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Corrosion behavior of two heat treatment 5
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Abstract: The electrochemical behavior of two kinds of artificial aged AFZmr Mg Cu alloys in two intergranular corrosion
(IGC) solutions were studied using electrochemical impedance spectroscopy ( EIS) and open circuit potential ( OCP) at
steady-state. EDAX result indicates that different artificial ageing methods change the composition and content of Cu and
Zn in different zones. Zn/ Cu depleted precipitation-free zone that plays a very important role in IGC is formed by heating
the solubilized Al alloy for 135 C at 16 h. All impedance spectra of the two alloys in two IGC solutions can be divided into
three types. The two different states Al alloys takes on one time constant and two capacitive arcs at high- mediate frequen-
cy and low frequency in the NaCl+ (NH4) 2S04 solution respectively; but in the NaCl+ HCI solution, impedance displays
one capacitive arc at the high- mediate frequency and an inductive loop at low frequency. OCP results show that more mr
cro-galvanic cells in the NaCl+ (NHy) 2SO, solution than that in the NaCl+ HCI solution results in more potential fluctua
tion amplitude, and long-term drift of OCP is due to the long-term variation of the cathodic and anodic corrosion process-
es.
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1 INTRODUCTION

Aluminum is one of the most abundant elements
in nature. It is of low density, high elasticity, high
thermal and electrical conductivity, high corrosion re-
sistance, and high capacity to form alloys with many
elements, which makes it one of the most useful ma-
terials in construction and aerospace industry. Alloy-
ing elements such as copper and zinc may lower the
corrosion resistance of Al alloy, whilst the heat treat-
ment can change susceptibility of the alloy to different
types of localized attack ( pitting, intergranular corro-
sion, exfoliation, etc). Among all aluminum alloys,
AFZn-M g Cu alloy is widely applied to airplane struc
ture due to its excellent mechanical properties ",
but it often exhibits structural corrosion such as inter-
granular corrosion, which lowers the strength and
plasticity, the fatigue property, and decreases the
service lifel*™!.

It is generally thought that the intergranular cor-
rosion is developed from a local corrosion cell, with

the copper-depleted precipitation-free zone ( PFZ) a-
long the grain boundaries (GB) being the anode, and
the grain particles( GP) and the intermetallic being
cathodes for the AFCu alloy!®.

corrosion would then be a process in which a very

The intergranular

small anode is in contact with a large cathode. Colner
et al'’! believed that during corrosion process the po-
tential difference is about 100 mV. Whereas, the
mechanism of anodic and cathodic zones does not illu-
minate the effect of aggressive ions on the intergranu-
lar corrosion, and the intergranular corrosion should

8
. However,

occur in almost any corrosive medium!
our works show that the CI” or/and SOF” is not the
effective aggressive ions to initiate intergranular cor
rosion and exfoliation corrosion in the AFZmrM g Cu
[9o711]
alloy ;
Meanw hile, electrochemical techniques (EIS and
EN) have been widely used to study the corrosion

processt ® %23 byt they devoted their attention to
detect the corrosion of alloys, not to study the rela

tionship between the corrosion and electrochemical
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features. Therefore, we use the electrochemical tech-
nique and morphology detected to study the inter
granular corrosion behavior of AFZn-Mg-Cu alloy in
this paper, try to illustrate the effect of aggressive
ions on its corrosion process, and to find some regular
relationship between the intergranular corrosion and
the electrochemical features during the corrosion pro-
cess and develop the electrochemical method for eval-
uating intergranular corrosion quantitatively and
quickly.

2 EXPERIMENTAL

Commercial AFZrMg-Cu alloy was from insti-
tute of Beijing Aeronautics and Astronautics Re-
search. The mass fractions( %) of the aluminum alloy
are Zn 5. 71, Mg 2.42, Cu 1. 63, Cr 0. 19, Fe 0.
30, Mn 0. 08 and Si 0. 015. Specimen sheets of 5
mm thick were cut from larger sheet. The solubilized
AFZmrMgCu alloy was prepared by heating the spec
imens at 470 C for 40 min, then water quenched.
The aged specimens w ere prepared by heating the sol-
ubilized specimens at 121 C for 35 h, then at 160 C
for 20 h( state A); and the other aged specimens were
obtained by heating the solubilized material at 135 C
for 16 h(state B) . Before being tested, the specimens
were connected to a copper wire, and then mounted
in epoxy resin with only one surface (4 cm’) ex-
posed. The exposed surface was grinded using abra-
sive papers from 500 to 1 200" , polished with dia-
mond paste, degreased using acetone, rinsed with
water and dried in air.

