Zi-qiao.

behaviors and microstructures of 7075 aluminium alloy with various

Wen-jing, Mechanical properties, corrosion
aging treatments [J]. Transactions of Nonferrous Metals Society of
China, 2008, 18(4): 755-762.

WILLIAMS J C, STARKE E A Jr. Progress in structural materials
for aerospace systems [J]. Acta Materialia, 2003, 51(19): 5775-5799.
WLOKA J, HACK T, VIRTANEN S. Influence of temper and
surface condition on the exfoliation behaviour of high strength
Al-Zn-Mg—Cu alloys [J]. 2007, 49(3):
1437-1449.

CINA B, GAN R. Reducing the susceptibility of alloys, particularly

Corrosion  Science,

aluminium alloys, to stress corrosion cracking: USA, 3856584 [P].
1974.

LI Guo-feng, ZHANG Xin-ming, LI Peng-hui, YOU Jiang-hai.
Effects of retrogression heating rate on microstructures and
mechanical properties of aluminum alloy 7050 [J]. Transactions of
Nonferrous Metals Society of China, 2010, 20(6): 935-941.

ASM International. ASM handbook: Heat treating [M]. Volume 4.
Metals Park, Ohio: American Society for Metals, 1991.

YOU Jiang-hai, LIU Sheng-dan, ZHANG Xin-ming, ZHANG
Xiao-yan. Influence of quench transfer time on microstructure and
mechanical properties of 7055 aluminum alloy [J]. Journal of Central
South University, 2008, 15(2): 153—158.

PENG G S, CHEN K H, CHEN S Y, FANG H C. Influence of
repetitious-RRA treatment on the strength and SCC resistance of

AR N FEFEAT B AR AY 7050-T6 255 & REE T

[11]

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

. Soc. China 24(2014) 22582265

2265

Al-Zn—Mg—Cu alloy [J]. Materials Science and Engineering A, 2011,
528(12): 4014-4018.

ASTM G34-01. Standard test method for exfoliation corrosion
susceptibility in 2xxx and 7xxx series aluminum alloys (EXCO test)
[S].

MARLAUD T, MALKI B, DESCHAMPS A, BAROUX B.
Electrochemical aspects of exfoliation corrosion of aluminium alloys:
The effects of heat treatment [J]. Corrosion Science, 2011, 53(4):
1394-1400.

GODARD D, ARCHAMBAULT P, AEBY-GAUTIER E,
LAPASSET G. Precipitation sequences during quenching of the AA
7010 alloy [J]. Acta Materialia, 2002, 50(9): 2319—2329.
THOMPSON D S, SUBRAMANYA B S, LEVY S A. Quench rate
effects in Al-Zn-Mg—Cu alloys [J]. Metallurgical Transactions, 1971,
2(4): 1149-1160.

RALSTON K, BIRBILIS N, WEYLAND M, HUTCHINSON C. The
effect of precipitate size on the yield strength-pitting corrosion
correlation in AI-Cu-Mg alloys [J]. Acta Materialia, 2010, 58(18):
5941-5948.

DENGY, YINZM, ZHAO K, DUAN J Q, HU J, HE Z B. Effects of
Sc and Zr microalloying additions and aging time at 120 °C on the
corrosion behaviour of an Al-Zn-Mg alloy [J]. Corrosion Science,
2012, 65: 288—298.

CAO Fa-he. Electrochemical study on the localized corrosion
behavior of high strength aircraft aluminum alloys [D]. Hangzhou:
Zhejiang University, 2005. (in Chinese)

LI Jin-feng, CHEN Wen-jing, ZHAO Xu-shan, REN Wen-da,
ZHENG Zi-qiao. Corrosion behavior of 2195 and 1420 Al-Li alloys
in neutral 3.5% NaCl solution under tensile stress [J]. Transactions of
Nonferrous Metals Society of China, 2006, 16(5): 1171-1177.
MARLAUD T, MALKI B, HENON C, DESCHAMPS A, BAROUX
B. Relationship between alloy composition, microstructure and
exfoliation corrosion in Al-Zn—-Mg—Cu alloys [J]. Corrosion Science,
2011, 53(10): 3139-3149.

1TH

KIS, RIOR, x\pEhe, % #F, TA%

RGOS MER2EE TR, Kb 410083

O RAIARIE R RIVE I TR kS 06« IV T Tl A i 145 58 4 R 00 DB LA 2 LTI A5 R, X R e
AN RERE I TR AL BRI 7050-T6 A FE i IRV SR thAT W BEATRIE ST, SRE, 7050-T6 5 S Iy otk
REREA VAL I ) AR AT Bl o 5 IO P F 0 DB S A B e 7, S & B AP RE PR i A 0
e S BT HH A2 5 AR AN AR RO SOV AL, T S BRI AR B2 5 DO AN = A 5 i el M 5 o St e 0 < kAT

LR EERE Y 82N
RALMEHH L RE -

B R B T RS S A HL A I A ARG R D AR, BT A kIR 2 P38 Al R iR

KEEIE: 7050-T76 i JoMG FRRM, WK pies:

(Edited by Sai-gian YUAN)



