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Many kinds of alternative fuels such as biodiesel, ethanol, methanol, and natural gas have been developed
in order to overcome the limited deposits in fossil fuels. In some cases, the alternative fuels have been
reported to cause degrade materials. The corrosion rates of metals were measured by immersion test, a
kind of time consuming test because low conductivity of these fuels was not allowed to employ electrochemical
tests. With twin two-electrode cell newly designed for the study, however, electrochemical impedance
spectroscopy (EIS) test was successfully applied to evaluation of the corrosion resistance (Rp) of zinc, iron,
aluminum, and its alloys in an oxidized biodiesel and gasoline/ethanol solutions and the corrosion resistance
from EIS was compared with the corrosion rate from immersion test. In biodiesel, R, increased in the
order of zinc, iron, and aluminum, which agreed with the corrosion resistance measured from immersion
test. In addition, on aluminum showing the best corrosion resistance (R;), the effect of magnesium as an
alloying element was evaluated in gasoline/ethanol solutions as well as the oxidized biodiesel. R, increased
with addition of magnesium in gasoline/ethanol solutions containing chloride and the oxidized biodiesel.
In the mean while, in gasoline/ethanol solutions containing formic acid, Al-Mg alloy added 1% magnesium
had the highest R, and the further addition of magnesium decreased R,. It can be explained with the fact
that the addition of more than 1% magnesium increases the passive current density of Al-Mg alloys.
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1. Introduction

The limited deposits in fossil fuels cause many kinds
of alternative fuels such as biodiesel, ethanol, methanol,
natural gas to be developed. The wide usage of these alter-
native fuels as an automotive fuel has required automotive
makers to develop materials compatible to these fuels.
Some alternatives have been reported to corrode and wear
materials and to degrade fluidity of the alternatives.””
Biodiesel and ethanol among these alternatives were used
in this study because ethanol is relatively corrosive, and
the auto-oxidation of biodiesel induces to induce corrosive
environments.” In addition, more reliable metals and poly-
mers are required to be selected because the degradation
of materials applied to an automotive fuel system can de-
crease the fluidity of the fuels."? As a method for evalu-
ating reliability of materials, immersion test has been
mainly used despite of a time consuming test because the
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electrochemical method has not been available due to low
conductivities of the alternatives (ns/cm ~ ps/cm).”'”

In the study, to overcome a shortcoming of electro-
chemical methods, a twin two-electrode cell'” where the
distance between two electrodes is controllable at the rage
100 uym to 1 cm was designed to measure polarization
resistance (R,) using electrochemical impedance spectro-
scopy (EIS). In addition, the effects of magnesium on the
corrosion rate of Al-Mg alloys were evaluated by measure-
ment of R;, in the oxidized biodiesel and gasoline/ethanol
solutions containing NaCl or formic acid.

2. Experiment

2.1 Immersion test

Immersion test was carried out to evaluate corrosion
behaviors of zinc, iron, and aluminum in an oxidized bio-
diesel and to compare the corrosion behaviors from the
immersion with corrosion behavior from EIS. For the test,
biodiesel was oxidized as followed: the biodiesel where
2% 2-etylhexyl nitrate (EHN, 97%) as an oxidant was add-
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ed was heat up to 160 C for 48 hours, and air was flown
through the biodiesel with the rate of 500 cc/min during
oxidation. In some case, 4% formic acid was added to
further accelerate corrosion rate after oxidation. The prop-
erties of biodiesel solutions used in the test are summar-
ized in Table 1. Prior to immersion, the surface of speci-
men was grinded up to 1200 grit SiC paper, washed with
distilled water, and degreased with acetone, and ethyl alco-
hol, sequently. After the specimens were immersed in the
test solutions for 3, 7, 15, and 28 days, the corrosion prod-
ucts on metal surface were removed according to ASTM
G1-03 as follows: zinc was cleaned by immersion for 4
min in 1.87 M NH4Cl at 70 °C, iron was cleaned by 3
min immersion in 0.025 M C¢H2Ng4 + 5.43 M HCI at
20 °C, and aluminum was cleaned by 3 min in 60% HNO;
at 20 °C. Finally, the weigh was measured.

