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The effect of various tempers (peak ageing T6, RRA T77, two-step ageing T76, and a novel three-step
ageing T76 + T6) on electrochemical corrosion of 7150 Al alloy under three corrosive solutions has
been investigated. Electrochemical results and corrosion morphologies show that the resistance to
pitting corrosion, inter-granular corrosion (IGC) and exfoliation corrosion of alloys is in the following
decreasing order: T76 + T6 > T76 > T77 > T6. As indicated by TEM, the corrosion behavior of each
temper might depend on the size and spacing of grain boundary particles of alloys. Excellent
consistence between electrochemical parameter and stress cracking corrosion resistance was observed.
In addition, the pit transition potential and potential differences as criteria to assess Al alloy corrosion
behavior were also discussed.
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1. INTRODUCTION

7000 series aluminum alloys are extensively used in aeronautical applications, due to their very
low density, high strength and good toughness properties [1-3]. One limitation of their use in the
metallurgical state of highest strength (commonly called T6 temper) is the low corrosion resistance
under service environment. T7x over-aged temper increases the corrosion resistance at the expense of
10-15% strength [4, 5]. For the purpose of achieving a good combination between strength and
corrosion properties, many efforts have been carried out. Retrogression and re-aging (RRA), first
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proposed by Cina [6], can increase corrosion resistance of 7000 series Al alloy while keep the strength
levels similar to T6 aged alloy. This type of heat treatment comprises first an ageing step, leading to an
under-aged or a T6 state. Retrogression treatment of alloy is performed under short duration at high
temperature, dissolving part of the initially formed precipitates. Finally, a third-step like the first one,
leads to the final microstructure. Peng et al. [7] reported that the repetitious-RRA (DRRA) could
further improve stress cracking corrosion resistance of Al-Zn-Mg-Cu alloy. However, the retrogression
treatment of RRA and repetitious-RRA in the range of 180 ~ 260 °C lasting for several minutes is too
short, which is difficult to apply on thick Al plates in industry [8, 9]. This is due to that thermal
gradients between the surface and intermediate layer of thick plates would result in residual stress
problem. For many cases, residual stress plays an important role in distortion or cracking. Therefore, it
is of great significance to find new ageing processes that can control residual stress magnitudes for the
thick Al plate. Recently, a novel three-step aging has been proposed for Al-Zn-Mg-Cu thick plate [10].
This three-step ageing is similar with RRA, except that the second step ageing is under treated for
longer duration at lower temperature, which would reduce the thermal gradients between alloy surface
and the interior, thus solving the residual stress problem. It is indicated that this novel three-step
ageing increases strength combination with fracture toughness of Al alloy, but there is few published
work to study its corrosion performance.

Al alloys immersed in different corrosive media might have different corrosion behaviors and
mechanisms, therefore it’s necessary to select proper solutions for the thorough study of alloy
corrosion. The purpose of the paper is to investigate and compare the influence of tempers (peak aged
T6, RRA T77, over-aged T76, and three-step aged T76 + T6) on electrochemical corrosion of 7150 Al
alloy plate under various corrosive media, as well as to report the suitability and limitations of some
electrochemical parameters such as pit transition potential and potential differences.

2. MATERIALS AND METHODS

2.1. Alloys and heat treatments

The investigated material was a 7150 aluminum alloy plate received from Aluminum
Corporation of China. The chemical composition of the plate is Al-6.2Zn-2.3Mg-2.2Cu-0.15Zr-
0.08Fe-0.061Si (mass fraction). The samples, cut into 15x15x3 mm plates, were solution heat treated
for 30 min at 480 °C, followed by water quenching. Then the samples were treated with four different
ageing processes: peak ageing T6 (120 °C*24h, air cooling), RRA T77 (120 °C*24h, air cooling + 180
9C*0.5h, water cooling + 120 °C*24h, air cooling), two-step ageing T76 (120 °C*24h, air cooling +
160 °C*8h, water cooling), and a novel three-step ageing T76 + T6 (120 °C*24h, air cooling + 160
OC*8h, water cooling + 120 °C*24h, air cooling).