The IGC solutions were prepared with analytical
grade reagents and twice distilled water, and accord-
ing composition is listed in Table 1.

Table 1 Composition of two IGC solutions

Prac/ Pinn 50,/ cua/
Electrolyte (Y (oL 1) (el LY
IGC one 35 5 -
IGC two 30 - 10

The initial pH value of the two solutions were 5.
00 and 0. 63 respectively and the solution temperature
was maintained at 25 C using a thermostat.

The astest specimens were continuously im-
mersed in a three compartments, exposing metal sur-
face of 1 cm” to approximately 20 mL IGC solution
for 24 h. Two artificial aged Al alloy plates were used
as the working electrode, and a large platinum sheet
and a saturated calomel electrode (SCE) with a luggin
capillary were severed as the counter and the reference
electrode respectively. All mentioned potentials were

referred to the saturated calomel electrode ( SCE).
Electrochemical impedance spectroscopy ( EIS) mea-
surement was performed with a model 273A ( Prince
ton Applied Research) on the corrosion potential and
always taken in the direction of decreasing frequency.
EIS experiments were carried out using a three com-
partment. A frequency range of 1 X 10° to 5 x 1072
Hz was selected for its sensitivity to corrosion resis-
tance; a sinusoidal perturbation of 10 mV rms was
employed in all cases. Then the morphology was -
dentified by SEM and metalloscope. Meanwhile, the
EIS data were simulated using ZView program. The
electrochemical noise testing configuration is the com-
mon threeelectrodes system too. Electrochemical
noise measurements were carried out on a CHI660A,
a product of CH Instruments, Inc. (3700 T ennison
Hill Drive 1 Austin, TX 78738 1 USA), and the sam-
pling interval used in this study is 0. 1 s. At the end
of immersion, the working electrode was put out,
washed by distilled water, dried in a stream of hot
air, then detected using metalloscopy and SEM. In
order to see the morphology of the corroded specimen
surface clearly, the corrosion product was removed by

2% CrO3+ 5% H;PO, solution at 80 C''®
3 RESULTS AND DISCUSSION

3.1 EDAX results of AFZn Mg Cu alloys

Specimens of two kinds of artificial aged AFZn-
Mg Cu alloy were immersed in Kuller Reagent (HF
1.0 mL; HCI1 1.5 mL; HNO3 2.5 mL; H20 95 mL)
for 55 s to distinguish grain boundaries ( GB) and
grain particles ( GP) zone. From the SEM image, it
can be seen that state B alloy has formed some inter
metallic compound in GB zone, and the GB zone is
long and narrow for state A while it is broad for state
B. The EDAX and SEM experiments results are as
follows.

1) The contents of zinc and copper in GB zone
are higher than those in GP zone. These two state al-
loys have similar results.

2) The copper content in GP zone for state A is
less than that for state B, but the zinc content is al-
most the same. The copper and zinc content in GB
zone are almost the same too (state A: without inter
metallic compound) .

3) For state B, there is some intermetallic com-
pound in GB zone, and the contents of zinc and cop-
per of intermetallic compound are much higher than
those in GP zone and around intermetallic compound.
The copper-zincdepleted precipitation- free zone is
formed along the grain boundaries.

3.2 Electrochemical experiment results
3.2.1 State A in 35 g/ L. NaCl + 5 g/ L(NH4) 2S04

The AFZir M g-Cu alloy of state A was immersed
in 35 g/ L. NaCl + 5 g/ L. (NH4) 2S04 solution for 24
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h, and corresponding impedance spectroscopy was
measured at different time. The impedance spectra of
24 h is shown in Fig. 1. During the whole immersion
period, only a visual depressed capacitive arc above
the real axis can be observed. The maximal phase an-
gle is close to — 80°, which indicates the sample sur
face has a homogeneous interface. In the whole im-
mersion process, there is not any change at the sur
face of specimen observed by eyes. At the metallo-
scope, there are several very small pits for whole sur-
face (4 cm®) which can not be detected by EIS, so
the Bode and Nyquist plot take on one time constant
which is corresponding to double-layer.
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Fig. 1 Evolution of Nyquist(a) and
corresponding Bold(b) diagram after

24 h immersion

(State A alloy immersed in 35 g/ L NaCl+ 5 g/L
(NHy4) 2S04 solution)

The profile of the open circuit potential (OCP)
vs time is shown in Fig. 2 for state A alloy electrode
in the IGC solution during the whole immersion time.
The maximal fluctuation of OCP is no more than 15
mV. The OCP is — 0. 674 V at the begining of im-
mersion, and becomes more negative and gets the
minimal value at immersion for 4 h, then keeps a bal-
ance at — 0. 675 V until 16 h immersion, then has a
positive shift, and the final stable OCP is the same as
the initial OCP.

