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A variety of metallic coatings have been developed for automotive steel sheet panels to achieve better corrosion resistance.
Accelerated corrosion tests are used to develop and select
coated steel sheets in a short period. In addition to the test
conditions, a specimen configuration simulating the lapped
portion of vehicles is another important issue when evaluating
resistance to perforation corrosion in the laboratory since the
specimen must reproduce the unique environment inside the
lapped portion. In this study, lapped specimens with different
configurations were prepared and the influence of a bare area
in a large crevice on the corrosion behavior of zinc coatings
was systematically analyzed by comparing the results of laboratory tests with the corrosion observed in vehicles in service.
It was found that the controlling factor of resistance to perforation corrosion was influenced by the configuration of the test
specimen. A large crevice gap and bare area in the crevice of
the lapped portion changed the corrosion behavior of the coatings and solution within the crevice. As a result of this, the
corrosion of pure zinc was accelerated in comparison with zinc
alloy coatings due to the rapid corrosion rate of the coating
and the rapid consumption of corrosion product in the crevice.
On the basis of the experimental findings, an appropriate
specimen configuration and specimen preparation procedure
for evaluating perforation corrosion resistance were proposed.
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INTRODUCTION
A variety of metallic coatings have been developed
since the 1970s to prevent the corrosion of steel
sheets for automobiles in response to corrosion problems caused by the deicing salt that was spread on
the road in winter in the United States.1-4 Soon after
this problem was identified, the salt spray test (SST)
was used to evaluate the corrosion resistance of
coatings to shorten the testing period. Since it was
recognized that the correlation between the corrosion behavior in the SST and that in actual-use environments was poor, automakers and steel makers
have developed many types of cyclic corrosion tests
(CCT).5-8 However, their reliability for predicting the
corrosion resistance of zinc and zinc alloy coatings
under in-service conditions has not been fully confirmed.
The typical corrosion morphologies observed in
automobiles are cosmetic corrosion and perforation
corrosion. The Society of Automotive Engineers (SAE,
Warrendale, Pennsylvania) has developed a cosmetic
corrosion testing method based on the correlation
between on-vehicle tests and standardized methods,
such as SAE J2334.9-13 Painted panels with artificial defects are used in corrosion tests to evaluate
cosmetic corrosion resistance. These tests are commonly used for developing not only metallic coatings
but also chemical conversion treatments and paint
systems. On the other hand, in spite of the fact that
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An Appropriate Specimen Configuration for
Evaluating the Perforation Corrosion Resistance
of Automotive Coated Steel Sheets in Accelerated
Corrosion Tests

CORROSION ENGINEERING SECTION

The materials used in this study are shown in
Table 1. The sample materials were carbon steel
(cold-rolled mild steel, CR), pure zinc-coated, and zinc
alloy-coated steel sheets manufactured for automotive
body panels. Electrogalvanized steel (EG) and hot-dip
galvanized steel (GI) had pure zinc coatings (purity
>99.9 wt% for EG and >99.0 wt% for GI). The zincnickel electrogalvanized coating (ZnNi) was deposited
by electroplating and contained 12 wt% to 13 wt% Ni.
The galvannealed coating (GA) was an iron-zinc alloy
coating formed by continuous heat treatment after the
hot-dip galvanizing process. The thickness of the steel
sheets was 0.7 mm to 0.8 mm, which is the ordinary
range for automotive outer panels. Both sides of the
steel sheets were coated and the coating weight for
each side was 20 g/m2 to 100 g/m2. The substrate
steels of all the coatings was mild steel.
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Carbon steel (mild steel)
Electrogalvanized steel
ZnNi electrogalvanized steel
Galvannealed steel
Hot-dip galvanized steel

CR
EG
ZnNi
GA
GI

Coating
Weight
(g/m2)

