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KEYWORDS Abstract The effect of temperature on the corrosion behavior of 3003 aluminum alloy in ethylene
3003 aluminum alloy; glycol-water solution was investigated by potentiodynamic polarization and electrochemical impe-
Corrosion behavior; dance spectroscopy (EIS) techniques. The surface characterization was observed and determined by
Electrochemical measure- scanning electron microscopy (SEM), atomic force microscopy (AFM) and energy dispersive spec-
ments; trometer (EDS). The results demonstrate that the anodic aluminum dissolution and the cathodic
Ethylene glycol; oxygen reduction were accelerated by the increased temperature. However, as temperature was over
Temperature 60 °C, the solubility and concentration of oxygen decreased, resulting in the inhibition of cathodic

reaction. The cathodic reaction rate of 3003 aluminum alloy rose to the maximum at 60 °C. The
Warburg impedance in Nyquist diagram diminished and then was replaced by a negative capaci-
tance caused by the absorption of intermediate corrosion product on electrode. On the other hand,
after potentiodynamic measurements, 3003 aluminum alloy suffered pitting corrosion. The dissolu-
tion of aluminum alloy around secondary phase particles expanded both horizontally and vertically.
© 2016 The Authors. Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics
and Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

1. Introduction aluminum alloy corrosion occurs and is a major problem in
the cooling system of aircraft engine block.* ® It is due to a
Aluminum alloys are increasingly used in aerospace industries wide temperature range and complex components of coolant

: Al . : 79 . .
owing to their excellent properties of high strength-to-weight to W_h1Ch the dluml.num alloy is exposed.” ~ The appropriate
ratio and good formability.'  For example, the heat exchang- physical and chemical properties of heat coolant have been

. . . 10-12 3
ers on the aircraft’ AC modules are made of the aluminum required to prevent malfunction of cooling system. Mixed
with water, ethylene glycol is a popular coolant in heat

exchanger'®, because of its low cost and excellent freeze and
heat-protection over a wide temperature range.'* '’ The main

alloy rather than the other two types of commonly applied
materials: the copper alloy and the stainless steel. However,

* Corresponding author. Tel./fax: +86 10 82317103. composition of a conventional coolant consists of 30%—70%
E-mail address: songmei_li@buaa.edu.cn (S. Li). (by volume) ethylene glycol and some corrosion inhibitors.' >’
Peer review under responsibility of Editorial Committee of CJA. Common heat transfer fluids show a low aggressivity, unless

pollution or high-temperature exposure (degradation)
occurs.”’ Coolant in the aircraft heat exchanger is always con-
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corrosion resistance of aluminum and aluminum alloys
decreased significantly and severe pitting corrosion was
observed.”

3003 aluminum alloy is considered as an advanced material
for manufacturing aero heat exchangers.”® 2° It has complex
microstructure containing intermetallic particles and impurity
precipitation in the aluminum matrix. These particles and pre-
cipitation can be either cathodic or anodic with respect to the
matrix phase.””*® Such complexities have made it challenging
to understand the corrosion of 3003 aluminum alloy in cooling
systems at different temperatures.

There were a few works in the study of corrosion of alu-
minum alloys in aqueous ethylene glycol solutions.”” Liu and
Cheng® found that the oxide film formed on aluminum
depended on the dissolved oxygen in the solution. The catho-
dic reaction is dominated by the oxygen reduction in aerated
solution.>' In the absence of oxygen, the main cathodic reac-
tion is either reduction of water or reduction of ethylene gly-
col.’?> However, few of them focused on the effect of
temperature on the corrosion behavior of 3003 aluminum alloy
in aero coolant systematically. It can provide useful data for
material protection and design. In particular, the change in
temperature may make a big difference to the inhibition effect
of inhibitor. Therefore, it is necessary to study the effect of
temperature on the corrosion behavior of 3003 aluminum alloy
in the solution.

