—-— g

s Science

Available online at www.sciencedirect.com

"=, ScienceDirect

Transactions of
Nonferrous Metals
Society of China

ELSEVIER Press Trans. Nonferrous Met. Soc. China 26(2016) 2523-2531

WWWw.thmsc.cn

Grain boundary pre-precipitation and its contribution to
enhancement of corrosion resistance of Al-Zn—Mg alloy

Hui-zhong LI'**, San-cheng YAO', Xiao-peng LIANG"**, Yong-hui CHEN', Chao LIU', Lan HUANG®

1. School of Materials Science and Engineering, Central South University, Changsha 410083, China;
2. Key Laboratory of Nonferrous Metal Materials Science and Engineering, Ministry of Education,
Central South University, Changsha 410083, China;

3. State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China

Received 11 October 2015; accepted 8 April 2016

Abstract: High temperature pre-precipitation (HTPP) took place in 7005 alloy at various temperatures after solution treatment and
its influence on mechanical properties, corrosion behaviors and microstructure of the alloy was investigated using tensile test,
intergranular corrosion (IGC) test, slow strain rate testing (SSRT), together with microstructural examinations. It is found that
Vickers hardness of the aged alloy decreases gradually with decreasing the HTPP temperature, and almost a reverse trend of
electrical conductivity is found compared to the hardness changes. Depending on the changes, two HTPP temperatures of 440 and
420 °C were chosen for comparative study. Results reveal that HTPP alloy tempers exhibit higher resistance to stress corrosion
cracking (SCC) and IGC than none pre-precipitate one with an acceptable strength loss due to the substantial enhancement of
distribution discontinuity of the coarse grain boundary precipitates (GBPs), and the coarsening and interspacing effect on GBPs
becomes more obvious with decreasing the pre-precipitation temperature.
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1 Introduction

The heat treatable 7xxx series aluminum alloys have
been extensively developed and used as advanced
structural materials in military aircraft as well as
commercial transportation industry due to a good
combination of low density, high specific strength,
satisfactory ductility and resistance to fatigue [1]. These
alloys, unfortunately, are very vulnerable to stress
corrosion cracking (SCC) in aqueous salt solution
containing particularly the chlorine ions [2,3]. Besides,
other forms of localized corrosion also occur under
humid atmosphere and industrial waste gas, such as
intergranular corrosion (IGC).

Up to the present, efforts have been made through
heat treatments to overcome or reduce the SCC
susceptibility of high strength 7xxx series aluminum
alloys. It has been found that over-aged (T7x aging, with
a strength loss of 10%—15% compared with that of T6

temper) or complicated retrogression and re-aged (RRA,
without loss of strength) treatment can notably reduce
the susceptibility of these alloys to SCC [2,3-5].
Nevertheless, correlations between grain boundary
microstructures and SCC susceptibility for the over-aged
alloys have not been fully established. The proposed
mechanisms [6—8] to explain the beneficial effects of
over-aging on SCC resistance are still controversial and
none of these mechanisms can explain all the SCC
experimental results. RRA treatment, an aging schedule
which can optimize both strength and SCC resistance of
these alloys, is inappropriate for large-section
components owing to the request for a short
retrogression time. Apart from aging, solution and
quenching treatment is another important factor that has
great effect on microstructure, and thus on localized
corrosion behaviors. LIN et al [9] and OU et al [10]
indicated that step-quenching and aging can modify the
SCC resistance of 7050 alloy. CHEN et al [11] studied
the effect of quenching rate on microstructure and SCC
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of 7085 alloy, and it was found that the improved SCC
resistance is attributed to the relative high Cu content
and large interspace of grain boundary precipitates
(GBPs). HUANG et al [12,13] reported that high
temperature pre-precipitation (HTPP) treatment not only
keeps the high strength of 7A52 and 7055 alloy, but also
enhances the resistance to IGC and SCC. In general,
previous showed that
microchemistry about localized corrosions including
GBPs, matrix nearby and precipitate free zones (PFZ)
can be controlled by heat treatments to improve the
corrosion resistance [14—16].

