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Abstract—The corrosion of an aluminum alloy (A12024) and copper in 1.0 M HCI solution was investigated at 30,
40, 50 and 60 °C using open circuit potential (OCP), electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization (PDP) measurements. The galvanic corrosion of Al2024 and copper was studied using the zero re-
sistance ammeter (ZRA) method. Galvanic current densities (I,) and galvanic potential (E,) were measured at 30 °C
in 1.0 M HCI solution. Thermodynamic parameters, such as activation energy (E,), enthalpy of activation (AH,) and
entropy of activation (AS,), were calculated and discussed. The results indicated that the corrosion rates of both A12024
and copper increased with temperature. The ZRA results demonstrated that A12024 is a sacrificial anode in 1.0 M HCI

solution when coupled with copper.
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INTRODUCTION

Aluminum is an active metal whose resistance to corrosion de-
pends on the formation of the protective oxide film on its surface
[1,2]. It is a commercially important metal, and one of its many ap-
plications is its frequent use as a reliable and cost-effective sacrifi-
cial anode. Aluminum sacrificial anodes are used in major marine
projects, e.g., in offshore applications, including structures, platforms,
pipelines, jetties and power plants. Aluminum anodes are also used
for ship hull and ballast tank protection [3]. Copper is widely used
in industry and is often used in the handling of acids. Copper has a
high corrosion resistance, and copper alloys possess considerable elec-
trical and heat conductivity, formability, machinability and strength,
except at high temperatures. Hydrochloric acid has various usages
in industry, e.g., in the pickling of steel and the removal of dust or
iron oxide from steel before certain processes. Some industries, like
food processing, pharmaceuticals and drinking water, use hydrochlo-
ric acid to control the pH of the process water stream. The effects
of temperature on the acidic corrosion of aluminum and copper ex-
posed to HCI solutions have been the focus of a substantial num-
ber of investigations [4-11].

In general, corrosion rates increase with increasing temperature
[12]. For many materials, such as copper, where the oxygen con-
tent of the solution directly affects the corrosion rate, the effect of
temperature is minimal. In situations where increasing temperatures
accelerate the rate of corrosion, the solubility of oxygen is subse-
quently decreased, and the two effects counteract each other. For
other alloys that depend on a passive film for their corrosion resis-
tance, such as aluminum [1,13], the effects of temperature can be
pronounced. At elevated temperatures, the soluble oxygen required
for repairing the protective oxide film is reduced, and the increased
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temperatures enhance the reactions that cause the films to break
down [14].

In this study, the corrosion behaviors of Al2024 and copper were
studied in 1.0 M HCI solution at 30, 40, 50 and 60 °C using open
circuit potential (OCP), electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization (PDP) measurements. The galvanic
corrosion of A12024 and copper was studied using the ZRA method.

EXPERIMENTAL SECTION

The working electrodes consisted of Al2024 and copper with
active surface areas of 3 cm?®. The composition of A12024 was (by
weight) 3.8% Cu, 0.1% Cr, 0.5% Fe, 1.2% Mg, 0.3% Mn, 0.5%
Si, 0.15% Ti and 0.25% Zn, and the balance was Al The copper
electrode was 99.994% pure. The specimens were cleaned accord-
ing to ASTM standard G1-03 [15]. All measurements were per-
formed in stagnant, non-aerated 1.0 M HCl acid solutions. A Gamry
Potentiostat/Galvanostat/ZRA (Ref. 600) was used for the corro-
sion tests. A three-electrode corrosion cell, with working electrode,
graphite counter electrode and saturated calomel electrode (SCE)
as the reference electrode, was connected to the Gamry Potentiostat/
Galvanostat/ZRA instrument for corrosion measurements. The tem-
perature of the corrosion cell was thermostatically controlled.