The present work studies the corrosion and electrochemical
behavior of 3003 aluminum alloy in chloride-containing ethy-
lene glycol-water solution at different temperatures by various
electrochemical measurements, including corrosion potential,
potentiodynamic polarization, cathodic polarization, electro-
chemical impedance spectroscopy (EIS). The geometrical
parameters of pits are measured and analyzed. The surface
morphology of aluminum electrode is characterized by scan-
ning electron microscopy (SEM) and atomic force microscopy
(AFM). The chemical composition is measured by an energy
disperse spectroscopy (EDS) combined.

2. Experimental procedures

2.1. Electrodes and solutions

Test specimens were cut from a 3003 aluminum plate into
cylinders of 10 mm diameter, with the chemical composition
(Wt%): Cu 0.2, Mn 1.5, Fe 0.70, Si 0.60, Zn 0.10, Mg 0.05,
Ti 0.05, Cr 0.05 and aluminum in balance. The aluminum elec-
trode was embedded in phenolic resin, leaving a working area
of 0.785cm®. Electrical contact of the specimen was made
from the rear by spot welding a cooper lead on to the back
of the specimen. The non-working surface of the electrode
was sealed in an epoxy resin. The exposed surface of each elec-
trode was finished by wet-grinding with a series of emery
papers from 400 grit to 5000 grit and then cleaned thoroughly
with alcohol acetone and deionized water in turn. The base
solution was a mixture of 50% ethylene glycol + 50% deion-
ized water + 0.1 mol - L™' NaCl, simulating the aero coolant
and the potential chloride contamination. Tests were per-
formed at temperatures ranging from 30-80 °C, consistent
with the typical operating temperature in the aero cooling sys-
tem. The test temperature was maintained through a water
bath controlled by a thermoelectric couple. All solutions were

made from analytic grade reagents and ultrapure deionized
water.

2.2. Electrochemical measurement

Electrochemical measurements were conducted on a three elec-
trode cell with the test specimen as working electrode(WE), a
platinum as counter electrode (CE) and a saturated calomel
electrode (SCE) as reference electrode (RE). Prior to electro-
chemical measurement, the specimen was immersed in the sta-
tic solution for 3h in order to obtain a steady corrosion
potential. Open-circuit potentials were monitored prior to
any polarization or impedance measurements.

Potentiodynamic scans were performed at a positive direc-
tion from —0.8 V(vs. SCE) to —0.45 V(vs. SCE) with a scan
rate of 30 mV/min on Princeton 2273. Polarization stopped
when the anodic current density exceeded 0.01 mA. The values
of corrosion current density (ico ), corrosion potential (Ecor),
anodic and cathodic Tafel slops (b,, b.) were fitted and calcu-
lated through a Zview analytical software. Cathodic polariza-
tion was carried out by sweeping from —0.6 V(vs. SCE)
negatively to about —1.3 V(vs. SCE).

All the EIS measurements were conducted at open circuit
potential on CHI 660E (Hua Chen instrument corporation,
Shanghai). Impedances were characterized over the frequency
range from 100 kHz to 10 mHz, with the AC signal amplitude
being + 10 mV(vs. SCE). Equivalent circuit modeling was per-
formed using ZsimpWin software.

For each temperature, at least three parallel valid samples
were tested to ensure the reproducibility of the results. The
sample data closest to the average level was the final data used
in analysis. Al the tests were performed open to air without
agitation of the electrolyte.