7005 aluminum alloy has a long history, and it is
still widely used in rail transit industry. However, little
information is available in references about the effect of
HTPP treatment on mechanical properties, localized
corrosions and microstructure in mid-strength aluminum
alloy. In this work, an attempt has been made to study the
effect of HTPP treatment on mechanical properties,
localized corrosion behaviors and microstructure of a
mid-strength 7005 aluminum alloy, and the localized
corrosion process and mechanism were also briefly
analyzed.

works microstructure and

2 Experimental

Hot extruded 7005 alloy plate with a thickness of
8.0 mm was used for this study. Nominal chemical
composition of which is shown as follows: 4.15 Zn, 1.27
Mg, 0.017 Cu, 0.15 Fe, 0.14 Si, 0.29 Mn, 0.20 Cr, 0.10
Zr,0.035 Ti, 0.01 V (mass fraction, %) and balance Al. A
two-staged solution treatment was carried out, i.e., all the
specimens were held at 450 °C for 30 min and ramped
up to 470 °C for 30 min again and then ramped down to
a temperature of 460, 440, 420, 400, 380, 370 and
360 °C respectively for another 30 min before quenching
in water at room temperature followed by T6 artificial
aging at 120 °C for 42 h. During the pre-precipitation
process, temperature dropped at a controlled cooling rate
of 1 °C/min from 470 °C to 460, 440, 420, 400, 380, 370
and 360 °C, respectively. Specimen hardness and
conductivity measurements were used to monitor value
changes during pre-precipitation process and the values
reported here represented an average of at least 5
individual measurements. Accelerated IGC tests were
performed according to the test standard of GB/T 7998—
2005 [17], and the maximum depth of attack was
measured and defined as the IGC susceptibility.

Slow strain rate tests (SSRT) were carried out at an
initial strain rate of 1.0x10°® s" in dry air and in aqueous
3.5% NacCl solution (mass fraction) on a slow strain rate
tensile machine (LETRY WDML—-1) at room
temperature. The gauge portion of the SSRT specimen,
made from the longitudinal direction of the alloy plate,

having dimensions of 25 mm x 5 mm with a thickness of
3.0 mm was metallographically abraded and polished to
produce scratch-free smooth surface. Failed specimen
surfaces after SSRT were observed using a scanning
electron microscopy (Sirion200) operated at 15 kV.

The relative ductility loss, Iscc(d), is defined as the
SCC susceptibility [18],

1. (0)= (1—%jx100% )
where dy,. and J,;; are the elongations of the specimens in
test solution and in dry air, respectively.

All samples for TEM observations were taken from
sections perpendicular to the extruding direction and
electropolished in a solution of 30% HNO; in CH;0H at
about —25 °C and 16 V. The thin foils were examined by
a transmission electron microscope (Tecnai G* 20ST)
operated at 200 kV.

Electrochemical measurement was carried out using
a three-electrode cell, furnished with a saturated calomel
reference electrode (SCE) and a platinum sheet counter
electrode. The studied alloy with an exposed square
surface of 1 cm® acted as the working electrode.
Potentiodynamic polarization tests were carried out at the
applied potential, ranging from —0.2 to 0.2 V (vs OCP) in
aqueous 3.5% NaCl solution with a scan rate of 1.0 mV/s.
Cview program was used for data fitting of polarization
curves.

The polarization resistance, R, was calculated
according to the following equation [19]:

10 (;LJ @
R, b, 1|b.|

a

where b,, b, and J., refer to the anodic Tafel slope,
cathodic Tafel slope and corrosion current density,
respectively.

