
Effects of atmospheric corrosion on fatigue properties
of a medium carbon steel

M. Okayasu Æ K. Sato Æ K. Okada Æ S. Yoshifuji Æ
M. Mizuno

Received: 29 October 2007 / Accepted: 15 October 2008 / Published online: 10 November 2008

� Springer Science+Business Media, LLC 2008

Abstract The effects of atmospheric corrosion on fatigue

properties were examined using a medium carbon steel,

corroded in various atmospheres. Three different places,

having various atmospheric conditions, were selected for

the corrosion tests: (i) an industrial area, (ii) near the ocean,

and (iii) beside a river in a hot spring region. A water and/or

air electrochemical cell corroded the carbon steel to rust that

had several forms, depending on the atmosphere. The form

of the corrosion was distinguished visually and by spec-

troscopy. Strong oxidation occurred in all samples with the

formation of rust. In addition, a more severe chemical

reaction with chlorine was detected near the ocean although

carbon was obtained in the industrial area. On the other

hand, a high level of sulfur reacted with the sample near the

river. Such chemical reactions gave rise to different corro-

sion mechanisms leading to different corrosion surfaces. A

rough corrosion face with corrosion pits was obtained in

two of the samples (industrial area and near the ocean),

while a smooth surface was produced for the sample near

the river. The change of the surface morphology clearly

affected the fatigue strength, e.g., the rougher the sample

surface, the lower the fatigue strength. On the basis of the

corrosion system, details of the fracture and fatigue char-

acteristics are discussed in the present work.

Introduction

Corrosion of materials due to the influence of the envi-

ronment frequently occurs in structures and their

components despite the use of corrosion protection sys-

tems. This can be observed as the corrosion protection and

prevention systems are consumed. Severe corrosion in

some materials can reduce their fatigue and mechanical

strengths. In recent years, fractures have occurred in vari-

ous structures in Japan due to metallic corrosion. For

instance, (i) iron pipes for CH4 gas were cracked open by

the atmosphere corrosion and the gas widely spread in the

neighborhood and (ii) a cradle swing in a playground, made

of carbon steels, completely collapsed. Carbon steels

exposed to oxygen in the atmosphere rapidly form a

superficial oxide layer, and this can change the material

properties [1–4]. Because the fatigue performance is of

great significance in the assessment of structural integrity,

the corrosion-fatigue properties of carbon steels have been

examined by several investigators; it appeared that the

material strength was significantly reduced by the metal

corrosion. The crack growth characteristic is changed in a

corrosion-fatigue test, especially (i) crack initiation and (ii)

crack growth stage [5].

Crack initiation occurs by the following mechanism: the

corrosion on the main slip plane, e.g., {111}, causes a high

shear stress on the plane, resulting in a dislocation move-

ment [6]. Another mechanism to be considered is

intergranular stress corrosion cracking. Fukuzumi et al.

reported that the intergranular fracture surface is created in

spring steel corroded by NaCl vapor [3] because of

hydrogen embrittlement. The corrosion-fatigue crack

growth characteristics have also been examined by several

researchers [7–15]. In these reports, the specimen materials

were exposed to water vapor with NaCl or Na2SO4. It was
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established that the fatigue crack growth rate can either

slow down or accelerate during the fatigue test, depending

on the corrosion mechanism. It appeared that a corrosion

product inducing a wedge effect, i.e., crack closure,

decreases the rate of crack growth [7, 8]. The wedge effect

was especially influential at a frequency f = 5 Hz, but

became weak at frequencies of the order of 0.1 Hz and

0.01 Hz [7]. A related approach was conducted using

titanium alloys, in which the DKeff level was reduced by

the corrosion products generated on the crack surfaces [9].

On the other hand, the crack growth rate accelerates when a

rough specimen surface, such as corrosion pits, is created,

[10–12].

From the above literature survey, it was found that crack

growth characteristics depend on the corrosion criterion. In

the study by several researchers, corrosion-fatigue tests

have been carried out using various metals artificially

corroded via the vapor corrosion test. One of the advan-

tages of the vapor test is that it causes the metal corrosion

in a short period of time even though the corrosion char-

acteristics may not be exactly the same as those found in

the natural corrosion situation. Establishing the atmo-

spheric corrosion-fatigue properties of structural metals

could provide more reliable data for the design of struc-

tures and components. The aim of this research is,

therefore, to investigate the atmospheric corrosion-fatigue

properties of medium carbon steels. In the present study,

Ferrite  Pearlite colony 

10µm

Fig. 1 Micrograph of the medium carbon steel (0.45%C) showing

ferrite and pearlite colonies
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Fig. 2 a Surface of the specimen before and after the corrosion test and b Cross section of specimen near the corrosion layer: RC (beside the

river in the hot spring region), IC sample (the industrial area), and OC (near the ocean)
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we have chosen three different sites with different typical

atmospheric conditions.

Material and experimental procedures

Specimen material

The material selected in this investigation is a commercial

hot-rolled medium carbon steel, supplied in the form of

12.7-mm thick flat bars. The chemical composition of the

carbon steel is (wt%): 0.45 C, 0.76 Mn,\0.01 P,\0.01 S,

balanced with Fe. The material was first annealed at 923 K

for 2 h, and cooled in air to remove the residual stresses.

Figure 1 shows the microstructure of the carbon steel after

the annealing process, showing it to consist of regular

ferrite and pearlite with a mean grain size of 25 lm in

diameter. The tensile properties of the steel at room tem-

perature are: tensile strength rUTS = 638 MPa, yield

strength ry = 382 MPa, and elongation to fracture

c = 25%.