2.2. Electrochemical measurements

For electrochemical characterization, samples were wet ground through successive grades of
silicon carbide abrasive papers from P400 to P2000, followed by diamond finishing to 0.1 pum. A CHI
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660C electrochemical workstation (3700 Tennison Hill Drivel Austin, TX787381, USA) connected to
a three-electrode cell was used for the electrochemical measurements. The working electrode was the
test material with an immersed area of 0.5 cm? and platinum plate and saturated calomel (SCE)
electrodes were used as the counter and reference electrodes, respectively. The test solutions were
aerated 3.5 wt % NaCl. 20 mmol/L NaCl + 0.1 mol/L Na,SO,4 and 4 mol/L NaCl + 0.5 mol/L KNO; +
0.1 mol/L HNO3; (EXCO ) solutions. Open circuit potential (OCP) curves of 7150 Al plate were firstly
performed. Then cyclic polarization curves were obtained at a scan rate of 1 mV/s, ranging from -1.2
to -0.4 Vsce for 3.5 wt % NaCl and EXCO solutions and from -1.2 to -0.2 Vsce for 20 mmol/L NaCl +
0.1 mol/L Na,SO4solution. All electrochemical tests were conducted in a Faraday cage.

2.3 Hardness and conductivity

Vickers hardness was measured by loading 294 N with a HBRUV-187.5 instrument on the
surface of specimens subjected to various ageing process. Electronic conductivity (% IACS—
International Annealed Copper Standard) was measured by using a 7501A eddy current conductivity
meter. Hardness and conductivity values are the mean values of at least five measurements.

2.4 Microstructure and corrosion morphology

Microstructures were characterized by optical microscopy and bright field imaging in a
TECNAI G? 20 TEM. The samples for optical microscopy were prepared by Graff-Sargent reagent.
After cyclic polarization tests, the surfaces of investigated alloys were characterized by scanning
electron microscopy (SEM) and optical morphology in order to study the morphology and mechanism
of corrosion.

3. RESULTS

3.1 Optical microstructure

Figure 1. Optical microstructure of 7150 Al alloy plate
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7150 Al plate exhibits partially recrystallized microstructure, as can be easily seen in Fig. 1.
This kind of microstructure usually implies that the alloy is susceptible to localized corrosion,
especially to intergranular corrosion and stress cracking corrosion [11, 12].

3.2 Open circuit potential

Open circuit potential curves of 7150 Al plate subjected to various tempers are shown in Fig. 2.
Under all chosen solutions, peak aged T6 alloy has the lowest OCP value, indicating the highest
corrosion sensitivity. OCP values of T77 and T76 aged alloys are close, which shows the proximity in
corrosion susceptibility of these two alloys. By adding another T6 to over-aged T76, OCP of Al plate
exhibited the most positive (anodic) amongst the four studied aged alloys, indicating the best corrosion
resistance of it. It also should be noted that, OCP values of alloys in 20 mmol/L NaCl + 0.1 mol/L
Na,SOy solution is the most positive (~0.60 Vsce), followed by 3.5 wt % NaCl solution (~0.70 Vscg)
and EXCO solution (~0.73 Vsce). This suggests that the corrosion severity of solutions is in the
following decreasing order: EXCO > 3.5 wt % NaCl > 20 mmol/L NaCl + 0.1 mol/L Na;SOa.
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Figure 2. Open circuit potential curves of 7150 Al plate subjected to various ageing treatments under
(@) 3.5 wt% NacCl solution, (b) 20 mmol/L NaCl + 0.1 mol/L Na,SO, solution and (c) EXCO
solution.
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Figure 3. Cyclic polarization curves and SEM corrosion morphologies of 7150 Al plates subjected to
different heat treatments in three corrosive electrolytes: (a) 3.5 wt % NaCl; (b) 20 mmol/L
NaCl+0.1 mol/L Na,SOy; (c) EXCO
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Cyclic polarization curves of 7150 Al alloy plate subjected to different tempers are depicted in
Fig. 3. The selected corrosive media have different chloride concentrations and pH values, which lead
to different shapes of cyclic polarization curves as well as different corrosion morphologies and
mechanisms. For 3.5 wt% NaCl solution, intergranular corrosion and pitting corrosion are found on the
surface of Al alloy (Fig. 3a). For 20 mmol/L NaCl + 0.1 mol/L Na,SO4 solution, only pits can be seen
on the specimen surface, corresponding to the presence of obvious pitting potential in Tafel plots (Fig.
3b). For the severest solution, EXCO, exfoliation corrosion occurs (Fig. 3c).

