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Abstract

The content of biodiesel mixed with diesel fuel were compared to inspect the fuel resistance of thin resin
Cr-free steel sheets, which are widely used as steel sheets of automobile fuel tank. Some additives which can
be presented during the process of biodiesel preparation were added for CCT (Cyclic Corrosion Test). These
additives can accelerate the occurrence of corrosion. The corrosion was appeared on the coating and painting
layer and in serious cases even substrate material was corroded. For methanol, mixing with blended fuel
showed the reduction in corroded area as the additive concentration was reduced in the mixed fuel. Espe-
cially the peroxide hydrogen showed the strongest corrosiveness. It is known that formic acid has a tendency
of weaker corrosiveness than peroxide hydrogen, but the corrosion is occurred throughout the specimen.
Water is not mixed well with fuel, and does not seem to impact on corrosion significantly. However, water is
easily mixed with other additives and is considered to facilitate the corrosion by other additives.
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1. Introduction

The petroleum based fuels have been the most widely
and excessively consumed for automotive engines. How-
ever, it is well known that it will be depleted in several
decades later since the petroleum reserves have its limit.
The advance in technology may delay its depletion, but
the exhaustion of fossil fuel is inevitable. Therefore, the
realistic alternative for fuel issue has been brought up
and the one of possible candidates is thought to be biofuel.
Many advanced countries have developed the tech-
nologies in biofuel production and applied biofuels in
many vehicles as alternative fuels to substitute petroleum
based fuel. It can also contribute to reduce the environ-
mental pollution due to their less exhaust emissions. In
Europe, biodiesel (BD) is blended up to 5% in light-oil,
and US actively recommends the usage of biodiesel in
major cities. In certain case, the biodiesel is mixed up to
20%. Some specialists predict that biodiesel will take
25% of automobile fuel consumption in US on 2025 [1].
However, biodiesel has the issue in oxidation stability
comparing to petroleum based fuels. It contains corrosive
acidic contents (formic acid, acetic acid, hydrochloric
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acid, oleic acid, etc.). Some acidic contents are formed as
the time is elapsed. In addition, biodiesel has higher
moisture content, and numerous chemical substances are
included in preparation step. This can exhibit higher
corrosion rate of steel sheets for fuel tank compared to
petroleum based fuel [2,3].

Since the actual testing on fuel resistance of fuel tank
material will take more than 10 years, various ways to
evaluate assurance period for corrosion in short period of
time have been studied [4-7]. Generally the cyclic corro-
sion test (CCT) with more severe conditions has been
applied to determine the relative corrosion resistance [8].

However, it is difficult to evaluate the corrosiveness
quantitatively because of variety in biodiesel, chemical
substance in preparation phase, component contents, and
corrosion environment, etc. In this research, the contents
of biodiesel mixed with diesel fuel were varied to deter-
mine the fuel resistance of thin resin Cr-free steel sheets
for automobile fuel tank. The possible by-products dur-
ing preparation of biodiesel were also added for CCT
with more severe conditions. Corresponding corrosion
behavior is analyzed and evaluated for the degree of
corrosiveness quantitatively for each additive and mixing
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ratio between diesel and biodiesel.
2. Experimental Apparatus and Method

2.1. Experimental Apparatus for Fuel Resistance
Test

Significant amount of time and repetitive testing are re-
quired to test the corrosiveness of fuel generally. In addi-
tion, various types of fuels and specimens under a certain
condition make test difficult. A shaking apparatus was
designed and prepared for testing with fuel types and
specimens as many as possible in relatively short period
of time to solve these issues. In this equipment, about
300 specimens can be stored at the same time. A tem-
perature control system applied to configure the tem-
perature under the actual engine operation. The envi-
ronment temperature inside the chamber can be con-
trolled from room temperature to 90°C. The shaking
system can be configured to simulate actual vehicle op-
erating condition. The agitating operation system is ap-
plied to shake the fuel in cup specimen. A time control
system for cycle adjustment was included in this equip-
ment. The actual shaking chamber is shown in Figure 1
and its specification is indicated in Table 1, respectively.