2.2 Potentiodynamic test

Potentiodynamic test was carried out to examine the ef-
fects of magnesium on corrosion resistance of Al-Mg al-
loys (pure Al, Al-1%Mg, Al-10%Mg, and Al-20%Mg) in
the oxidized biodiesel and gasoline/ethanol solutions. As
gasoline/ethanol solutions, the following solutions were
used: E50+5% water +330 ppm NaCl, E50+5% water
+100 ppm formic acid, E85+5% water +330 ppm NaCl,
and E85+5% water +100 ppm formic acid. Typical 1L-
electrochemical cell was used. The specimen was treated
as mentioned in 2.1 immersion test' and electrically con-
nected using flat specimen holder. A saturated calomel
electrode (SCE) and a platinum electrode were used as
a reference electrode and a counter electrode, respectively.
Potential was anodically polarized from corrosion potential
to -0.3 V with a scan rate of 60 mV/min after corrosion
potential (Ecor) was stabilized.

2.3 Electrochemical impedance spectroscopy (EIS) test

EIS test was carried out in order to measure the polar-
ization resistance of aluminum and its alloys, iron, and
zinc in the oxidized biodiesel and the gasoline/ethanol sol-
utions with high resistivity. Twin two-electrode cells were
designed for measurement of polarization resistance (R,)
using EIS in solutions with high resistivity as shown in
Fig. 1 and Fig. 2. Especially, in the cell (Fig. 1), the dis-

tance between two electrodes is controllable at the rage
100 pm to 1 cm to measure R, in a solution having ex-
tremely low conductivity such as biodiesel solution whose
resistivity is 5 nS/cm. In addition, in order to minimize
unwanted crevice corrosion between specimen and mask-
ing materials, the sides of the specimens were painted with
an coating material (Amercoat, AMERON Co.), dried at
50 °C for 24 hour, and then cold-mounted with the cold
resin. The surface of the specimen was grinded up to 1200
grit SiC paper. The specimen was washed with distilled
water and degreased with acetone and ethyl alcohol,
sequently. EIS test was performed after 30- min immersion
for stabilization of the corrosion potential (Ecorr). EIS
measurement was performed at the corrosion potential
with voltage perturbation amplitude of 10 mV in the fre-
quency range from 0.005 to 10° Hz. In case of biodiesel,
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Fig. 1. Twin two-electrode cell used for biodiesel, consisting
of (1) micro meter, (2) electrical connector, (3) teflon specimen
holder (4) specimen, (5) teflon O-ring, and (6) glass tube.
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Fig. 2. Twin two-electrode cell used for ethanol mixed solutions,
consisting of (1) clamp for cell assembly, (2) specimen, (3) O-ring,
and (4) teflon tube.

Table 1. Biodiesel solutions used for immersion tests and their properties

Composition Oxidation conditions Acidity (KS M ISO 6618) Conductivity
P (temperature (C)/holding time (hrs)) (mg KOH/g) (uS/cm)
Bio-D+2%EHN 165/48 30.2 0.005
Bio-D+2%EHN 4%HCOOH 165/48 82.5 0.197
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Fig. 3. Electrical equivalent circuit. (Cs: solution capacitance,
Ca: double-layer capacitance, Rg: solution resistance, Rp: polari-
zation resistance, Z,: Warburg impedance)

the distance between two electrodes was 50 um which
the open circuit current is stable without oscillation. In
case of gasoline/ethanol solution, the electrochemical cell
(Fig. 2) was chosen, where the distance between electrodes
and area of the surface were 8 mm and 2.54 cm”. The
polarization resistance (R;) was analyzed using equivalent
circuit as shown in Fig. 3 and data fitting program
(Autolab FRA).