Various electrochemical parameters can be derived from cyclic polarization curves. The
parameters, including corrosion potential (Ec), corrosion potential of the reverse scan (Eseccor),
corrosion current densities (lcorr), linear polarization resistances (Rcorr), first pitting potential (Epit1) and
second pitting potential (Epir2), were listed in Table 1. Among the four studied tempers, T6 peak aged
alloy shows the highest cathodic limit current density under the three corrosive media, respectively. In
addition, compared to peak aged alloy, the rest alloys present lower corrosion current densities as well
as higher linear polarization resistances, indicating slower corrosion rate obtained for the rest. In the
solution of 20 mmol/L NaCl+0.1 mol/L Na,SQ,, it can be seen that obvious pitting potentials showing
up in cyclic polarization curves. The first pitting potential Epi1 corresponds to transient dissolution
caused by attack of the fine hardening particles and the surrounding solid solution in a thin surface
layer, and the second pitting potential Epi;» is associated with intergranular and selective grain attack
[13]. The value of Eg; is -0.503, -0.456, -0.430 and -0.419 Vsce for T6, T77, T76 and T76 + T6 aged
Al plate, respectively. This indicates that the resistance to pitting corrosion of the four aged alloys is in
the following order: T6 < T77 < T76 <T76 + T6.

Table 1. Parameters of cyclic polarization curves in various media

H H Ecorr Icorr Rcorr Esec,corr Epit,l Epit,2
medium Ageing Vsce Alcm? Q-cm® Vs Vsce  Vsce
T6 -0.708 2.08 x 10® 228 -0.914 / /
T77 -0.714  9.44 x 10°® 264 -0.916 / /
3.5 wt % NaCl .
T76 -0.712  7.64x 10 288 -0.901 / /
T76 +T6 -0.712 1.09 x 10° 400 -0.899 -0.691 /
T6 0572 4.69x10° 5636 -0.74 -0503  /

T77 0576 455x10° 7044 -0.731 -0.517 -0.456
T76 -0.603 432x10° 6141 -0.746 -0.462 -0.43
T76 +T6 -0.613 4.01 x10°® 5558 -0.754 -0.507 -0.419

20 mmol/L NaCl + 0.1 mol/L Na,SO,

T6 0743 2.03x10° 26  -0.792 / /
T77 0738  1.05x10° 47  -0.779
T76 0734 1.11x10° 34  -0.774
T76+T6 -0728 1.02x10° 42  -0.763

EXCO

~ ~ ~
~ ~ ~

# Note the value listed here is the mean value of at least three tests
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4. DISCUSSION

4.1 Corrosion potential and corrosion

Different with equilibrium potential, corrosion potential Eco is the mixed potential of anodic
branch and cathodic branch. The electron transfer reactions on anodic and cathodic branches are
different reactions involved with different chemical species. The increase of anodic branch current
density would lead Eqor shifts to the negative direction, while the increase of cathodic branch would
lead Ecor shifts to the positive direction. Thus, strictly, Ecr cannot be used to assess corrosion
performance of alloys [14, 15]. However, in some specific cases, Eq,r Ccan be used as an empirical
criterion for assessing corrosion. From the OCP and Tafel results, we can conclude that the corrosion
resistance order of the studied alloys is T6 < T77 < T76 < T76 + T6. So that in the case of 20 mmol/L
NaCl+0.1 mol/L Na,SO,, as shown in Fig. 4, Eqr shows downward trend with corrosion resistance
ability. But in the case of EXCO, conversely, Ecor shows upward trend with corrosion resistance
ability. While in 3.5 wt % NaCl solution, using Ecor to assess corrosion properties is unreliable. It can
be seen that the trend between E.or and corrosion resistance is very interesting, and is directly related
to the specific corrosive medium in which the alloys immersed.
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Figure 4. Eqor 0of 7150 Al plates subjected to different tempers under 3.5 wt% NaCl solution, 20
mmol/L NaCl + 0.1 mol/L Na,;SO4 solution and EXCO solution