The shape of the cup specimen for fuel resistance test
used in this work is shown in Figure 2. The specimen is
double-layered Cr-free carbon steel, which is composed
of silicate-silane resin at the outer surface, Zn-Ni coating
layer, and Cr-free carbon steel. The shape of specimen
cup is shown in Figure 3. The fuel is contained inside
the cup and the top of it is covered with a glass plate as a
lid. This glass is clamped with a gasket seal to avoid the
leakage of fuel during operation.

Table 1. Specification of shaking chamber.

Item Specification

Temperature range: 10°C - 90°C

Temperature
Temperature controller: Microprocessor
Speed range: 30 - 350rpm
Stroke: 3 - Sem
Agitate
Capacity: 2000m( x 6ea.
Compressor power: 1/2HP
Time Timer: 99hr 59min
Materials Stainless steel (sus304)
Power 220V, 60 Hz, 1phase
Inside (mm): 800 x 850 x 650(W x D x H)
Size

Outside (mm): 1350 x 1150 x 2000(W x D x H)
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Figure 1. Shaking apparatus for testing with fuel types and
specimens.
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Figure 2. Schematic diagram of the double layered Cr-free

specimen.
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Figure 3. Schematic diagram of cup specimen for testing.

The contents of biodiesel were varied from 0%, 10%,
20%, 50%, and 90%. These contents of biodiesel in die-
sel fuel is thought to be enough to evaluate the effect of
biodiesel contents on corrosion of fuel tank. Some addi-
tives were also mixed to simulate the actual environment
of fuel used and to accelerate the corrosiveness. The
contents of additives are 10% water, 20ppm formic acid,
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10% methanol, and 0.3% peroxide hydrogen. The effect
of each additive on corrosion was also compared with the
variable combination of additives. The additives used
were water, formic acid, methanol, and peroxide hydro-
gen, which can facilitate corrosion process.

2.2. Fuel Resistance Test and Analysis

Testing conditions were applied to simulate actual vehi-
cle operation as much as possible. The specimens are
agitated with 60 times per a minute to match the shaking
condition of the fuel in the fuel tank for automobile. The
operating mode was also set to 8 hours of agitation and
16 hours of stoppage. The operating temperature inside
the chamber during agitation was also set to 80°C which
is close to the actual fuel temperature of vehicle during
operation. The rest of cycle was set to ambient tempera-
ture without heating. For each specimen, 24 hours were
set as 1 cycle, and fuel was replaced in every 14 cycles
(2 weeks). Before the fuel was replaced with a new one,
each specimen was cleaned. Pictures were also taken to
compare the degree of corrosiveness through visual in-
spection in every 14 cycles. Testing was conducted for
56 cycles (8 weeks). The degree of corrosion was deter-
mined by the corroded area and the start timing of corro-
sion through the visual inspection of picture. Figure 4
shows the division of specimen cell to quantify the cor-
roded area. The unit cell size is set to approximately 5%.
The area of corrosion can be quantified roughly by
counting the number of corroded cell. This can be con-
verted to the degree of corrosion.

For elemental analysis to inspect the corrosiveness in
detail, EPMA (Electron Probe Micro Analyzer) analysis
was conducted to analyze the dissolved components in
the fuel due to the corrosion of specimen material. For
micro structural analysis, SEM (Scanning Electron Mi-
croscope) was applied to check the corroded area of cup
specimen and the state of corrosion in detail.

3. Results and Discussions

3.1. Effect of H,O on Corrosiveness with
Biodiesel Content

It is well known that during preparation of biodiesel,
water, formic acid, methanol, peroxide hydrogen, etc. are
formed. These components can affect the corrosion on
fuel tank. The effect of these chemical components on
corrosiveness will be examined with the changes in addi-
tives.

Figure 5 shows the degree of corrosion in specimen
after 56 cycles of fuel resistance test with changing con-
centration of diesel and biodiesel containing of 10% wa-
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Figure 4. Cell size for corrosiveness of specimens.

ter to determine the impact of water. Up to 50% of bio-
diesel content, corrosion on the surface was not detected
apparently. However, in the case of 90% of biodiesel
content, it showed some corrosion. Starting time for cor-
rosion was 42 cycles in case of 90% of biodiesel content
as shown in Figure 6(a). Figure 6(b) showed corrosion
was occurred in about 5% of total area for the case of
90% of biodiesel content. As shown in the Figure 5 and
6, water did not show significant impact on corrosion
occurrence. However, it seems that the increase in bio-
diesel content can facilitate the corrosion.