3.2.2 State A alloy in 30 g/ L. NaCl+ 10 ml/ L HCI

After immersed for 15 min, several little bubbles
appeared on the working electrode surface, and the
bubbles became larger with time, adsorbed tightly on
the electrode surface. At the beginning of immersion,
the OCP has about 10mV fluctuation and the fluctua-
tion of OCP became less with time. Typical Nyquist
plots are shown in Fig. 3. The Nyquist plots is com-
posed of a depressed capacitive arc and an inductive
loop, the radius of capacitive arc increases and the in-
ductive loop decreases during the whole immersion

time.
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Fig. 2 Variation of open circuit potential( ¥ocp) of

state A alloy electrode with time in 35 g/ L
NaCl + 5 g/ L. (NHy4) 2SO4 solution
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Fig.3 Evolution of Nyquist plots of state A alloy

after immered in 30 g/ L NaCl+ 10 mL/L
HCI solution for 24 h

3.2. 3 State B alloy in 35 g/LL NaCl + 5 g/L
(NHy) 2S04

Typical impedance ( Nyquist and Bold plots)
curves are shown in Fig. 4, which are corresponding
to immersion time of 24 h. Though the visual evalua-
tion of the impedance date on the Nyquist plot ob-
tained in the whole frequency yield only one time con-
stant; but from the Bode plot, there are obvious two

capacitive arcs in high-mediate frequency and low fre-
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quency, and the maximal phase angel is close to —

72°. Before immersed for 4 h, the impedance curve is
just like that in Fig. 1, and the only difference is ra-
dius of capacitive arc above real axis at the Nyquist
plot. The EIS data above the real axis at different im-
mersion times are analyzed with ZView program using
the equivalent circuit as shown in Fig. 5, which is

based on the comprehension of the IGC process.

(a)

-1200

=900

-600

Zin/(Q-cm2)

-300

0 1000 2000 3000
Z./(Q+cm?)

(b)

0 Covenl el ol el il 3l 0 sl 8
102 100 102 104 106
fiHz

Fig. 4 Evolution of Nyquist(a) and corresponding

Bold(b) diagram of state B alloy immersed in
35 g/ LNaCl + 5 g/ L(NH4) 2S04 solution for 24 h

Fig. 5 Equivalent electrical circuit for

immersion of AFZirMg-Cu alloy in IGC solution
( Rs: solution resistance;
C aq: origin surface double layer capacitive;
R ,: polarization resistance; Cy: low frequency capacitive;

R:: charge transfer resistance)

The profile of OCP vs time is shown in Fig. 6 for
state B alloy electrode in IGC solution during the
whole immersion time. The OCP increases gradually
from — 0. 796 V to — 0. 770 V at the first 5 h-im-
mersion, then keeps less fluctuation around the OCP
and arrives at — 0.760 V at the end of immersion.
3.2.4 State B alloy in 30 g/ L. NaCl+ 10 ml/ L. HCI

There are several hydrogen bubbles on the elec
trode surface at the immersion for 10 min, and the
experiment phenomenon in whole immersion time is
just like that of the state A alloy in 30 g/ L. NaCl+ 10
ml/ L. HCI solution. Fig. 7 illustrates the Nyquist plot
for state B alloy after immersed in 30 g/ L NaCl+ 10
mL/L HCI solution for 24 h. As can been seen, one
depressed capacitive loop in the high-mediate frequen-
cy range and an inductive loop in low frequency range
are observed. With the immersion prolonging, the
radius of capacitive loop increases to about 3.0 Q®cm?
at the end of immersion, which is much lower than

that in 35 g/ L. NaCl+ 5 g/ L. (NH4) 2S04 solution.
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Fig. 6 Variation of open circuit potential( ®ocp)

with time for state B alloy electrode in

35 g/ L NaCl + 5 g/ L. (NH4) 2S04 solution
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Fig.7 Evolution of Nyquist plot of state B alloy
after immersed in 30 g/ L NaCl+ 10 mL/L
HCI solution for 24 h
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The typical cross-sectional metallograph of state
B alloy in 35 g/L NaCl+ 5 g/L (NH4) 2S04 solution
after immersed for 24 h is shown in Fig. 8. The ana
logical IGC images of other alloys in different IGC so-
lutions are just like that in Fig. 8.