3. Result and discussion

3.1 Convsion rates of Zn, Fe, and Al in oxidized biodiesel

Fig. 4 shows the mass gain of zinc, iron, and aluminum
with immersion in the oxidized biodiesel. The addition
of formic acid to the oxidized biodiesel increased the cor-
rosion rates of the metals, which was explained with the
following reaction:

aM +bHCOOH <> M ,(COOH), +> H, 1)

The above reaction was confirmed by the observation
of the diffraction peaks of acetate on corerosion product
by XRD. The corrosion rate of zinc and aluminum were
the highest and the lowest, respectively. In addition, the
corrosion kinetics correxpond to a parabolic bahavior,
which probably is due to the formation of corrosion prod-
uct layer.

Fig. 5(a) shows the nyquist plot of zinc in the oxidized
biodiesel representing one semi-circle in a higher fre-
quency region and one loop in a lower frequency region.
The semi-circle in the higher region was due to the resist-
ance of the biodiesel. It was proved by the comparison
between resistivity calculated from the semi-circle and re-
sistivity measured from conductivity meter. Fig. 5(b) show
that the order of the metals in corrosion rate and the effect
of formic acid on corrosion resistance agreed with the re-
sults from immersion test in Fig. 4. In addition, the nyquist
plot of zinc shows semicircle but the nyquist plots of iron
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Fig. 4. Mass loss of metals with immersion in oxidized biodiesel.
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Fig. 5. Nyquist plots of Zn, Fe, and Al in the oxidized biodiesel
after 0.5-hour exposure: (a) Before subtraction of semi-circle,
(b) After subtraction of semi-circle.
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Fig. 6. Effect of immersion time on nyquist plots of (a) Zn,
(b) Fe, and (c) Al in the oxidized biodiesel.
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and aluminum does not. It means that corrosion of iron
and aluminum are controlled by transfer through air-
formed film or corrosion product film, while corrosion of
iron is controlled by surface reaction, which agrees with
the fact that the initial corrosion behavior of zinc conforms
to linear behavior but the corrosion behaviors of iron and
aluminum conform to parabolic behavior in Fig. 4. Fur-
thermore, the nyquist plots of the metals in Fig. 6, shows
that corrosion resistance increases with immersion time.
Especially, the corrosion resistance of aluminum increased
with immersion time as well as had the highest corrosion
resistance.

3.2 Effects of Mg on conosion resistance of Al-Mg alloys

Fig. 7 represents the effects of magnesium on anodic
polarization curves of Al-Mg alloys in ES5 and E85 con-
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Fig. 7. Effect of Mg on polarization curves of Al-Mg alloys
in (a) ES0 containing 330ppm NaCl and (b) E85 containing 330
ppm NaCl.
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Fig. 8. Effect of Mg on nyquist plots of Al-Mg alloys in various gasoline/ethanol solutions and oxidized biodiesel: (a) pure

Al, (b) Al -1% Mg, (c) Al -10% Mg, (d) Al -20% Mg.

taining NaCl. The addition of magnesium as an alloying
element increased passive region about corrosion potential
but decreased corrosion potential without the change of
pitting potential. In addition, passive current was lowest
in Al-1%Mg alloy but the further addition of magnesium
increased the passive current density again. It indicates
that magnesium effectively increase corrosion resistance
around corrosion potential but can accelerate corrosion rate
in oxidizing environments.