2.3. Surface characterization

After potentiodynamic polarization, the 3003 aluminum elec-
trode was removed from solution. Before AFM measurement
the sample was cleaned by ultrasonic bath for 10 min to get
rid of corrosion product, rinsed with deionized water and
dried with cold air for atomic force microscopy (AFM) anal-
ysis. AFM analysis was conducted on a Veeco Dimension
Icon operating in Tap Control mode under ambient condi-
tions in air at a scan size of 30 um x 30 um to provide
detailed topographic information. Images were analyzed by
the AFM NanoScope Analysis software, version 1.40. And
then a layer of gold was sprayed on the surface of the elec-
trode to enhance the electrical conductivity prior to SEM
(scanning electron microscopy) characterization conducted
on CamScan3400. The morphological features of different
regions of the electrode were characterized by SEM at
2000x magnification. Then, the total number and physical
dimensions of pits located in the microscopical view were
recorded without repetition. The number of pits was counted
on the visual field of the microscopy. We chose ten visual
fields of microscopy randomly on each sample under the
same magnification, recorded the number of pits on it, and
then calculated the number of pits on per mm? Elemental
composition was measured with a combined EDS (energy dis-
persive spectrometer) instrument.
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3. Presentation of results

3.1. Polarization curve measurements

The corrosion potential of the electrode increased at first and
then fluctuated around —0.58 V(vs. SCE) with the immersion
time.

Fig. 1 shows the polarization curves of 3003 aluminum elec-
trode measured in the test solution at different temperatures,
and T is temperature. It is seen that 3003 aluminum alloy
would not be passivated in the ethylene glycol-water solution
containing 0.1 mol - L™! NaCl. With the increase of tempera-
ture, the corrosion potential of aluminum decreased and ano-
dic dissolution current density increased. Cathodic current
density increased until the temperature was up to 60 °C, and
then decreased as the temperature reached 80 °C.

The electrochemical parameters, including corrosion cur-
rent density, corrosion potential, anodic and cathodic Tafel
slopes are fitted and listed in Table 1.

Fig. 2 shows the cathodic polarization curves at various
temperatures. The characteristic of cathodic polarization
curves are similar. The reductive current density decreased
rapidly with the positive shift of potential before the curve
revealed a knee point after which an approximate plateau
showed. Cathodic polarization curve was divided into two
parts by the knee point. The part of cathodic curve at poten-
tials more positive than the knee point has been demonstrated
in Fig. 2. We deal with the part of cathodic curve at potentials
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Figure 1  Polarization curves of 3003 aluminum alloy at different
temperatures.
Table 1 Fitted electrochemical parameters at different
temperatures.
T (OC) Ecorr icorr ba vs. SCE bc vs. SCE
vs. SCEmV) (puA-cm=2) (mV) (mV)
30 —571 0.77 45.9 —317
40 —584 0.92 38.2 —402
50 —585 1.59 31.7 —545
60 —589 2.49 27.5 —656
70 —608 3.87 26.5 —458
80 —618 391 19.3 —287
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Figure 2  Cathodic polarization curves of 3003 aluminum alloy
at different temperatures.

more negative than the knee point. With temperature increas-
ing, the reductive current density increased. Moreover, the
knee point shifted positively as temperature increased.

3.2. EIS measurements

Fig. 3 shows the Nyquist diagrams of 3003 aluminum electrode
in the aerated test solution at different temperatures. It is seen
that in the high-frequency range, all the impedance spectra had
an identical characteristic that a depressed semicircle showed
and the diameter of the semicircle decreased with the increas-
ing of temperature. In the low-frequency range at temperatures
of 30, 40, 50 °C, the measured EIS plots were typically featured
with a diffusive tail, a relatively straight line, and became less
straight at 60 °C. The diffusive tail of the impedance spectra
was replaced by a reversed semicircle at low frequency when
the temperature rose to 70 °C and 80 °C. Furthermore, the
diameter of the semicircle decreased with the increasing
temperature.

3.3. Surface characterization

Figs. 4 and 5 show the SEM images of the surface morphology
for 3003 aluminum electrode before and after potentiodynamic
polarization in the tested solution at different temperatures.
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Figure 3  Nyquist diagrams of 3003 aluminum alloy at different
temperatures.
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Aluminum substrate

Secondary phase

Figure 4 SEM images of surface morphology for 3003 alu-
minum electrode before polarization (2000x).