Fig.8 Typical crosssectional metallograph of

state B alloy after immersed in 35 g/ L. NaCl +
5 g/ L (NHy4) 2SOy solution for 24 h

3.3 Discussion

The variation of the open circuit potential
(OCP) with time can give an indication of the anodic
and cathodic reaction. Fig. 9 interprets how the mr
cro-galvanic cells on the corroding surface affect the
potential at position “p” in solution, where the sign
“ 7 represents a micro-galvanic cell. From the EN
( continuous OCP, sampling frequency 10 Hz) experr
ment, the fluctuation amplitude in NaCl+ HCI solu-
tion is lower than that in NaCl+ ( NH4) 2S04 solu-
tion, which indicates that there are more micro-gal-
vanic cells in NaCl+ ( NH4) 2SO4 solution than that in
NaCl+ HCI solution. It is in accord with the EDAX
results. The fluctuation of OCP characterized by the
repetitions in which the OCP suddenly drops nega
tively and instantly restores positively. As discussed
above, the numerous micro-galvanic cells on the cor
roding electrode may cause this, while the long-term
drift of OCP may be a result of the long-term varia-
tion of the cathodic and anodic corrosion processes.
This can be illustrated by Evans diagram of Fig. 10,
where the increase in cathodic polarization causes the
free corroding potential to move from %1 to Pepr2
and the anodic polarization cause the potential to drift
from %1 to Pons. In the case of state B alloy in
NaCl+ (NH4) 2S04 solution, the Zn/ Cu depleted pre-
cipitatiorrfree zone are the sites for anodic reaction,
and the total cathodic area are apparently smaller than
anodic area (the matrix). So the corrosion process is
under anodic control. As the immersion time pro-
longs, the cathodic and anodic reaction will keep bal-
ance, therefore, the open circuit potential will keep
balance as well (see Fig. 6). In the case of state A al-
loy in NaCl+ HCI solution, because of the hydration
of the surface aluminum atoms, the OCP will drift in

the negative direction. On the other hand, the ca
thodic reaction on the surface of AFZirMg-Cu alloy
( main reaction is the reduction of hydrogen) can take
place on the whole electrode surface, while the anodic
process ( the dissolution of the AI** ) can take place
only on the spot where the passive film has already
broken down. It is obvious that the anodic area is
much smaller than the cathodic one; and the corro-
sion process is under anodic control. Because the pas-
sive film of aluminum will breakdown or repassivate,
the total anodic area will change with the time,
which will obviously cause the long term fluctuation
of the OCP. The hydrogen will be exhausted with
time, so at the retral immersion time, there are some
positive direction shift in Fig. 2.
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Fig. 9 Schematic illustration of ways
of micro-galvanic cells affecting
potential at position “p”( AV > AV,)
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Fig. 10 Schematic illustration of variations
in cathodic or anodic activity causing drift
of open circuit potential

From the EIS experiment, all impedance spectra
of two heat treatments in two IGC solutions can be
divided into three types as follows.

1) Only one capacitive during the whole frequen-
cy range. The state A alloy in NaCl+ (NHjy) 2S04 so-
lution takes on only one time constant. At the end of
immersion, there are several little pits on the elec
trode surface, which couldn t be detected by EIS, so
there is only one capacitive arc that corresponds to the
double layer. The radius of capacitive arc has no re-
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markable change because of no obvious change of elec-
trode surface during the whole immersion time.

2) One capacitive arc at the high-mediate fre-
quency and an inductive loop at the low frequency.
Two states Al alloys in the NaCl+ HCI solution dis-
play EIS features just like this. At the end of the im-
mersion, there is IGC on the electrode surface from
the metalloscopy detection. The inductive behavior is
often explained by the relaxation phenomenon of reac
tion intermediates''”. In fact, the origin of inductive
features is numerous. For example, when the elec
trode potential shifts towards more anodic direction
and if the time dependent change of the electrode in-
terface promotes the dissolution reaction (or converse
ly the cathodic potential shifts to the cathodic pro-
cess), an inductive feature is expected. On this
point, it is believed that the inductive loop is associat-
ed with the weakening of the protective effectiveness
of the aluminum oxide layer due to the anodic dissolu-
tion of aluminum alloy. With prolonging the immer-
sion time, the surface oxide layer becomes progres-
sively less protective, due to the action of the aggres-
sive anions in the IG solution. Then, the relaxation
of weak points diminishes and the low frequency in-
ductive loop will be weakened. It is obvious that the
capacitive arc is corresponding to the original surface
and the inductive loop is corresponding to the reaction
information. The inductive loop shrinks with time,
which indicates that the surface is attacked more
severely with the increase of the immersion time''”,
due to the action of the aggressive anions in the IG
solution.