3 Results

3.1 Hardness, conductivity and tensile properties

The initial as-extruded alloy was subjected to a
two-staged solution treatment, i.c., held at 450 °C and
470 °C for 30 min respectively and then ramped down to
a temperature of 460, 440, 420, 400, 380, 370 and
360 °C respectively for another 30 min before quenching
in water at room temperature followed by an artificial
aging at 120 °C for 42 h. Effect of various HTPP
temperatures on Vickers hardness and conductivity of the
aged specimen is shown in Fig. 1. Generally, the aged
specimen hardness decreases gradually with the decrease
of HTPP temperature. No obvious changes were
monitored in hardness of the aged specimen after
solution  (pre-precipitation) treatment when the
pre-precipitation temperature is close to the solution
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treatment temperature. Besides, the hardness value of the
specimen pre-precipitated at 460 °C is basically similar
to that of the specimen heat treated at 470 °C without the
pre-precipitation treatment. A further decrease in
hardness takes place with the further decrease of
pre-precipitation temperature. Note that almost a reverse
trend of electrical conductivity is found compared to the
hardness changes.
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Fig. 1 Variations of hardness and conductivity with HTPP
temperatures of aged alloy specimen after two-staged solution

treatment

Based on the hardness and conductivity changes,
two pre-precipitation temperatures of 440 °C and 420 °C
were chosen for SCC susceptibility evaluations and
microstructure observations. The tensile properties of the
investigated alloys denoted as NP, 440P and 420P (Table
1) are listed in Table 2. It shows that NP alloy has the
highest tensile strength, while the yield strengths (YS)
and ultimate tensile strengths (UTS) of 440P and 420P
alloys decrease by ~5%. Moreover, the YS and UTS of
420P alloy are basically similar to those of 440 P alloy.

Table 1 Solution (pre-precipitation) and aging process
parameters of studied alloy

Sample No. Solution (pre-precipitation) Aging
NP (450 °C, 30 min) +
(470 °C, 30 min)
440P (450 °C, 30 min) + 120 °C,
(470 °C, 30 min) + (440 °C, 30 min) 42 h
420P (450 °C, 30 min) +

(470 °C, 30 min) + (420 °C, 30 min)

2525

3.2 IGC behavior

The microstructural characterizations of cross
section for the alloy samples exposed to IGC test
solution for 6 h are presented in Fig. 2. The corrosion
cracks initiated from the outside, propagating to the
inside under the surface along the long-transverse
direction of the alloy matrix. Evident network-shaped
IGC occurred in NP alloy, and the maximum attack depth
of NP alloy is 53.6 um, whereas those on 440P and 420P
alloy samples are 26.5 and 19.8 pum, respectively. The
obvious difference on the maximum attack depth
indicates that HTPP treatment can decrease the
susceptibility to IGC.

3.3 SCC susceptibility

Typical nominal stress and nominal strain curves of
three temper alloys tested in dry air and in naturally
aerated 3.5% NaCl solution are exhibited in Fig. 3. It is
apparent that the SCC susceptibility of NP, 440P and
420P alloys are significantly different. According to
Eq. (1), the Iscc(0) of three temper alloys are calculated
and summarized in Table 2. A high Iscc(d) value suggests
high SCC susceptibility. NP alloy has the greatest
ductility loss and SCC susceptibility, and variation of the
tensile strengths of specimens tested in air and in 3.5%
NaCl solution is the greatest. It means that not only the
ductility but also tensile strength of NP alloy is damaged
in 3.5% NaCl solution. While 420P alloy has the lowest
ductility loss and SCC susceptibility compared to NP
alloy, and 420P alloy scarcely has the strength damaged.
The calculations for relative ductility loss of various
alloy tempers demonstrate that the SCC resistance of the
peak-aged alloy could be improved via the HTPP
treatment, and the resistance to SCC can enhance by
decreasing the HTPP temperature.