3.2. Effect of H,O and Formic Acid on
Corrosiveness with Biodiesel Content

Formic acid was also added to compare the corrosiveness
on fuel tank material. Figure 7 shows the test results of
corrosion with biodiesel containing of 10% water and
20ppm formic acid. For the formic acid, it showed corro-
sion at 42 cycles even in the case of 0% biodiesel as
shown in Figure 8(a). The increment of biodiesel con-
tent displayed gradual increase in corrosion. When bio-
diesel content was increased by more than 20%, corro-
sion was found at 28 cycles. Further increase in concen-
tration of biodiesel did not change the corrosion initia-
tion. As shown in Figure 8(b), corrosion area was 5% at
0% of biodiesel content. Corrosion area was gradually
increased up to 25% at 90% of biodiesel content. Formic
acid was considered as the harsher chemical for corro-
sion compared to water. Increment of biodiesel content
showed faster corrosion.

3.3. Effect of H,O, Formic Acid, and Methanol
on Corrosiveness with Biodiesel Content

For the investigation on effect of formic acid and metha-
nol, diesel fuels were mixed with 10% water, 20 ppm
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Figure 5. Corrosion behavior of cup specimens with increasing of biodiesel containing of H,0, (a) BD 0%; (b)BD 10%; (c)

BD20%; (d) BD 50%; (¢) BD 90%.
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Figure 6. Corrosion test result for containing of 10% H,O, (a) Start timing of corrosion; (b) Corroded cell area.

formic acid, and 10% methanol with varied content of
biodiesel. Figure 9 shows the corrosion state on speci-
men after 56 cycles. The addition of formic acid and
methanol showed relatively low increment in corrosion
initiation compared to the case of containing formic acid
only as shown in Figure 8(a) and 10(a). Less than 10%
of biodiesel did not show significant corrosion. At 20%
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of biodiesel content, 42 cycles showed the first corrosion.
The start timing was advanced to 28 cycles at 50% of
biodiesel content, which was the earliest time of corro-
sion occurrence. At 80%, corrosion initiation was oddly
delayed. The reason for delay was considered that the
mixing of methanol and biodiesel would lower the corro-
siveness compared to formic acid addition. As shown in
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Figure 7. Corrosion behavior of cup specimens with increasing of biodiesel contents containing of H,O and formic acid, (a)

BD 0%; (b)BD 10%; (c) BD20%; (d) BD 50%; (¢) BD 90%.
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Figure 8. Corrosion test result for containing of H,O and formic acid, (a) Start timing of corrosion, (b) Corroded cell area.

Figure 8(a) and 10(a), corroded area was relatively low
at formic acid and methanol mixture. The corroded area
in the cases of more than 20% of biodiesel contents was
approximately 10%. Formic acid tends to be mixed well
with water rather than diesel or biodiesel. However, in
the fuel mixed with formic acid, biodiesel, and methanol,
the formic acid is thought to be mixed with the mixture
of biodiesel and methanol more actively than water. This
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will decrease the acidity of formic acid, and corroded
area would be decreased accordingly.

3.4. Effect of H,O, Formic Acid, Methanol, and
Peroxide Hydrogen on Corrosiveness with
Biodiesel Content

In this case, the effect of peroxide hydrogen was applied
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Figure 9. Corrosion behavior of cup specimens with increasing of biodiesel containing of H,0, formic acid, and methanol, (a)

BD 0%; (b)BD 10%; (c) BD20%; (d) BD 50%; (¢) BD 90%.
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Figure 10. Corrosion test result for containing of H,O, formic acid, and methanol, (a) Start timing of corrosion; (b) Corroded

cell area.

to accelerate the corrosion behavior. Diesel fuel was
mixed with 10% water, 20ppm formic acid, 10% metha-
nol, and 0.3% peroxide hydrogen with varied contents of
biodiesel. Figure 11 shows the results of diesel contain-
ing of these additives with changing content of biodiesel.
Peroxide hydrogen is the compound with 2 oxygen atom,
which is connected through single covalent bonding. It is
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usually used as bleach, polymerization agent, hydrogen
peroxide hydrogen, etc. Peroxide hydrogen is added as
bleach during biodiesel preparation process.