The electrochemical cell was allowed to stabilize before per-
forming the electrochemical measurements. The EIS measurements
for the Al2024 electrode were performed at the frequencies between
10 kHz and 0.1 Hz, with a signal potential perturbation amplitude
of 10 mV. For the copper electrode the frequencies were between
100 kHz to 0.01 Hz, with a signal potential perturbation amplitude
of 10 mV. The impedance data were fitted to appropriate equivalent
circuits using Gamry Echam Analyst software. The potentiodynamic
current-potential curves were obtained by changing the working
electrode potential automatically from —200 to 200 mV versus SCE
with a scan rate of 0.5 mV s™'. For the galvanic corrosion measure-
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ments, the galvanic current density (I,) and galvanic potential (E,)
were recorded simultaneously as a function of time using the Gamry
Potentiostat/Galvanostat/ZRA instrument and applying a zero poten-
tial against the galvanic cell. Al12024 and copper electrodes were
installed as a bimetallic shaft (Pine Instruments, Inc, USA) and were
immersed in 1.0 M HCl solution for approximately 100 min.

RESULTS AND DISCUSSION

1. Open Circuit Potential (OCP) Measurements

The open circuit potentials for A12024 and copper are shown in
Fig. 1. The OCP values for A12024 and copper were —712 and —330
mV/SCE, respectively. The OCP values of copper decreased with
increasing temperature, whereas the OCP values of Al2024 did not
show a clear trend with temperature. Copper’s potential was higher
than that of Al2024, indicating that the current would flow from
copper to A12024 when coupling in a galvanic corrosion cell [16].
2. Electrochemical Impedance Spectroscopy (EIS) Measure-
ments

Nyquist plots of Al2024 in 1.0 M HCI solution at various tem-
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Fig. 1. OCP values as a function of temperature for A12024 and
copper in 1.0 M HCI solution.
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Fig. 2. Nyquist plots for A12024 in 1.0 M HCI solution at (a) 30, (b)
40, (c) 50 and (d) 60 °C.
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Fig. 3. Equivalent circuit model used to fit Al2024 in 1.0 M
HCI solution at various temperatures.

peratures are shown in Fig, 2. The plots show that the impedance
decreased with increasing temperature. The impedance spectra con-
sisted of a capacitive loop at high frequencies, followed by an induc-
tive loop at low frequencies. This capacitive loop indicated that a bar-
rier layer was formed on the Al2024 surface, consistent with other
literature results that have been reported for aluminum in HCI solu-
tion [17,18]. In addition, the capacitive loop is typically related to a
charge transfer during the corrosion process and to the formation
of an oxide layer on the Al2024 surface. The inductive loop at low
frequencies was related to the surface relaxation processes in the
oxide film covering the Al2024 surface. The impedance data for
Al2024 in 1.0 M HCI solution were fitted using the equivalent circuit
model shown in Fig. 3. The circuit consisted of the solution resis-
tance R, connected in series with the constant phase element CPE,,
which was in parallel with the charge transfer resistance R, and in-
ductor L, which was connected in series with the layer resistance
R,. CPE was represented as follows [19]:

Uo)y=Zyjo™ @

where Z, is the CPE constant, o is the angular frequency (rad/s),
j=—1, which is an imaginary number, and « is the CPE exponent
[19]. The fitted values of the impedance parameters are listed in
Table 1.

The Nyquist plots for copper in 1.0 M HCI solution at selected
temperatures are shown in Fig. 4. The impedance spectra were char-
acterized as depressed semicircles at high frequencies that progressed
as lines at low frequencies [20]. The same behavior of copper in
HCI solution has also been reported in other studies [20,21]. The
capacitive loop at high frequencies was due to the charge transfer
resistance of copper dissolution, while the diameter of the capaci-
tive loop indicated the magnitude of the charge transfer resistance.
The corrosion rate decreased with increasing charge transfer resis-
tance. The high frequency loops were also attributed to the surface

Table 1. Impedance parameters for A12024 in 1.0 M HCl solution
at various temperatures

CPE,
Temperature R, L R, -
C)  (ohmscm?) (Hem?) (ohmsem?) Yo*10
(S s*em™)
30 082 341 3.93 275 089
40 068 050 4.04 297 085
50 072 087 0.85 420 090
60 0.61 0.38 042 313 09
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Fig. 4. Nyquist plots for copper in 1.0 M HCI solution at (a) 30, (b)
40, (c) 50 and (d) 60 °C.
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Fig. 5. Equivalent circuit model used to fit copper in 1.0 M HCl
solution at various temperatures.

relaxation of the copper metal, and the low frequency loops indi-
cated convection and the diffusion mass transport of copper ions
[21]. The equivalent circuit model for copper in 1.0 M HCI solu-
tion is shown in Fig. 5. It consisted of the solution resistance R, con-
nected in series with CPE,,, which was in parallel to the charge trans-
fer resistance R.,. The R, was in series with the surface film capaci-
tance CPE, and was in parallel with the surface layer resistance R,
which was in series with the Warburg impedance Z,. The values
of R, and CPE, were proposed for the fast charge transfer process
of copper dissolution. R; and CPE, represented the results of mass
transport through the surface film of copper, and Z,, represented the
diffusion process. The fitted values of the impedance parameters
are tabulated in Table 2.