3.4 SEM fractographs and longitudinal section

observations after SSRT

The fracture surfaces of SSRT specimens failed in
dry air appear the similar features, composing of
equiaxial dimples of various sizes consistently, as shown
in Figs. 4(a)—(c). Figure 4(d), the fractograph of failed
NP alloy specimen tested in 3.5% NacCl solution, exhibits
prominent cleavage crack feature, presence of a few
intergranular cracks, secondary cracks and very fine
shallow flat dimples in some of the grains as well. Rock

Table 2 Mechanical properties and SCC susceptibilities for studied alloy

Sample No. Ultimate tensile Yield Tens.ile Elongation loss Deepest crack length
strength/MPa strength/MPa elongation/% after SSRT/% after SSRT/um
NP 376.8 291.9 132 25.75 55.31
440P 355.1 273.8 16.4 13.81 25.38
420P 356.6 278.5 13.6 8.41 16.13
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Fig. 2 Micrographs of cross section (perpendicular to extruded
direction) for investigated alloy exposed to IGC environment
for 6 h: (a) NP; (b) 440P; (c) 420P
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Fig. 3 Typical SSRT curves of three temper alloys tested in dry
air and in naturally aerated 3.5% NaCl solution with initial
strain rate of 1.0 x 107® s ' at room temperature

candy structure on the overall fracture surface is
observed, which means a typical brittle fracture
appearance. However, the fractograph of 440P alloy
(Fig. 4(e)) displays a mixed mode fracture nature. There
are no signs of intergranular cracking or obvious
cleavage facets, but larger and deeper dimples of various
sizes are visible. Furthermore, as illustrated in Fig. 4(f), a
typical ductile transgranular fracture feature can be
clearly seen in 420P alloy specimen, predominantly large
and deep dimples, which indicates that a certain amount
of deformation was still in it. In general, equiaxial
dimples become more and deeper by the decrease of the
HTPP temperature.

Metallographs of the longitudinal sections of the
specimens after SSRT in 3.5% NaCl solution are
presented in Fig. 5. A few of pits, acted as stress raiser
and cracks as well, have been originated from the base of
these pits and propagated, as revealed in Fig. 5(a).
Further, it can be clearly seen that intergranular cracks
initiated from the surface, propagating along the grain
boundaries in NP alloy, while no apparent intergranular
cracking characteristic is found for 440P alloy and 420P
alloy as illustrated in Figs. 5(b) and (c). Statistical
measurements of the deepest crack lengths of the
longitudinal sections were conducted and the results are
listed in Table 2. The deepest crack lengths of varied
alloy tempers are 55.31, 25.38 and 16.13 um for NP,
440P and 420P alloys, respectively, which further
indicates that NP alloy has the highest SCC susceptibility,
while 420P alloy has the lowest. The SCC susceptibilities
of various tempers evaluated by the deepest crack length
on the longitudinal sections of the specimens after SSRT
in 3.5% NaCl solution are in good agreement with the
obtained SSRT results and the fractographs of the tensile
specimens.

3.5 Microstructure

Figure 6 shows the bright field TEM images of
various alloys. Figures 6(a) and (b) illustrate the TEM
images of the as-quenched alloy annealed at 470 °C for
30 min. No clearly discernable particles other than the
spherical Al;Zr dispersoids [20] could be observed.
Dislocation loops generated during the quenching
treatment which are considered to be a responsible factor
for the SCC [21,22]. Figures 6(c) and (d) show the TEM
images of grain boundary microstructure of the
as-quenched alloys pre-precipitated at 440 °C and 420 °C
for 30 min, respectively. Coarse and discrete rod-shaped
GBPs (MgZn;,) are revealed, and the GBPs of 420P alloy
are coarser and sparser than that of 440P alloy. Further,
no detectable matrix precipitates (MPTs) appear in both
two pre-precipitated tempers. Figures 6(e)—(g) show the
TEM images of the aged alloy. Great amounts of
fine metastable #' phases are distributed homogeneously
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Fig. 4 SEM fractographs of SSRT specimens tested in dry air (a, b, ¢) and in naturally aerated 3.5% NaCl solution (d, e, f) at room

temperature: (a, d) NP; (b, e) 440P; (c, f) 420P
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Fig. 5 Metallographs of longitudinal sections of specimens after SSRT in 3.5% NacCl solution at room temperature: (a) NP; (b) 440P;

(c) 420P

within the matrix of the NP alloy, and the GBPs are
small in size and distributed continuously along the grain
boundary, as shown in Fig. 6(e). The preferentially
precipitated equilibrium # phases after the HTPP
treatment at 440 °C and 420 °C grew, aggregated,
coarsened and accelerated the grain boundary
precipitation during the subsequent aging process, which
contributes to the formation of distinctly coarsened and
widely spaced GBPs as shown in Figs. 6(f) and (g). In

addition, the lower the HTPP pre-precipitation
temperature, the more obvious this coarsening and
interspacing effect on two adjacent GBPs. Figure 6(h)
corresponds to [011],; diffraction pattern (DP) of the
aged 420P alloy. The main strengthening precipitates of
the aged 420P alloy are still the #' phases.