4.2 Pit transition potential and corrosion

Pit transition potential (Epyp) corresponds to the inflection in the reverse portion of cyclic
polarization curve, as shown in Fig. 5a. This characteristic parameter, was first reported by Yasuda
[16], but didn’t attract too much researchers’ attention until recent years [17-20]. Eyy, was found to be
independent of the surface state condition, changing little with the amount of corrosion, differently
from Epit and Esec,corr [18, 19]. The physical meaning of Epy still is very controversial. So many theories
have been reported on this issue, e.g. one-dimensional tunnel theory [21], reactivation theory [20,
22], repassivation theory [23, 24], stepwise repassivation theory [16, 25] and even surface acidification
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theory [26]. Morrison [23] and Little [24] utilized E,yp, as the “protection potential” and “repassivation
potential” to respectively assess the repassivation kinetics of Zrs; »Tiz3gNijpCui25Be22.5 metallic glass
and Al-Cu-Mg-Ag alloys. Also it was reported that Eyy, decreased linearly as a function of the
logarithm of chloride concentration [20], showing the suitability in corrosion assessment.
Unfortunately, to our knowledge, few literatures have adopted Eg, to evaluate corrosion behaviors.
But, as can be seen in Fig. 3 and Fig. 5a, Epy is not as obvious as pitting potential, which makes it
almost unreadable from the reverse portion of cyclic polarization curve. In order to accurately
determine its value, the 1st derivative and the 2nd derivative curves of Fig. 5a are shown in Fig. 5b. As
can be seen, Eyp is the potential at the peak of the 2nd derivative curve. Cyclic polarization curves and
the corresponding 2nd derivative curves of 7150 Al plates are shown in Fig. 6. Using this method, the
values of Epy, of 7150 Al plates in 3.5 wt % NaCl and 20 mmol/L NaCl+0.1 mol/L Na,SO, solutions
are presented in Fig. 7. For both of these two corrosion media, Egyp trend as a function of ageing
process is T6 < T77 < T76 < T76 + T6, which is exactly the same trend with corrosion resistance. This
reconfirms the corrosion resistance order of the studied alloys subjected to different tempers. In
addition, for each aged alloy, the Ep, value in 3.5 wt % NaCl solution is higher than that of 20 mmol/L
NaCl+0.1 mol/L Na,SO, solution, which again proves the suitability of E, for corrosion assessment
of Al alloy.
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Figure 5. Cyclic polarization curve (a) and its 1st and 2nd derivative curves (b) of 7150 Al alloy plate
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4.3 Potential differences and corrosion

Corrosion behavior and mechanism also can be reflected by AE (Eseccorr — Ecorr, Epit — Ecorr and
Epit — Esec.corr) trends, whose values are listed in Table 2. Potential differences as criteria have been used
for several decades to predict localized corrosion susceptibility of alloys [19, 27-29]. Silverman [27,
28] proposed that, for a given experimental procedure, the higher the potential difference of Ese cor —
Ecorr IS, the harder certain metals can repassivate. As can be summarized from Table 2, for the three
studied corrosive media, the values of Egeccorr — Ecorr fOllows the following trend: T6 < T77 < T76 <
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T76 + T6, which is consistent with the corrosion resistance trend. This shows good agreement with
Silverman’s proposal.

However, when we compared Eseccor — Ecor Values obtained from different solutions, the
results challenged Silverman’s proposal. The corrosion fraction of alloys after polarization tests were
calculated using ImageJ2x software. Based on Silverman’s proposal, it can be expected that the value
of Eseccor — Ecor Should show monotonic decreasing trend with corrosion propagation. But
unexpectedly, the value of Egeccor — Ecorr decreases firstly and then increases with the increasing of
corrosion extent, as can be seen from Fig. 8. In addition, it should be noted that, based on our
unpublished work, the general trend shown in Fig. 8 also was found when we change influencing
factors like temperature, chloride concentration and point-of-reversal. This is probably due to
corrosion mechanism change when immersing alloy in different corrosive media. These new findings
revealed the limitations of using Esec corr — Ecorr fOr corrosion assessment. And further work is needed in
order to fully understand the suitability and limitations of this extremely interesting parameter.