3) Two capacitive arcs at different frequency
zone. The state B alloy in NaCl+ (NH4) 2S04 solu-
tion presents two time constant features. The high-
mediate frequency capacitive arc originates from the
original corroded surface, while the mediate-low fre-
quency one is corresponding to the new surface by 1G
attack, which results in IGC. Through the equivalent
electrical circuit as shown in Fig. 5, the low frequen-
cy capacitive value vs. time is shown in Fig. 11. As
can be seen in Fig. 11, the Cy gets the lowest value at
4 h immersion, and then shifts upward slowly. This
phenomenon is corresponding to the repassivation of
interface film. In NaCl+ ( NH4)2S04 solution, the
pit attack is prior to occur and the repassivation pro-
cess occurs at the same time. There is a couple of
competition reaction. Repassivation process is the
main factor at the first 4 h immersion, and at the re-
manent time, the IG attack is the main process, so at
the end of immersion, there is only a visible IG
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Fig. 11 Cy as function of immersion time of
state B alloy in 35 g/ L NaCl + 5 g/ L
(NH4) 2S04 solution
morphology.

It is generally considered that pitting corrosion
occurred first and then the corrosion chimneys main-
tained the acidic, chloride pit environment that subse-
quently caused IGC ( preferential dissolution of the re-
From the
EDAX results, artificial ageing changes the composi-

gion adjacent to the grain boundaries)'® .

tion and element content of different zone. The Zn/
Cu depleted precipitation-free zone is formed by the
second heat treatment, which plays a very important
role for the IGC in the NaCl+ (NH4)2SO4 solution
(IGC in neutral solution). Al has a more active po-
tential ( solution potential) than Cu and Zn, so the
Cu/ Zn depleted zone dissolve preferentially in IGC so-
lutions, which is adjacent to the GBs. But in the Na-
Cl+ HCI solution, the initial pH value is very low
(pH= 0. 63) and the evolution of hydrogen plays an
important role in the IG corrosion.

The main difference of the two kind IGC solu-
tion is that the proton concentration, and the aggres-
sive ion, just like CI” , is at the same quantity. From
our prevenient works, the SO3™ is not an effective
aggressive ion to initiate a pitting or intergranular
corrosion. So Neutral solution ( NaCl+ ( NHy),S04)
alone did not attack the depleted regions along the
grain boundaries of A kind heat-treated AFZmrM g-Cu
alloy, but attacked the depleted regions preferentially
of kind B heat treatment alloy, and occurred IG cor
rosion. The preferential attack of the GBs region oc-
curred instead in acidic environment (NaCl+ HCI) of
two kind heat treatments alloys. In neutral solution,
the CI” and/or SO are not an effective aggressive
ion of IG corrosion, but the proton, which combines
with aggressive ion, is the most important factor of
IG corrosion. In neutral solution, NHZ plays an im-
portant role in improving IGC by forming complex
with many transition metals, just like Cu, Zn. So we
consider that NH; dissolves the Cu and Zn preferen-
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tially on the GBs of kind B heat treatment. There are
two kinds of attack of AFZmrMg-Cu alloy in two IG

solutions.
4 CONCLUSIONS

1) Electrochemical impedance spectroscopy is a
convenient technique to study the intergranular corro-
sion process, and can provide the corrosion detail and
corrosion dynamics.

2) All impedance spectra of two heat treatment
alloys in two IGC solutions can be divided into three
types. When intergranular corrosion occurs in NaCl+
(NH4) 2S04 solution, the mediate-low frequency ca
pacitive loop comes forth and bode plot is mainly com-
posed of two capacitive arcs. T he high-mediate one o-
riginates from the old surface of the corroding elec
trode while the low frequency loop from the newly
formed interface by intergranular corrosion. In NaCl
+ HCI solution, the low frequency inductive loop is
corresponding to the IGC information and shrinks
with time, which indicates that the specimen surface
is attacked more severely with immersion time.

3) Different heat treatment and different 1GC
solution result in different corrosion modality, includ-
ing pitting and intergranular corrosion, which corre-
sponds with different EIS feature. In NaCl +
(NH4) 2SO4 solution, the Cu/Zn depleted precipita
tiorrfree zone plays an important role in IGC, but in
NaCl+ HCI solution, the proton, which combines
with the aggressive ion, is a more important factor to

occur 1GC.
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