Remarks

0
20, 50
35
Ni 12.8 wt%
40
Fe 10.7 wt%
50, 65, 100

Sample Preparation
Lapped specimens were prepared to analyze the
perforation corrosion behavior of coated steel sheets.
A schematic drawing of a specimen is shown in Figure
1. Specimens were assembled by spot welding two
pieces of the same material. The welding pressure was
2.5 kN and the welding current was optimized so that
the diameter of the weld nugget was larger than 4√t
(where t is the thickness of steel) without sputtering.
The influence of the bare area, which was intentionally formed inside the crevice, and the crevice gap
on corrosion behavior were investigated using specimens of the same shape. For investigating the influence of the crevice gap and bare area in the crevice,
specimens with two configurations were prepared, as
shown in Figure 2. In Configuration A, two pieces of
the same material were placed in direct contact with
each other and welded. After the spot welding, alkaline degreasing, surface conditioning, phosphating,
and electrodeposition were performed and specimens
were baked at 170°C to form paint. The solution for
phosphating was a zinc phosphating type and the
paint was an epoxy system for cathodic deposition,
which were applied for the commercial mass production of automobiles. The thickness of the electrodeposited paint after baking was adjusted by controlling
the voltage and was approximately 20 μm thick on
the outer surface of the specimen. In this case, a bare
area formed naturally inside the lapped portion because of the small crevice gap (<50 μm).
180 mm
150 mm

40 mm

Materials

				
				
	  Material/Coating
Symbol

70 mm

EXPERIMENTAL PROCEDURES

TABLE 1
Materials

45 mm

Spot welding

FIGURE 1. Configuration of lapped specimen for corrosion test.
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perforation corrosion is one of the major corrosion issues requiring a solution in the automotive industry,
an accelerated corrosion test with a good correlation
with the perforation corrosion observed in vehicles in
service has not yet been established. The authors of
this study have proposed a method for evaluating the
correlation of perforation corrosion in corrosion tests
and vehicles in service.14 For evaluation of perforation
corrosion resistance from corrosion tests, many types
of configurations of the test specimens have been developed to simulate the lapped portions where perforation corrosion occurs in vehicles.15-19 In some cases,
the lapped specimen was assembled using painted
materials with an intentionally bare metal area. In addition, spacers were installed between two panels to
adjust the crevice gap of the lapped specimen to prevent corrosion data from having variation. Davidson,
et al., reported that a 250 μm-thick spacer was used
to obtain a constant clearance in lapped specimens
and this spacer was applied to establish an evaluation
method for perforation corrosion using SAE J2334
test conditions.13 A lapped specimen with a crevice
gap of 120 μm is widely used in Europe.19 However,
the influence of the bare area and the crevice gap in
the lapped specimen on the perforation corrosion behavior of coated steel is still not well understood. Use
of an inadequate specimen that does not reproduce
the corrosion mechanism in actual-use environments
can be misleading in the development and selection of
corrosion-resistant materials. In this study, to identify
an appropriate test specimen configuration for evaluating perforation corrosion resistance, the influence
of the specimen’s configuration on the corrosion behavior of zinc-coated steels was investigated using an
accelerated corrosion test, and the test results were
compared with the corrosion behavior of a vehicle in
service.
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Configuration

(1) Assembly
(spot welding)

Sample Preparation
(2) Phosphating
and painting

(3) Final shape

Configuration A
Without adjusting
the clearance

Clearance <50 µm

Two on top of each
other directly
Insert spacers

Remove spacers

Configuration B
The clearance was
adjusted by the
plastic spacers

Spacer was removed Bare area is formed
after paint deposition in the crevice with
wide clearance
(before baking)

FIGURE 2. Preparation of lapped specimen for corrosion test.

On the other hand, in Configuration B, a bare
area and large crevice gap were intentionally created
by using 300 μm-thick plastic spacers. Although
the specimen had a crevice gap, weld nuggets were
formed at the center due to the welding pressure of
2.5 kN. A bare area was formed in this large crevice
by performing phosphating and electrodeposition with
spacers inserted in the crevice. The specimens with
Configuration B had the same shape as Configuration
A with a bare area in the larger crevice. To investigate
the influence of the crevice gap on corrosion behavior,
configuration B specimens with different crevice gaps
(100, 200, and 300 μm) were also prepared using GI
100 g/m2. The crevice gap was adjusted by the thickness of the plastic spacer. The corrosion rate and the
amount of zinc corrosion product in the crevice with
different gaps were compared. The specimens were
baked after the spacers were removed. In addition,
the specimens in which electrodeposition was applied
without the spacer were prepared to compare the
throwing power, which is defined by how far paint can
penetrate in to the crevice from the gap mouth. It is
noted that the average crevice gaps were 74, 194, and
279 μm when using spacers with thicknesses of 100,
200, and 300 μm, respectively. For convenience, the
crevice gap is represented by the spacer thickness in
this paper.