3.6 Polarization test
The polarization plots of various alloy tempers in



2528 Hui-zhong LI, et al/Trans. Nonferrous Met. Soc. China 26(2016) 25232531

Fig. 6 Bright field TEM images of as-quenched and aged alloy: (a, b) As-quenched NP; (c¢) As-quenched 440P; (d) As-quenched
420P; (e) As-aged NP; (f) As-aged 440P; (g) As-aged 420P; (h) [011]4; DP corresponding to fine precipitates in (g)
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Table 3 Electrochemical characteristics of various alloy tempers in naturally aerated 3.5% NaCl solution derived from polarization

plots
Sample No. Corrosion potential, Current density, Cathodic slope, Anodic slope, Polarization resistance,
Peon(vs SCE)/V Jeon/(A-cm?) b/(mV-decade ™) by/(mV-decade ™) R/(Q-cm?)

NP —-0.873 2.2696x107° —444.3 243 44.08

440P —-0.907 4.5182x10°° =705.7 25.4 235.62

420P —0.902 3.9738x10°° —346.9 24.0 245.28
and Fig. 5(a)), so it is reasonable to believe that the
—0.7 enhanced resistance to localized corrosions due to HTPP
treatment was primarily caused by the changes in
0.8 P microstructure and microchemistry near the grain

% 420p boundaries.

S 09} It is generally accepted that the main precipitates at
E grain boundaries of 7xxx series Al alloys are # (MgZny,)
S —10t 440P phases. In Refs. [24,25], it was reported that the ¢y, of
PFZ, equilibrium # phase at the grain boundary and aged
=1k alloy matrix are —0.57, —0.86 and —0.68 V, respectively.
’ The potential of # phase is more negative than that of the

8 -1 =6 5 4 =3 2 -l
lg[J/(A-cm™)]
Fig. 7 Typical potentiodynamic polarization plots for various
alloy tempers in naturally aerated 3.5% NaCl solution

3.5% NaCl solution and corresponding corrosion
parameters derived from these plots using Tafel analysis
are presented in Fig. 7 and Table 3, respectively. The
anodic sides of the three curves exhibit a similar
characteristic, which is controlled by anodic dissolution
reaction. The values of ¢, of the three tempers are close
to each other. However, corrosion current density of
420P alloy decreases by 80.1% with respect to that of NP
alloy. From another point of view [23], the
electrochemical corrosion rate increases linearly with the
corrosion current density by Faraday’s law. Thus, from
the electrochemical results, it can be inferred that 420P
alloy has the highest corrosion resistance, namely the
lowest corrosion susceptibility compared to other two
alloy tempers, which is consistent with the observed IGC,
SSRT results and the TEM microstructural features.

4 Discussion

4.1 Effect of HTPP treatment on corrosion

From the results of IGC, SSRT and complementary
polarization tests, it can be concluded that HTPP
treatment enhances the resistance to localized corrosions
of the studied 7005 alloy, and the corrosion resistance
increases with the decrease of temperature during the
HTPP treatment. This is similar to the results in some
previous investigations on other alloys such as 7055 and
7075 alloy [2,12]. Predominantly localized corrosions
occur and develop along the grain boundaries (Fig. 2(a)