Table 2. AE values of cyclic polarization curves of alloys in various media

Esec,corr - Ecorr Epit - Ecorr Epit - Esec,corr

medium Ageing vV vV vV
T6 -0.206 / /
T77 -0.202 / /
0,
3.5 wt % NaCl T76 -0.189 / /
T76 + T6 -0.187 / /
T6 -0.168 0.069 0.237
T77 -0.155 0.119 0.274
20 mmol/L NaCl + 0.1 mol/L Na,SO4 T76 -0.143 0.173 0316
T76 + T6 -0.141 0.194 0.335
T6 -0.049 / /
T77 -0.041 / /
EXCO T76 -0.04 / /
T76 + T6 -0.035 / /
0.00 -
0.05-
— 0101
> ]
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Figure 8. Schematic relationship of Esec corr — Ecorr and corrosion fraction of 7150 Al plate
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Moreover, pitting potential and the related potential differences (Epit — Ecorr, Epit — Esec,corr) CaN
be used to assess pitting corrosion [19], crevice corrosion [29] and SCC. The SCC susceptibility of
7150 Al plate subjected to various ageing treatments was characterized by the slow strain rate
technique (SSRT) tests, as shown in Fig. 9 . The SSRT method was reported elsewhere [7]. The SCC
indices, IssrT, calculated from SSRT curves, are compared with Epit2 — Ecorr and Epit2 — Esec,corr IN Fig.
10. Surprisingly, an excellent agreement between the negative value of Issgr and potential differences
was exhibited. This is due to that, both Eyi», and SCC of 7150 Al alloy are associated with the
morphology and interspacing of grain boundary precipitates [13, 25, 30, 31]. Epit2 — Ecorr IS related with
pitting corrosion initiation performance, while Epito — Eseccor 1S associated with pitting corrosion
propagation ability. For 7000 series Al alloys, under applied or residual stress, SCC starts from pitting
corrosion initiation on intergranular boundary, and then if pitting corrosion continues to propagate
along the grain boundaries, the specimen would break down. Thus, the SCC resistance is proportional
to the value of Epito — Econ OF Epit2 — Eseccor, IMplying that SCC can be quickly assessed by these
potential differences obtained by electrochemical methods.
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Figure 9. SSRT curves of 7150 Al alloys with different aging processes in different media: (a) air; (b)
3.5 wt% NaCl + 5mL/L H,0; solution
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4.4 Hardness and conductivity

As revealed by electrochemical measurements and SSRT tests, the novel three-step ageing T76
+ T6 showed the best localized corrosion and SCC resistance. However, the increase in corrosion
resistance of ultra-high strength Al-Zn-Mg-Cu alloys often is accompanied by the decrease in yield
strength. In order to further study the feasibility of this novel ageing process, the hardness and
conductivity values was compared with other tempers, as shown in Fig. 11. Compared to peak ageing
T6, decrease of hardness was observed in all other tempers, among which over-aged temper T76 shows
the largest decline. The hardness of RRA T77 and three-step ageing T76 + T6 is 179 Hv and 180 Hyv,
respectively. The approximation of hardness and better corrosion resistance prove that this novel three-
step ageing (T76 + T6) process can be an alternative to the conventional RRA T77 ageing treatment,
especially applicable for thick Al plates due to its longer regression time that can reduce residual stress
problem. The electrical conductivity according to decreasing order is: T6 < T77 < T76 < T76 + T6,
which implies that the SCC resistance also follows this order [32].
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Figure 11. Hardness (a) and conductivity (b) of 7150 Al plates subjected to various ageing processes