Corrosion Testing and Evaluations
A CCT was carried out and the corrosion damage
on the specimens was quantitatively evaluated. Since
there is no perforation corrosion test method that displays good correlation with the corrosion of vehicles
in service, SAE J2334 was used in this study, since
this method is regarded as the most reliable method
for evaluating cosmetic corrosion.9-13 The details of
the SAE J2334 corrosion test conditions are shown
in Figure 3.9 Salt was applied by dipping the speci†

94

Trade name.

mens in the specified 0.5% sodium chloride (NaCl) +
0.1% calcium chloride (CaCl2) + 0.075% sodium hydrogencarbonate (NaHCO3) solution. Specimens were
placed in the corrosion chamber so that the surfaces
of the specimens were at approximately 60° to the
horizontal. The corrosion test was not replicated in
this study, although multiple sets of specimens were
evaluated.
50ºC and 100% RH wet (6 h)
Repeat
daily

Salt application (dip) at
ambient conditions (15 min)
0.5％NaCl+0.1％CaCl2+0.075%NaHCO3

Dry off 60ºC and 50% RH (17 h, 45 min)
Weekends only
Dry off 60ºC and 50% RH
FIGURE 3. Test condition of SAE J2334—manual operation.

Specimens were taken out from the corrosion
chamber after 60 cycles. The lapped specimens were
then disassembled by removing the weld nuggets with
a drill. After observation of the corroded inner surface
in the crevice, the paint was removed with a paint
remover (NEOS† CS500) and the corrosion product
was chemically and mechanically removed by brushing with a wire brush in an 18 wt% hydrochloric acid
(HCl) + 3.5 g/L hexamethylenetetramine ([CH2]6N4)
solution in accordance with the ISO 8407 C.3.5
method.20
To quantify perforation corrosion, the corroded
area, after the corrosion product was removed, was
divided into 10 unit areas (15 mm by 20 mm) for each
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Clearance of 300 µm
bare area in the
crevice
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Corrosion product, wp

Zinc
zinc coating
coating
initial
coatingweight
weight
initial coating
of
coating,ww0
of zinc
zinc coating,
0

Dissolved in
chromic acid
Corrosion
test

Remained
remained coating,
coating,wwrr

ICP analysis

Dissolved in HCl

Steel
steelsubstrate
substrate

Corrosion loss: wc = w0 – wr
Rate of remaining corrosion product: r = wp/wc

FIGURE 4. Determination of corrosion loss and the amount of remaining corrosion product by ICP analysis.

[Zn] = CZn × r × V/S

(1)

where [Zn] is the amount of corrosion product or remaining zinc coating (g/m2), CZn is the concentration of
zinc from the ICP measurement (g/L), r is the dilution
ratio, V is the volume of solution (L), and S is the area
(m2) in which the corrosion product and remained coating were dissolved.
Consumption of the coating as a result of corrosion was also quantified from the difference between
the initial and remaining coating weight. A schematic
illustration of the procedure for calculating the consumption of the coating and the amount of corrosion
product is shown in Figure 4.

Polarization Curve Measurement
Potentiodynamic curves of the coated steel sheets
(GI, GA, and ZnNi) were measured to investigate their
corrosion behavior under different conditions. Measurements were conducted in a 5 wt% NaCl solution
in air and with deaeration using nitrogen gas. A threeelectrode system using a platinum counter electrode
and silver/silver chloride (Ag/AgCl) in saturated po-
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tassium chloride (KCl) as a reference electrode was
used. After measuring the corrosion potential for
10 min, the anodic curve and cathodic curve were
separately measured. The potential was swept from
the open-circuit potential (OCP) to –0.6 VAg/AgCl for the
anodic curve and from the OCP to –1.7 VAg/AgCl for the
cathodic curve at 20 mV/min. The measurement in
each condition was replicated twice.