The pits were in rounded or elliptic shape. Some of the pits
were filled with a particle. A number of particles shaped of
stretched ellipses were also observed in the aluminum alloy
substrate. The element composition of the stretched-ellipse
shaped particle was measured as shown in Table 2, demon-
strating that they were secondary phase particles rich in copper
and manganese. The number of pits and the size of pit mouth
width at different temperatures are shown in Figs. 6 and 7,
where P is the percentage of pit mouth width at different tem-
peratures. With temperature rising, pit number tended to
decrease, while the pit mouth width increased and pit size dis-
tribution was inclined to be scattered.

Topographical changes were qualitatively characterized by
AFM three-dimensional (3D) and two-dimensional (2D)
images. The 3D and 2D AFM topography images and topo-
graphic line-scans through the second phase and the pit are
depicted in Fig. 8(a)—(c). Fig. 8(a) depicts the 3D AFM topog-
raphy image; Fig. 8(c) shows the topographic line-scan results
of Fig. 8(b), where H is the coordinates of the vertical direction

(a) T=30C

(b) T=40"C

Table 2 Element composition of stretched-ellipse shaped
particle.

Element C O Mg Al Si Fe Mn Cu

Weight 7.83 7.46 0.16 41.53 0.33 0.43 6.25 36.01
percentage (Wt%)

45
_ 35t
Q
o)
£ |
=
£
25+
15 L | 1 1 L 1 " 1 n 1 n 1 " 1 n
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7(C)
Figure 6 Pit number on the surface at different temperatures.

and L is the coordinates of the horizontal direction of the line-
scan. In the 3D image, small hills were present in the places of
secondary phase and inverted hills were present in the places of
pit. The depth of pits were recorded and 20 pits on the alu-
minum electrode were recorded at each temperature. The
results are shown in Fig. 9(a)—(f). The depth of pits increased

10 um
(c) I=50"C

(d) T=60C

Figure 5

(e) T=70C

(f) 7=80C

SEM images of surface morphology for 3003 aluminum electrode at different temperatures (2000x).
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Figure 7  Pit mouth width at different temperatures.
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Figure 8 AFM topography images and topographic line-scan through the second phase and pit.

with the increase of temperature. Pits showed a trend of
expansion.

4. Discussions

4.1. Effect of temperature on corrosion reaction

Generally, the electrochemical corrosion of aluminum alloy in
a near-neutral aqueous solution in the presence of oxygen is
characterized by

Cathodic reaction:

0O, + 2H,0 + 4e — 40H™
Anodic reaction:

Al — APt + 3e

AP +30H™ — Al(OH),

In the presence of oxygen, a layer of aluminum oxide film is
formed on aluminum surface. Upon the addition of ethylene
glycol in the solution, ethylene glycol would be reduced and
an aluminum-alcohol can also be formed:

CH,CH,(OH), + ¢ — OHCH,CH,0™ + H (4)

AP 4+ 30HCH,CH,0™ — Al(OHCH,CH,0), (5)

The aluminum-alcohol is formed when the oxygen is insuf-
ficient.’® In the absence of oxygen, the main cathodic reaction
is either reduction of ethylene glycol by Eq. (4) or reduction of
water:

H,0 +e — H+OH" (6)

Therefore, the resultant film would be a mixture of alu-
minum oxide and aluminum-alcohol films.*

The positive shift of open circuit potential of 3003 alu-
minum electrode shows the oxidation of the electrode upon
the immersion in the solution. The open circuit potential
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Figure 9  Pit depth at different temperatures.

fluctuated around a specific value, indicating that the film
formation and dissolution achieves an equilibrium state.****

It is seen from Table 1 that the increased temperature
shifted E... negatively. In general, a more negative corrosion
potential indicates a more active state. The electrode became
more vulnerable to the test solution with the increased temper-
ature, which is associated with a higher anodic dissolution
trend. With temperature rising, b, decreased from 45.9 mV
(vs. SCE) to 19.3 mV(vs. SCE). The decrement of b, showed
that the increase in temperature lowered the anodic reaction
resistance, and thus accelerated anodic dissolution. Appar-
ently, the increase in temperature significantly activated the
3003 aluminum. b. decreased from —317 mV(vs. SCE) to
—656 mV(vs. SCE) and then increased to —287 mV(vs. SCE).
It indicated that the cathodic reaction was accelerated with
temperature rising until temperature was up to 60 °C. And
when temperature was higher than 60 °C, the cathodic reaction
rate slowed down.