4.5 TEM microstructure

The TEM microstructures of 7150 Al alloy plates subjected to various tempers are shown in
Fig. 12. It is acknowledged that the strength of 7000 series alloys is mainly controlled by intra-grain
precipitates. The usual precipitation sequence of Al-Zn-Mg—(Cu) alloys can be summarized as [33,
34]: solid solution — GP zones — metastable 1" — stable 1 (MgZn;), where G.P. zone (coherent with
matrix) and n' (semi-coherent with matrix) play an important role on strength while n (incoherent) has
little effect on the strength. It can be seen from Fig. 12a that, very fine intra-grain features are observed
in the 7150-T6 Al plate. According to Rajan et al. [35], the GP zones predominantly populate the grain
interior of AA7150-T6, suggesting that the AA7050-T6 was strengthened by GP zones. Wu et al. [36]
studied the microstructures of Al-Zn—-Mg-Cu C912 alloy, and found that in addition to GP zones,
there also existed some fine 1’ precipitates. For RRA T77, it is evident that its intra-grain precipitate
structure is slightly coarser than that of the T6, and the particle density is also decreased (seen from
Fig. 12b), therefore, leading to the decline of strength. The intra-grain micrograph of over aged T76 is
the coarsest and is distributed by large n phases which are due to the long over-ageing time (Fig. 12c),
which corresponds to its lowest strength value. For T76 + T6 aged alloy as shown in Fig. 12d, the
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intra-grain is similar with that of RRA T77. As a result, the strength of T76 + T6 aged alloy is close to
that of T77 aged alloy.
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Figure 12. TEM microstructures of 7150 Al alloy plates subjected to various tempers: (a) T6; (b) T77,;
(c) T76; (d) T76 + T6

The corrosion performance of 7000 series Al alloy is associated with the distribution nature of
grain boundary precipitates [2, 12, 37, 38]. The discontinuous distribution of the n precipitates at the
grain boundary leads to the improvement of corrosion resistance, due to that it would cut off corrosion
channel. The n precipitates are continuous or closely spaced at the grain boundaries in T6 aged 7150
Al alloy, implying a least localized corrosion resistance [39]. Compared with 7150-T6 Al alloy plate,
the grain boundary n precipitates of the rest are coarser. Meanwhile, precipitate separation spacing is
such that there is a clear discontinuous nature of the n precipitates for other ageing processes. Besides,
the grain boundary indicated in Fig. 12d for the T76 + T6 tempered alloy is characterized by a larger
size of the m intermetallics and by a higher interparticle spacing than for the RRA T77 temper.
Therefore, T76 + T6 aged 7150 alloy shows a better localized corrosion resistance and SCC resistance
than those of conventional 7150-T77 plate. In addition, recent research [40, 41] showed that the
compositions of grain boundary precipitates also have large effect on localized corrosion and SCC
behavior. Goswami et.al [42] observed considerable increase in Cu content in the grain boundary 1 in
the over aged condition compared to the peak aged condition for 7075 Al alloy. They argued that the
higher Cu content of the precipitate is associated with a lower SCC plateau velocity. Thus, whether
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microchemistry of GBPs or the discontinuity nature of GBPs plays a more important role on corrosion
performance of 7000 series Al alloy is still unsettled. Further study concerning this would be needed.

5. CONCLUSIONS

(1) OCP and cyclic polarization results indicate that the localized corrosion resistance of alloys
subjected to various tempers is in the following decreasing order: T76 + T6 > T76 > T77 > T6. Better
corrosion resistance is associated with further coarsening and spacing of grain boundary precipitates as
well as with higher Cu content of GBPs.

(2) Pit transition potentials (Epyp) Were obtained by plotting 2nd derivative curves of cyclic
polarization curves. Though changed magnitude is relatively small, Ey, has been proved to be a
powerful criterion to assess repassivation behaviors of 7150 alloys subjected to various ageing
conditions.

(3) Potential differences (Epit — Ecorr, Epit — Esec,corr) pPredict that the SCC resistance of the studied
alloysis T76 + T6 > T76 > T77 > T6, which shows excellent agreement with slow strain rate technique
results. This implies that electrochemical test under specific media can be an alternative to
conventional time-consuming SCC analysis methods.

(4) There is suitability as well as limitations when using Eseccor — Ecorr fOr corrosion
assessment. The value of Egecor — Ecorr decreased firstly and then increased with the increasing of
severity of corrosive medium.
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