RESULTS
Results of Perforation Corrosion Testing
The appearances of specimens disassembled after a 60-cycle corrosion test are shown in Figure 5.
With carbon steel, ZnNi, and GA, the surfaces of the
configuration A specimens were covered with red rust
from iron. Most of the surface of the GI was covered
with white rust from zinc, and the red rust attributed
to the corrosion of the steel substrate was slight. A
thick coating of 100 g/m2 seemed to prevent corrosion
effectively. In the case of configuration B, remarkable
corrosion damage was not seen in ZnNi and corrosion of the coating itself even seemed to be slight. In
contrast to this, the damage of the other coatings was
severe and the specimens were covered with red rust.
Therefore, it was found that the corrosion test results
strongly depend on the configuration of the test specimen, even when the test conditions are completely
identical.

Configuration

Coatings (coating weight)

CRS

EG
(20 g/m2)

ZnNi
(35 g/m2)

GA
(40 g/m2)

GI
(100 g/m2)

Configuration A

Configuration B

Bare area
large clearance

FIGURE 5. Appearance of disassembled specimens (large piece)
of Configurations A and B at 60 cycles.
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piece by drawing grid lines, and the minimum thickness of the steel in each unit area was measured with
a point micrometer. The maximum corrosion depths
in the unit areas were determined from the difference
between the initial thickness and the minimum measured thickness after the test. The mode of the maximum corrosion depth was estimated from a Gumbel
distribution by using the data of the maximum depth
measured in 20 units gritted on both sides of the
lapped specimen.21-22
The amount of corrosion and the corrosion product of the coating were quantified by introduced coupling plasma (ICP) analysis. Analysis was conducted
for one of two specimens. The zinc corrosion product
deposited on an area of 30 mm by 100 mm inside
the crevice was chemically dissolved by immersion
in chromic acid (H2CrO4) at 80°C, as specified in ISO
8407 C9.3.20 The remaining zinc coating after removing the corrosion product was then dissolved in
12 wt% HCl. Those solutions were analyzed by ICP
and the amounts of the corrosion product and remaining coating were determined as the amounts of
zinc from Equation (1):
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Electrodeposition Throwing Power
A bare area was formed when a lapped specimen
with a large crevice gap was painted with plastic spacers in the crevice because the spacers prevented the
liquid paint from entering the crevice. However, objects, such as plastic spacers, do not normally appear
in the crevice in actual automotive parts. Therefore,
in actual manufacturing processes, even the inside
of the lapped portions can be painted, depending on
the crevice gap. The appearances of disassembled GI
100 g/m2 specimens painted without the spacers after
30 cycles are shown in Figure 7. A larger crevice gap
enables easy entry of phosphating and paint solutions
into the lapped portion. As a result, the throwing
power of the paint in the crevice increased as the gap
increased. The extent of corrosion damage became
smaller with an increasing crevice gap. When the
crevice gap was 300 μm, the inside of the crevice was
completely covered with paint, and corrosion was substantially prevented. It is believed that the true gap of
the crevice in the lapped specimen is almost the same
when the specimens were painted without the spac-
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Mode of Maximum Corrosion Depth (mm)

0.8

Open:：Configuration A
Open
Solid:：Configuration B
Solid

Bare steel

0.7
0.6

EG,GI

0.5
0.4

GA

ZnNi

0.3
0.2
EG,GI

0.1
0

0

20

40

60

80

100

120

Coating Weight (gm–2)
FIGURE 6. Effect of coating weight on corrosion depth on
Configurations A and B at 60 cycles.

Configuration A
Two on top of each
other directly

Configuration B
100 μm

Clearance
200 μm

300 μm

Inside of
disassembled
specimen

FIGURE 7. Appearance of disassembled GI 100 g/m2 specimens
(large piece) prepared without the spacers at 30 cycles.

ers. Paint throwing power controls the crevice gap so
that paint can no longer enter inside the crevice. From
this, it is estimated that there were no large variations
in corrosion damage because the true crevice gap was
almost constant.