With the increase of temperature, the anodic reaction rate
of 3003 aluminum was accelerated while the cathodic reaction
rate increased at first then decreased, which indicated that the
corrosion mechanism of 3003 aluminum would be changed at
higher temperature.

The effect of temperature on corrosion reaction basically
complies with the Arrhenius equation:

k = Aexp(—E,/RT) (7)

where k is reaction speed constant, 4 pre-exponential factor,
E, apparent activation energy, R molar gas constant and T
thermodynamic temperature.

k determines the inherent reaction speed of a reaction. It
can be seen from the Arrhenius equation, in the premise that
E, remains unchanged and temperature range is limited, the

reaction speed constant increases with the increase of temper-
ature, and so is the reaction speed. The corrosion-related inter-
facial reaction process is accelerated with the elevated
temperature. Moreover, an elevated temperature lowers the
reaction activation energy at the same time. The anodic reac-
tion, dissolution of aluminum tends to be easier to occur,
and so does the cathodic reaction. Both the anodic and catho-
dic reaction accelerated due to the elevated temperature.
Therefore, the anodic and the cathodic current density increase
with the increasing temperature to a certain extent. Thus, the
corrosion reaction rate is accelerated which is identified by icor-
On the other hand, the cathodic reaction is a purely
diffusion-controlled process within a certain potential region
in aerated ethylene glycol-water solution.**° It is dominated
by the diffusion and the reduction of dissolved oxygen. With
temperature rising, the coefficient of diffusion oxygen mole-
cules increases and the viscosity of ethylene glycol would
decrease,’” which resulted in the acceleration of oxygen diffu-
sion and thus the increase of cathodic reductive current den-
sity. However, as the temperature of solution kept growing,
the solubility of oxygen decreased, thus the concentration of
dissolved oxygen decreased. There was not sufficient oxygen
for cathodic reduction reaction. The decrease of the content
of oxygen weakens the cathodic reaction, leading to the decre-
ment of cathodic current density and the increase of b, as
shown in Fig. 2 and Table 1. Here, the electrochemical disso-
lution of 3003 aluminum alloy is limited by the cathodic reduc-
tion of oxygen with diffusion control. The cathodic reaction
rate of 3003 aluminum alloy rose to the maximum at 60 °C.
As the cathodic reaction went, the dissolved oxygen reacted
and the oxidation of aluminum electrode persisted. As the con-
tent of dissolved oxygen became less and less, the reduction of
ethylene glycol or water which refers to the curve at potentials
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Figure 10  Equivalent circuits for fit of experimental data.

more negative than the knee point in Fig. 3, became promi-
nent. The reduction of ethylene glycol and water was enhanced
by the increasing temperature, since its reaction active energy
was lower and its reaction speed constant was larger at higher
temperature. As a result, the cathodic current density increased
with the rising temperature monotonously. The knee point
shifting positively as temperature increased provided evidence
for the less content of oxygen at higher temperature.