Tables 1 and 2 indicate that R, decreased with increasing tem-
peratures, demonstrating that higher temperatures favored the cor-
rosion process. The CPE,, values for A12024 and copper increased
and decreased, respectively, with solution temperature. The Al2024

Fig. 6. Potentiodynamic polarization curves for Al2024 in 1.0 M
HCIl solution at (a) 30, (b) 40, (c) S0 and (d) 60 °C.

-0.45 \ AL

(a)
— (b}
(c)

Ewvs SCE (V)
///
_— \
_ / \

— d)

-0.55

LOg iarr (Afem?)

Fig. 7. Potentiodynamic polarization curves for copper in 1.0 M
HCI solution at (a) 30, (b) 40, (c) S0 and (d) 60 °C.

results implied that the increase in CPE,, values was due to an in-
crease in the local dielectric constant and/or a decrease in the thick-
ness of the electrical double layer, while copper showed the oppo-
site behavior [22].
3. Potentiodynamic Polarization (PDP) Measurements
Polarization curves for Al2024 and copper in 1.0 M HCI solu-
tion at the studied temperatures are shown in Fig. 6 and 7, respec-
tively. Both the anodic and cathodic polarization curves increased
with temperature, indicating an increase in both the anodic dissolu-
tion reaction of the metals and the hydrogen evolution reaction. These
results also show that the corrosion current densities of both A12024
and copper shifted to higher values with increasing solution temper-
ature. The polarization parameters of Al2024 and copper in 1.0 M
HCI solution at the selected studied temperatures are in Tables 3

Table 2. Impedance parameters for copper in 1.0 M HCl solution at various temperatures

Temperature R, CPE, R, CPE, Z,x10°
O (ohms cm?) Y, (S s*cm™) a (ohms cm’) Y, (S s“cm™) a (Ss"em™)
30 4.14x10" 3.55x10°° 0.43 897.40 8.62x107? 0.98 1.56
40 8.01x10™" 2.17x107° 0.57 766.20 1.19x107 1.00 1.42
50 1.07x10™ 1.93x107° 0.61 222.30 1.31x107° 0.36 3.08
60 4.49x107" 1.30x107° 0.71 60.98 5.31x10°® 0.34 8.08
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Table 3. Polarization parameters for A12024 in 1.0 M HCI at various temperatures

Temperature (°C) B.(V dec™) B.(V dec™) i,,,, (MA cm™) -E.,, (mV vs. SCE) Corrosion rate (mmy)
30 0.15 0.09 5.55 712 58.95
40 0.03 0.10 6.94 686 73.63
50 1.57 1.322 437 693 4640.58
60 2.245 1.151 505 705 5356.86

Table 4. Polarization parameters for copper in 1.0 M HCI at var-
ious temperatures

Temperature 5. Leorr -E,. Corrosion
(°C) (Vdec") (uAcem™) (mVvs.SCE) rate (mmy)

30 0.04 231 328 0.027

40 0.04 4.86 335 0.056

50 0.03 5.15 340 0.060

60 0.06 35.6 348 0.414

and 4, respectively. Table 3 shows that the corrosion current den-
sity i,,,, of A12024 increased with solution temperature, and a small
change was observed in the value of the corrosion potential E,,, as
the temperature increased. In Table 4, the i, value for copper in-
creased with solution temperature, while the E,,, value became more
negative at increased temperatures. The increases in the corrosion
rates for both Al2024 and copper were due to the increase in the
oxidizing power of the HCl solution at increased temperatures [12].
4. Zero Resistance Ammetry (ZRA) Measurements

The galvanic current density I, and galvanic potential E, of A12024
and copper coupled in 1.0 M HCl solution were recorded for 2 h at
30°C, as shown in Fig. 8. The current flow from copper to A12024
was indicated by the electrode potential value. The higher elec-
trode potential of copper over Al2024 prior to coupling made the
copper the cathode and the Al2024 the anode. A12024 formed a
thick protective oxide film after it was immersed in HCI solution
for 2 h; hence, it became a scarified anode to protect the copper.