Accumulation and Outflow of Corrosion Product
in the Crevice
The corrosion loss of the GI coating and the
amount of corrosion product after 60 cycles quantified by ICP measurements are shown in Figure 8. The
larger crevice gap led to higher corrosion rates and
increased corrosion loss. The corrosion rate in the
intentional 300 μm gap was 1.6 times greater than in
the gap without intentional control. Approximately
50 g/m2 of zinc remained as a corrosion product in
the crevice when the gap was less than 200 μm. However, the remaining zinc was less than 40 g/m2 when
the gap was 300 μm. Because corrosion loss can be
regarded as equivalent to the total amount of corrosion product formed during a corrosion test, the difference between the two curves corresponds to the
corrosion product that flowed out from the lapped
portion. The retention rate of the corrosion product
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Figure 6 shows a comparison of the influence of
coating weight on perforation corrosion between Configurations A and B. Open symbols represent the data
for Configuration A and solid symbols represent the
results from Configuration B. Regression lines and
curves representing the coating weight dependence of
the corrosion depth on pure zinc coatings, such as EG
and GI, are also shown in this figure. With the pure
zinc coatings, perforation corrosion resistance tended
to improve as the coating weight increased with both
Configurations A and B. However, the corrosion depth
of the pure zinc coating with Configuration B was
deeper than with Configuration A. A larger crevice gap
and bare area in the crevice tended to accelerate perforation corrosion of the pure zinc coatings, including
EG and GI. The corrosion behaviors of the zinc alloy
coatings, such as GA and ZnNi, were different from
those of the pure zinc coatings. In the case of Configuration B, the corrosion resistance of the ZnNi alloy
coating was remarkably better than those of EG and
GI. In particular, from the regression line, the corrosion depth of ZnNi-coated steel is expected to be onethird that of a pure zinc coating with the same coating
weight. This appears to imply that the type of coating
is the dominant factor for improving perforation corrosion resistance. On the other hand, no remarkable
difference was observed with regard to corrosion between the pure zinc and ZnNi alloy coatings when the
specimen type was configuration A. This can be seen
by the fact that the corrosion depths of ZnNi and
GA essentially coincided with the regression curve
drawn from the data for the pure zinc coatings. This
would suggest that the coating weight is the dominant
factor for corrosion resistance, regardless of the type
of coating.
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1.0

90

0.9

Corrosion loss

70
60
50
40
30

Corrosion product
in the crevice

20
10
0

100

200
Clearance (μm)

as a function of the crevice gap is shown in Figure
9. Almost all the corroded zinc accumulated in the
crevice as a corrosion product when the crevice gap
of the lapped portion was not intentionally controlled.
However, as the crevice gap increased, the remaining
zinc corrosion product decreased, and when the crevice gap was 300 μm, less than half of the total amount
of corrosion product remained in the crevice. It is
believed that a larger crevice gap facilitates corrosion
product outflow from the lapped portion concomitant
with its acceleration of corrosion of the coating.
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0.6
0.5
0.4
0.3
0.2
0.1
0

100

200
Clearance (µm)

300

FIGURE 9. Rate of remaining corrosion product in the crevice as a
function of clearance at 60 cycles.

–0.6
–0.7
–0.8

ZnNi
anodic current
Anodic
current

GA

–0.9

GI

–1.0
–1.1
–1.2
–1.3

cathodic current
Cathodic
current

–1.4
–1.5

Polarization Behavior of Zinc-Coated Steels

–1.6
–1.7
10–7

10–6

10–5
10–4
10–3
Current Density, i (A·cm–2)

10–2

10–1

FIGURE 10. Polarization curves of coated steel sheets in 5 wt%
NaCl solution under atmospheric conditions.
–0.6
–0.7

anodic
current
Anodic current

–0.8

ZnNi
ZnNi
GA
GA

–0.9

GI
GI

Potential, E (VAg/AgCl)

The polarization curves of GI, GA, and ZnNi measured in a 5 wt% NaCl solution in air are shown in
Figure 10. Because the two curves measured under
the same test conditions were similar, a graph was
drawn using representative data. The corrosion potential of GI (the pure zinc coating) was the least noble,
and a diffusion-limited current density resulting from
oxygen diffusion limitation was seen in the cathodic
curve. The corrosion potential of GA was noble compared to that of GI because the coating contains iron,
which has a more noble corrosion potential than zinc.
ZnNi had the noblest potential among the coatings
and its cathodic current of the oxygen reduction reaction near the corrosion potential was an order of magnitude lower than those of the others.
Figure 11 shows the polarization curves measured in a deaerated 5 wt% NaCl solution. The polarization curves of all the coatings shifted to less noble
potentials compared with those measured in air. The
tendency of the corrosion potential dependence on the
coating type was the same as that observed in air. The
above-mentioned, diffusion-limited current density by
oxygen diffusion limitation in the cathodic curves was
not observed in this case because the concentration of
oxygen in the solution was very low. For this reason,

0.7

0.0

300

FIGURE 8. Corrosion loss and amount of corrosion product in the
crevice as a function of clearance of lapped specimen at 60 cycles.