4.2. Effect of temperature on EIS plots

To further determine the electrochemical corrosion mechanism
of aluminum alloy in ethylene glycol-water solution at differ-
ent temperatures, EIS measurements and analyses were per-
formed (see Fig. 4). The observed “diffusive tail” in the low
frequency range at lower temperature represents the Warburg
impedance and is the typical characteristic of the corrosion
process where diffusion of oxygen is involved.*®*" It indicates
that mass-transfer step plays an important role in electrode
process. The diffusive Warburg impedance tended to diminish
with the increasing temperature. When temperature was higher
than 60 °C, the Warburg impedance characteristics almost dis-
appeared. This provides evidence to demonstrate that the cor-
rosion mechanism of 3003 aluminum is already changed with
the increase of temperature. Technically, the slopes of diffusive
tails are not strict 45°, which is because of the intermediate

20
-
15 - .
= '/l S L
: 7 .
10 v \ Vs
o] / L) L
g b s
N : - i
st e
= Measured
Fitted
O L
0 10 20 30 40 50
7' (kQ - cm?)
(a) Nyquist plot
Figure 11

reaction during corrosion parallel to the oxygen diffusion®*?°

or the non-stationary conditions under measurement.*’

The electrochemical equivalent circuit shown in Fig. 10 was
used for fitting EIS data with diffusive impedance. To simulate
the “dispersion effect” and compensate for the electrode non-
homogeneity such as the rough electrode surface, a constant
phase element (CPE) is used in the circuit to replace the ideal
double-layer capacitance. A CPE’s impedance (Zcpg) is given
by

(i)
- ®)

where o is angular frequency and Y, constant. n is the fre-
quency dispersion factor, which varies from 1 to 0 generally.
When n =1, CPE can be considered an ideal capacitance;
when n = 0, it is a resistance.”’

Simulations by means of the circuit provide a good agree-
ment with the experimental data at different temperatures.
Fig. 11 shows a typical example to compare the fitted results
with the experimental data by both Bode and phase angle dia-
grams, where R is solution resistance, CPE constant phase ele-
ment, R, charge-transfer resistance and W Warburg
impedance. It is seen that the selected equivalent circuit models
fit the experimental data very well. The values of the fitted
equivalent circuit elements are listed in Table 3.

In the Nyquist diagram, charge transfer resistance (R) is a
characteristic quantity for an electrode reaction and has a crit-
ical influence on the inherent speed of interfacial charge trans-
fer reaction.’®*> The value of R, shown as Table 3, basically
decreases with the elevated temperature, indicating an
enhanced destabilization of electrode upon the increase of tem-
perature. It is attributed to the enhanced oxygen diffusion and
aluminum oxidation. The value of Warburg impedance

ZCPE =

5
v Measured 180
- —Fitted
4r 160
g " rt
é 3L 440 %1)
N 2
i <
= {20 &
2F Measured
Fitted
10
1 1 1 1 1 1 1 1 1

lg| f/Hz|
(b) Bode plot

EIS Nyquist plot and Bode plot of aluminum electrode at 30 °C.

Table 3 Values of fitted equivalent circuit elements.

T (°C) R, (Q-cm?) Yo (@' -em! s Ry (Q-cm?) W (Q-em? - s7°) CHI”
30 41.07 7.68 x 10°° 0.9112 33,500 2928 0.0049
40 34.82 8.95 x 107° 0.9208 20,020 1179 0.0106
50 38.01 9.33 x 107° 0.9221 16,475 107 0.0165
60 39.6 1.11 x 1072 0.9297 8633 10.01 0.0140
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decreases with the rising temperature, agreed with analyzed. It
should be mentioned that the fitting results, values of fitted
equivalent circuit elements should only be considered in a form
of indirect changes of electric parameters, rather than direct
values because of the possible non-stationarity of the system
and high level of CHI? error during the fitting procedure.