The galvanic current behavior exhibited a rapid initial burst, fol-
lowed by a decrease from 10 to 30 min and then a nearly constant
value from 30 to 50 min. It decreased further from 50 to 105 min,
but abruptly increased after 105 min. The increase in the galvanic
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Fig. 8. Galvanic current I, and galvanic potential E, as a function
of time in 1.0 M HCI solution.

current value during the first stage was due to the rapid corrosion of
Al2024 as a result of the galvanic effects with copper. The decrease
of the galvanic current value was due to the formation of a passive
oxide layer on the A12024. The galvanic current value finally be-
came constant due to the stabilization of the passive oxide layer of
Al12024. Further decreases in the galvanic current value were caused
by the hindered dissolution of the metal as a result of the formed
passive oxide. The rapid increase in the galvanic current at 105 min
was due to the passive oxide layer of Al2024 being damaged [23].
The potential values were in the passive region, which gradually in-
creased to reach about —635 mV [24].
5. Corrosion Kinetic Parameters

The activation energy for the metal corrosion was obtained by
the Arrhenius equation as follows:

()
In 160,.,.—( R N\T +InA (14)

where i,,,, is the corrosion current in A cm™, A is the electrochemi-
cal constant, E, is the activation energy in J mol ™', R is the gas con-
stant (8.314 J mol'K™') and T is the temperature in K. An Arrhe-
nius plot, the graph of In i, against 1000/T, should give a straight
line with slope of (—E/R). Fig. 9 shows the plot for Al2024 and
copper in 1.0 M HCI solution, and the E, values were calculated
and are in Table 5. A transition state equation was used to calculate
the activation enthalpy AH, and activation entropy AS,,:

* eAl
ECu
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Fig. 9. Arrhenius plots for A12024 and copper in 1.0 M HCI solu-
tion.

Table 5. Corrosion kinetic parameters for A12024 and copper in
1.0 M HCI at various temperatures

Metal E,(kImol™") H,(kImol™") S,(Jmol'K™")
Al2024 148.18 145.54 188.55
Copper 68.66 66.02 -136.57

Korean J. Chem. Eng.(Vol. 29, No. 6)



822 A.Y. Musa et al.

#Al
WCu

A

gy 'T (A a2 K1)
=

-.\.\.

2.95 3.00 3.05 310 3.15 3.20 325 3.30 3.35
1000/T (K1)

Fig. 10. Transition state plots for A12024 and copper in 1.0 M HC1
solution.

)R o)

where N is Avogadro’s number, 6.02x10% mol ™', and h is Planck’s
constant, 6.63x10** m* kg s™'. A plot of In(i,,,/T) against 1000/T
should give a straight line with the slope of (—AH,/R) and intercept
of [In(R/Nh)+(AS/R)], as shown in Fig. 10. AH, and AS, values
were calculated for both Al12024 and copper in 1.0 M HCI solution
and are in Table 5. The obtained E, and AH, values were very close
to each other. Positive values of AH, for both A12024 and copper
indicated the difficulty of dissolution of these metals in HCI solu-
tion [22]. The AS, for Al2024 was positive, while a negative activa-
tion entropy value was obtained for copper. The large positive value
of AS, for A12024 indicated the formation of aluminum oxide, ALO;,
on the A12024 surface, while the large negative value of AS, for
copperimplied that the activated complex, rather than the dissocia-
tion step, was the rate-determining step in this reaction.

CONCLUSION

The corrosion behaviors of Al12024 and copper in 1.0 M HCl so-
lution at 30, 40, 50 and 60 °C were studied utilizing open circuit
potential (OCP), electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization measurements. The galvanic corro-
sion of A12024 and copper coupled in 1.0 M HCl solution at 30 °C
was studied using zero resistance ammetry (ZRA). The results in-
dicated that the corrosion rates for both A12024 and copper increased
with increasing solution temperatures. ZRA results demonstrated
that Al2024 was the scarified anode when coupled with copper in
1.0 M HCI solution. The corrosion kinetic parameters showed that
ALO; was formed on the surface of the A12024.
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