0.8

–1.0
–1.1
–1.2
–1.3
–1.4

cathodiccurrent
current
Cathodic

–1.5
–1.6
–1.7

10–7

10–6

10–5
10–4
10–3
Current Density, i (A·cm–2)

10–2

10–1

FIGURE 11. Polarization curves of coated steel sheets in
deaerated 5 wt% NaCl solution.

97

Downloaded from http://meridian.allenpress.com/corrosion/article-pdf/71/1/92/1541837/1298.pdf by guest on 27 November 2022

0

Potential, E (VAg/AgCl)

Amount of Zn (g·m–2)

80

Rate of Remaining Corrosion Product (%)

100

CORROSION ENGINEERING SECTION

the cathodic current near the corrosion potential was
almost the same, regardless of the type of coating.

DISCUSSION

i Lim =

Influence of Specimen Configuration
on Corrosion Behavior of Coatings

M → M2+ + 2e–

(2)

O2 + 2H2O + 4e– → 4OH–

(3)

In the case of GI and GA, a limited current was
observed since the rate-determining step of the oxygen reduction reaction is the diffusion of oxygen from
the bulk solution to the metal surface (through a dif-

zFD
DO2 C O2
δ

(4)

where z is the charge number, F is Faraday’s constant, DO2 is the diffusion coefficient of oxygen in the
solution, and CO2 is the concentration of oxygen in the
bulk solution. On the other hand, although a sufficient amount of oxygen exists near the surface, a limiting current was not observed in the cathodic curve
of the ZnNi coating. The corrosion rate of ZnNi seemed
to be an order of magnitude lower than those of the
other coatings in the bulk solution. In addition, potential dependence on the cathodic current was observed
at –1.0 V to –0.9 V in the cathodic curve of the ZnNi
coating in Figure 10. The rate of the cathodic reaction
due to oxygen reduction was controlled by both the
reaction and by diffusion, and resulted in a lower corrosion rate. The addition of nickel to zinc coatings is
considered to suppress the oxygen reduction reaction.
It is also possible that the corrosion product of the
ZnNi coating gives a different electrochemical property from those of other coatings. When the crevice
gap is large, as in Configuration B, the solution in the
crevice can be regarded as bulk solution since a large
volume of solution and air can enter. The corrosion
behavior in those environments is believed to be attributable to the electrochemical properties, similar to
the polarization curves in bulk solution in air. Therefore, the corrosion rate of the pure zinc coatings was
higher than that of ZnNi because of the difference in
the oxygen reduction reactions, and consequently, the
pure zinc coating dissolved in a shorter time.
On the other hand, in the deaerated solution, no
remarkable difference in the cathodic current was observed near the corrosion potential among the three
coatings, as shown in Figure 11. When the crevice gap
of a lapped specimen is very small, as in configuration
A, solution properties, such as the concentration of
ions and the pH, can change easily. As a result, corrosion product efficiently forms and accumulates in the
crevice. The amount of oxygen contained in the solution in the crevice can be low, since convection of the
solution does not occur in the crevice filled with corrosion product. Therefore, it is believed that the coating weight is a dominant factor and no remarkable
differences in perforation corrosion resistance were
observed between the pure zinc coatings and the zinc
alloy coatings with the same coating weight, as shown
in Figure 6.
The corrosion product is believed to be another
significant factor in determining perforation corrosion
in the crevice. Fujita proposed that perforation corrosion can be divided into four periods: (τi) corrosion
of the zinc coating itself, (τii) sacrificial corrosion of
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Different configurations of lapped specimens
yielded different results in the corrosion test. In particular, an intentionally controlled bare area in the
crevice and the crevice gap of the lapped portion had
a significant influence on corrosion resistance. The
corrosion resistance of zinc alloy coatings, particularly
ZnNi, was superior to that of the pure zinc coatings
when a bare area existed in a large gap. On the other
hand, the corrosion resistance of pure zinc coatings,
such as EG and GI, significantly deteriorated in the
specimens with a bare area and a large gap compared to the specimens without intentional control of
the bare area and crevice gap. Considering the real
automobile manufacturing process, the metal surface inside the crevice should be painted when the
lapped portion has a sufficiently large gap, as shown
in Figure 7. Therefore, it is believed that a situation
in which a larger crevice exists simultaneously with
a bare (unpainted) area is incompatible with the real
situation. In addition, there have been reports that