matrix nearby, consequently, # phase is anodic to attack
and dissolved preferentially in corrosive environment.
After initiation, corrosion develops along the anodic path
of grain boundaries into the bulk alloy. It has been
suggested that the continuous networks of # phases at the
grain boundaries can promote self-dissolution and
propagation in Al alloys and give rise to SCC and IGC
failures. As shown in Fig. 6, the precipitates along
grain boundaries of NP alloy distribute continuously
and appear as chain-like, thus the grain boundaries are
more inclined to become the corrosion channel for SCC
and IGC. 440P alloy shows the distribution discontinuity
in the presence of GBPs relatively, the anodic corrosion
channel is cut off, hence the corrosion rate is decreased
to some extent. The distribution discontinuity of GBPs
increases with the decrease of HTPP temperature.
Furthermore, the size of GBPs increases simultaneously
with the decrease of HTPP temperature. Larger and
sparser GBPs can inhibit corrosion propagation along
the grain boundaries and reduce H concentration by
acting as trapping sites to eliminate the negative effect of
H atom on metal atom-bonding [10]. From Refs. [2,12],
the Cu content of GBPs is related to the HTPP
temperature. The lower the pre-precipitation temperature
is, the higher the Cu content of GBPs is. For the
420P alloy temper, the lowest SCC susceptibility is
attributed to not only the increase of size and interspace
for GBPs, but also the increase of Cu content in GBPs.
The increased Cu content in GBPs decreases the
potential difference between matrix and GBPs, and
delays the corrosion cracking initiation. The mechanism
of SCC has been received intensive investigations, and it
is proposed that either the anodic dissolution of Mg-rich
phases or hydrogen embrittlement operated in the SCC
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process [6,24]. The anodic dissolution theory is always
associated with intergranular fracture [6,14]. Seen from
Fig. 4, NP alloy represents typical intergranular fracture,
while 440P and 420P alloys represent typical ductile
transgranular fractures, which indicates that anodic
dissolution should be the main SCC mechanism for NP
alloy, and hydrogen induced cracking for another two
alloys.

4.2 Effect of HTPP treatment on age hardening

The supersaturated solution degree of the quenched
alloy matrix decreases gradually with the decrease of
HTPP temperature due to a small quantity of equilibrium
precipitates formed in the grain boundaries and even the
grain interiors as well, leading to less efficient age
hardening. As shown in Fig. 1, when the alloy was
subjected to pre-precipitation for 30 min at 460 °C, no
hardness change was monitored for the reason that it was
very close to the solution temperature, and the driving
force of precipitation was small. When the alloy was
pre-precipitated at a lower temperature (under 400 °C),
the driving force of precipitation would increase to a
certain extent, resulting in a considerable number of
coarse and incoherent-type precipitates formed in the
grain boundaries and even the grain interiors as well. On
the other hand, the lower HTPP temperature is, the
greater the loss of vacancies in matrix is, also leading to
less efficient age hardening [11,26]. This may account
for the hardness reduction of the aged alloy
pre-precipitated at a lower temperature. Compared with
NP alloy, the tensile strengths of 440P and 420P alloys
decrease by ~5% (Table 2). This can be explained from
the size of precipitates within the grains. Seen from
Fig. 6, at NP alloy temper, the precipitates with a size of
5—8 um within the grains are distributed homogeneously.
Compared to NP temper, however, the size of
precipitates within the grains increases slightly (size of
8—12 pm).

5 Conclusions

1) HTPP treatment substantially enhances the
distribution discontinuity of the coarse GBPs, which
cannot act as an active intergranular corrosion channel
accounting for the improved SCC and IGC resistance,
and the coarsening and interspacing effect on GBPs
becomes more obvious with decreasing the
pre-precipitation temperature.

2) The Iscc(d) decreases from 25.75% to 8.41% at
the expense of ~5% tensile strength after
pre-precipitation treatment, while the tensile strength of
420P alloy is basically the same as that of 440P alloy; the
susceptibility to IGC reduces by decreasing the
maximum attack depth from 53.6 to 19.8 um.

3) The @.or of the pre-precipitation ones is slightly
negative compared to NP alloy, but the J,, is much
lower than that of NP alloy. Further, the R, is much
greater than that of NP alloy. Among various alloy
tempers, 420P alloy is the least sensitive to galvanic
corrosion.
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