Peroxide hydrogen is known to have very strong corro-
siveness compared to water, formic acid, and methanol.
As shown in Figure 12(a), all specimens showed corro-
sion at 14 cycles regardless of biodiesel content. From
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this result, peroxide hydrogen would be considered as
extremely harsh condition. As shown in Figure 12(b),
corrosion cell area was 55% at 0% and 10% of biodiesel
content. At 20% and 50% of biodiesel content, corroded
cell area was reduced to 35%, and 90% showed 20% of
corroded area. As biodiesel content increases, its corro-

d
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sion area is reduced. The increase in biodiesel content
will promote the mixing with peroxide hydrogen, and its
corrosive intensity would be gradually reduced.

To determine the area of corrosion generation, the
evaluation with the image through SEM was conducted
as shown in Figure 13 and 14. Figure 13 is the SEM

@ (b) (©)

Figure 11. Corrosion behavior of cup specimens with increasing of biodiesel contents containing of H,O, formic acid, metha-
nol, and peroxide hydrogen, (a) BD 0%; (b)BD 10%; (c) BD20%; (d) BD 50%; (e) BD 90%.
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Figure 12. Corrosion test result for containing of H,O, formic acid, methanol and peroxide hydrogen, (a) Start timing of cor-

rosion; (b) Corroded cell area.
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image of Cr-free steel sheet before corrosion. Typical
SEM image of corroded area with BD50 containing of
H,0, formic acid, methanol, and peroxide hydrogen is
shown in Figure 14. The area (a) in Figure 14 shows the
formation of lump in painting layer, and delamination of
painting can be found in area (b). The Zn-Ni layer under
the silicate-silane was found in the area shown in area (c)
due to the corrosion of coating.

Specimen was prepared from low carbon steel with
Zn-Ni layer coating and silicate-silane over coating as
shown in Figure 2. For the compositional analysis of
corroded specimen, EPMA analysis was conducted. As
shown in Figure 15, Ni content was reduced from 4% at
area (a) to 2.3% at area (b), and Zn was eliminated from
22% at area (a) to 0% at area (b). On the contrary, Fe
content was significantly increased from 1% to 75%.
This could be explained by the exposure of low carbon
steel substrate from the delamination of Zn-Ni coating
layer by peroxide hydrogen. Composition ratio analyzed
by EPMA is shown in Table 2.

Through comprehensive evaluation of fuel resistance
by additives, the strongest corrosiveness was found in
peroxide hydrogen as shown in the previous figures. The
next strong one was formic acid. Methanol and water
itself did not significantly affect on corrosion, but they
were considered to facilitate the activation of other addi-
tives.

4. Conclusions

In this study, corrosiveness evaluation of biodiesel on
thin resin Cr-free steel sheets, which is currently used as
fuel tank, was conducted, and the following results were
deduced.

1) Peroxide hydrogen additive has the strongest corro-
siveness. Coating and painting layer shows corrosion,
and even substrate material is corroded with peroxide
hydrogen.

" Electron image 1

Figure 13. SEM image of Cr-free steel sheet before corrosion.
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Electron image 1

Figure 14. Typical SEM image of corroded area in BD50
containing of H,0O, formic acid, methanol, and peroxide
hydrogen. (a) Corroded debris; (b) Substrate; (c) Zn-Ni
layer.
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Figure 15. EPMA curves of specimen in BD50 containing of
H,0O, formic acid, methanol, and peroxide hydrogen.

Table 2. EPMA analysis results of corroded area in Figure
13.

(a) Corroded debris (b) Substrate
Element
Weight% Atomic% Weight% Atomic%
C 51.82 73.36 14.38 40.04
O 16.54 17.58 6.53 13.65
Si 1.87 1.13 0.46 0.54
Ti 1.61 0.57 0.0 0.0
Fe 1 0.3 75.21 45.04
Ni 4.01 1.16 0.0 0.0
Zn 22.05 5.74 0.0 0.0
ENG
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2) For methanol, mixing with blended fuel shows the
reduction in corroded area by reduction in the additive
concentration.

3) Formic acid has weaker corrosiveness than peroxide
hydrogen, but corrosion is occurred throughout all
specimens.

4) Since water is not mixed well with fuel, it does not
impact on corrosion significantly. However, water is eas-
ily mixed with other additives and considered to facili-
tate the corrosion by other additives.
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