coating weight is the dominant factor for perforation
corrosion in vehicles in service. Rendahl investigated
perforation corrosion in the lapped portion of vehicles
used in Northern Europe and reported that perforation corrosion was suppressed as the coating thickness increased.23 Fujita and Mizuno clarified the fact
that the main controlling factor affecting perforation
corrosion was the coating weight regardless of the
type of coating, even in corrosion tests, provided that
the corrosion behavior in the test had a good correlation with that in vehicles in service.24 In terms of the
structure of the lapped portion and the corrosioncontrolling factor in real situations, it is believed that
Configuration A, i.e., no intentional bare area in the
crevice and a small gap, can reproduce the corrosion
behavior in actual vehicle environments.
A larger crevice gap of the lapped specimen allows more corrosive solution and oxygen to be supplied in the crevice. The anodic reaction of zinc-coated
steel in a neutral pH solution is the metal dissolution
process expressed by Equation (2). The cathodic reaction is the oxygen reduction reaction in Equation (3):
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fusion layer), as shown in Figure 10. The diffusionlimited current density, iLim, as a result of the oxygen
diffusion limitation, is expressed in Equation (4):
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Optimum Test Specimen for Perforation
Corrosion Evaluations
As discussed in earlier sections, as long as conventional coatings are evaluated, the main controlling
factor affecting perforation corrosion in vehicles in
service is the coating weight. In terms of the influence
of coating weight on perforation corrosion, it is believed that configuration A, which had no large crevice
gap and no intentional bare area in the crevice, can
reproduce the electrochemical properties and physical effects of the corrosion products in the crevice that
can be expected to occur in real automotive parts. In
addition, assuming the crevice gap is large, the inside
of the crevice of the lapped portion would be painted
in the actual automotive manufacturing process, and
this paint coating can serve to prevent severe corrosion. Therefore, specimens with a bare area in a large
crevice are not believed to reproduce the environments of lapped portions in real vehicles. Because the
corrosion mechanism is different, use of this type of
specimen can degrade the inherent corrosion resistance of the zinc coating, and so can give misleading
results for the development and selection of materials.
The portions where perforation corrosion occurs in vehicles in service are lapped portions where
steels are in direct, mutual contact and are welded
or mechanically jointed. The bare area and the true
clearance are formed naturally, not intentionally, by
phosphating and electrodeposition after assembly.
On the basis of this study, it can be proposed that
the specimens for evaluating perforation corrosion
resistance should be prepared in accordance with the
actual manufacturing process, without intentional
adjustments, to result in the reproduction of corrosive
environments and corrosion behaviors at lapped portions in real automobiles.
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CONCLUSIONS
The influence of the test specimen configuration
on the corrosion behavior of zinc-coated steel sheets
in accelerated corrosion tests was investigated. An
appropriate specimen configuration for perforation
corrosion testing was proposed on the basis of a comparison with the corrosion behavior observed in vehicles in service. The major findings of this study are
as follows:
v The controlling factor for perforation corrosion resistance depends on the configuration of the test specimen. The apparent corrosion resistance of zinc alloy
coatings is superior to those of pure zinc coatings if
the specimen has an intentional bare area in a large
crevice of the lapped portion.
v The coating weight is the main factor controlling
perforation corrosion when the specimen is assembled
by jointing steel sheets in direct mutual contact in a
manner similar to the real structure of automobiles.
v A bare area in the crevice and a large crevice of the
lapped portion accelerate corrosion of pure zinc coatings in comparison with zinc alloy coatings as a result
of the rapid consumption of the coating and outflow of
the corrosion product in the crevice.
v It is proposed that specimens for evaluating perforation corrosion resistance should be prepared in accordance with the actual automotive manufacturing
process without creating an intentional bare portion
and large crevice gap.
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