The noise issued from high resistance of solution makes
it difficult to measure corrosion rate using Tafel ex-
trapolation method. Furthermore, lower resistivity of gaso-
line/ethanol solution containing formic acid than NaCl (p
of E50 with formic acid = 3.8 pS/cm, p of E50 with NaCl
=80.1 pS/cm) has it impossible to conduct polarization
test. To overcome the shortcoming of polarization test,
twin two-electrode cells was used with EIS. The nyquist
plots of Al-Mg alloys in various gasoline/ethanol solutions
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Table 2. Polarization resistance (R;) of Al-Mg alloys in gaso-
line/ethanol solutions and oxidized biodiesel calculated from
nyquist plots in Fig. 8 and equivalent circuit in Fig. 3

Polarization resistance (Rp(2) x 10%)
Al alloys
| @ | o | (] o

Pure Al 1.780 0.616 0.976 0.929 7.045
Al-1%Mg | 2.265 0.989 1.661 1.288 | 31.160
Al-10%Mg | 2.805 0.220 1.296 0.368 | 16.690
Al-20%Mg | 7.072 0.334 2.352 0.867 | 16.270
(1)*: E50+5% H,O+330ppm NaCl,
(2)*: E50+5% H,O+100ppm formic acid,
(3)*: E85+5%H,0+330ppm NaCl,
(4)*: E85+5% H,O+100ppm formic acid,
(5)*: oxidized biodiesel

and the oxidized biodiesel are shown in Fig. 8, and the
polarization resistances of Al-Mg alloys are summarized

CORROSION SCIENCE AND TECHNOLOGY Vol.9, No.2, 2010
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in Table 2.

In gasoline/ethanol solutions containing NaCl, R, from
EIS increased with the addition of magnesium in Al-Mg
alloys, which agrees with the results from polarization test
that passive region is larger according to the addition of
magnesium. In oxidized biodiesel, R,'s of Al-Mg alloys
were much lower than those in the gasoline/ethanol sol-
utions, and magnesium as an alloying element increased
polarization resistance like gasoline/ethanol solutions con-
taining NaCl. In gasoline/ethanol containing formic acid,
the addition of magnesium did not increase R, of Al alloy
monotonously. In other words, Al-1% Mg had the highest
Rp; however, Al-10% Mg and Al-20% Mg had lower R,
than pure Al. The decrease of polarization resistance of
Al-10%Mg and Al-20% Mg is possibly related with the
higher passive current density around potting potential as
shown in Fig. 7. In other words, it can be due to the pres-
ence of an oxidizer such as formic acid as well as higher
passive current density. Based on measurement of R, of
Al-Mg alloys, corrosivity increased in the order of oxi-
dized biodiesel, gasoline/ethanol solution containing NaCl,
and gasoline/ethanol solution containing formic acid.

4. Summaries

1) Combination of twin two-electrode cells and EIS
make polarization resistances of metals (Zn, Fe, Al, and
Al-Mg alloys) in solution with low resistivity measurable.
It is proved by comparison between nyquist plots form
EIS and anodic polarization curve or corrosion rate ob-
tained from polarization test or immersion test, respec-
tively.

2) From immersion test and EIS test, the corrosion re-
sistance increased in the order of zinc, iron, and aluminum
in oxidized biodiesel. The corrosion of iron and aluminum
conforms to parabolic behavior while the corrosion of zinc
conforms to linear behavior during only the initial im-
mersion period.

3) Magnesium as an alloying element increased passive
region but lowered corrosion potential without pitting
potential. In addition, the passive current density of Al
alloys increased with magnesium except Al-1%Mg.

CORROSION SCIENCE AND TECHNOLOGY Vol.9, No.2, 2010

4) In gasoline/ethanol solution containing NaCl and oxi-
dized biodiesel, the addition of magnesium increased R,
effectively, while, in gasoline/ethanol solutions containing
formic acid, the addition of more than 1% Mg degrades
corrosion resistance. The corrosion resistance of Al-Mg
alloys in gasoline/ethanol solutions containing formic acid
can be explained with dependency of passive current den-
sity on magnesium added as an alloying element.

5) According to Ry's of Al-Mg alloys, corrosivity in-
creased in the order of oxidized biodiesel, gasoline/ethanol
solution containing NaCl, and gasoline/ethanol solution
containing formic acid.
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