As temperature increased to 70 °C, instead of the diffusive
impedance, a reversed semicircle emerged in the low frequency
range. The emergence of reversed semicircle is attributed to
either a high electrode surface roughness or an absorption
effect of intermediate corrosion product.**** It is studied by
Liu and Cheng™ that when CI~ concentration is up to
0.01 M(0.1 mol - L™!) and 0.1 M(0.5 mol - L™!), the content of
intermediate products adsorbing in aluminum-alcohol film is
significant. Therefore, the observed reversed semicircle mainly
results from the absorption of intermediate corrosion product
on electrode. Equivalent circuits used in calculating the impe-
dance of electrochemical adsorption systems are better to be
negative capacitance. The existing devices designed for impe-
dance optimization lack equivalent circuits involving the nega-
tive capacitance, thus the equivalent circuit for impedance
including reversed semicircle is not given.*’

Aluminum corrosion reaction is mixed-controlled by acti-
vation step and mass-transfer step through the anodic film in
ethylene glycol-water solution.** As temperature rose, the dif-
fusive impedance feature faded away. Therefore, mass-transfer
step became less dominant in the electrode reaction process,
resulting in the change of Nyquist diagram and electrochemi-
cal equivalent circuit.

4.3. Surface morphology

According to the surface characterization, after the potentio-
dynamic measurements the aluminum electrode suffered pit-
ting corrosion. Pit nucleation was associated with the active
points and the local dissolution of aluminum alloy substrate
around the secondary phase particles. The stretched second
phase particles are primarily intermetallics rich in copper and
manganese. Corrosion is known to initiate preferentially at
the particle-matrix interface.*’ There actually existing an effect
which is called micro-galvanic coupling between secondary
phase particles and the aluminum matrix resulting in preferen-
tial dissolution of aluminum alloy.>* Intermetallic particles
acted as local cathodes in the corrosion process. Pits formed
when aluminum dissolved and intermetallic particles detached
from the aluminum matrix. At higher temperature, aluminum
alloy substrate had a higher dissolution activity, the active dis-
solution of aluminum was enhanced and the dissolved area of
aluminum was larger. The micro-galvanic coupling effect was
enhanced. The dissolution of aluminum alloy expanded both
horizontally and vertically (see Figs. 7 and 9). The adjacent
pits converged to form a larger pit, which would cause the
decrement of the amount of pits under different temperatures.
As a consequence, the size of pit was enlarged and the alu-
minum electrode had a trend of uniform corrosion.

It is commonly acknowledged that the corrosion of alu-
minum under certain environment is determined by the specific
corrosion process.*' In the solution of ethylene glycol-water
containing 0.1 mol - L™' NaCl, the elevated temperature can
affect the corrosion process mainly from two aspects: one is
that it accelerates the electrochemical reaction (both anodic

and cathodic) and determines the diffusion process of reaction
species towards the reaction sites; the other is that it affects the
size and expansion of pits. Larger and deeper pits are formed
at higher temperature, and a trend of uniform corrosion is
presented.

5. Conclusions

(1) An increase of experimental temperature would acceler-
ate the 3003 aluminum alloy corrosion rate in ethylene
glycol-water solution containing 0.1 mol-L~' NaCl.
The dissolution of aluminum shows a feature of acceler-
ated with the rise of temperature. The elevated tempera-
ture enhances the diffusion of oxygen and accelerated
cathodic reaction rate. However, as temperature kept
rises, the solubility and concentration of oxygen
decrease, resulting in the inhibition of cathodic reaction.
The cathodic reaction rate of 3003 aluminum alloy rises
to the maximum at 60 °C. Overall, the elevated temper-
ature accelerates the anodic and cathodic reaction speed
and facilitates the corrosion reaction to a certain extent.

(2) On the other hand, with the increase in temperature, the
Warburg impedance in Nyquist diagram diminishes and
a reversed semicircle caused by the absorption of inter-
mediate corrosion product on electrode emerges. The
mass-transfer step of corrosion becomes less dominant
in the electrode reaction process.

(3) After potentiodynamic measurements, 3003 aluminum
alloy suffers pitting corrosion. At higher temperature,
the micro-galvanic coupling effect between secondary
phase particles and the aluminum matrix is enhanced.
The adjacent pits converge to form a larger pit, thus
the active dissolution of aluminum is enhanced and the
dissolved area of aluminum is larger. The pit corrosion
process is promoted by both horizontal and vertical
expansion of pit.
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