Atmospheric corrosion tests

Atmospheric corrosion tests were carried out at three

locations in Japan: (i) in an industrial area (IC), (ii) near the

ocean (OC), and (iii) beside the river in a hot spring region

(RC). The detailed locations for the three test places are: (i)

IC: Kitakasai, Edogawa-ward, Tokyo; (ii) OC: Honjo

marina, Yurihonjo-city, Akita; and (iii) RC: Tamagawa hot

spring, Senboku-city, Akita. The three places were selected

because of their different atmospheric conditions: (i) air

pollution arising from automobiles and factories in IC; (ii)

sea breezes in OC; and (iii) water vapor from the hot

springs in RC. In this test, the carbon steel was machined

into flat plates with B = 50 mm, H = 80 mm, and

T = 5 mm. The specimen shape was designed on the basis

of the Japan Industrial Standard (JIS). The corrosion test

was conducted over 3 months in the summer season from

July to September 2005.

Bending and fatigue tests

The effects of atmospheric corrosion on the mechanical and

fatigue properties were examined. In this case, three point

bending specimens, with b = 5 mm, h = 5 mm, and

l = 50 mm, were employed. Bending and fatigue tests were

performed using an electro-servo-hydraulic system with 100

KN capacity. During the tests, the applied load and deflection

value were monitored via a data acquisition system in con-

junction with computer. The loading speed in the bending test

was 1 mm/min. The cyclic loading in the fatigue test was

conducted at a ratio, R, of 0.3 (R = Pmin/Pmax) and a

frequency of 15 Hz, under load control. The maximum cyclic

load, Pmax, was detected in the load range between 45% and

85% of the bending yield load, Py. Note that the Pmax values

Kinetic Energy, eV 

Signal Intensity 

Auger

signal

Fig. 3 Auger Electron Spectrometry showing the manner for the

determination of the intensity of chemical element

Table 1 Signal intensities of chemical elements in the corrosion

layer as detected by Auger Electron Spectrometry

Signal intensity IC sample OC sample RC sample

O KLL 1 (12,302KLL) 1.05 1.0

C KLL 1 (1,032KLL) 0.75 0.8

S LVV 1 0.8 4.4 (1,890LVV)

Cl LVV 1 7.2 (720LVV) 1.0

The intensity is expressed as a ratio based on the level of the IC

sample
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were chosen in response to the fact that plastic deformation in

these samples does not occur, especially at the beginning of

thefatigue tests.Thestressamplitudewascalculatedusingthe

following expression:

ra ¼
3S

2bh2
ðPmax � PminÞ ð1Þ

where S is the loading span and b and h are the specimen

width and height, respectively.

Finite element analysis

Finite element analysis (FEA) was used to analyze the

stress–strain distribution in the sample during the cyclic

loading. In this analysis, a two-dimensional finite element

50µm

(a) RC sample 

(b) IC sample 

(c) OC sample Corrosion product   Matrix  Corrosion pits 

Corrosion product           Matrix 

 Corrosion pits  Corrosion product       Matrix 

Smooth surface 

Rough surface 

Rough surface 

Fig. 6 SEM images of the cross section of the specimens near the corrosion products
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Fig. 5 S–N curves for the uncorroded and corroded samples
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simulation with 8-noded quad elements was employed. The

FE models were designed according to the specimen

geometry. The mesh size adjacent to the loading point was

0.05 mm. In this calculation, the case of bilinear kine-

matics hardening was selected. The material properties

used in this analysis were: Young’s modulus E = 210 GPa,

yield stress ry = 350 MPa, and Poisson’s ratio m = 0.3.

Results and discussion

Corrosion characteristics

The optical macrographs of the specimens before and after

corrosion testing in the three different places are shown in

Fig. 2a. It is clear that the surface color on the specimens

after the corrosion test was altered. A reddish surface was

seen in the IC sample (the industrial area), while light and

dark brown colors were observed in the OC (near the

ocean) and RC samples (beside the river in the hot spring

region), respectively. Figure 2b shows the SEM images of

the microstructure showing the cross section near the cor-

rosion products. In the RC sample, a corrosion layer about

300 lm thick was obtained although much thinner layers

(about 50 lm) appeared on the IC and OC specimens.

These corrosion characteristics suggest different corrosion

mechanisms.

To understand the material properties of the corrosion

products, an Auger Electron Spectrometry (AES) analysis

was carried out directly on the corrosion layer. In this case,

the AES signal intensity was assessed by the range between

the maximum and minimum signal levels, as shown in

Fig. 3. The AES intensity levels obtained are indicated in

Table 1, relative to the AES signal level of the IC sample.

A high level of oxygen AES (12302KLL) at 512 eV was

detected for all samples. This result may imply that a

water-based substance corrodes the carbon steel, e.g.,

Fe2??2H2O = Fe(OH?)2 ? 2H?, with anodic dissolution

Fig. 7 SEM images of the cross

section of the specimens

showing fatigue cracks: a RC

and b OC samples
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and cathodic hydrogen reaction occurring by hydrogen

permeation into the steel [3]. The Auger peak of carbon at

273 eV was also relatively high in the IC sample

(1032KLL) compared to the other samples. In this case, the

CO2 and CH4 cells, exhausted in the IC atmosphere, are

attributed to chemical reaction with the sample. The

chlorine AES at 180 eV was at a relatively high level in the

OC sample (720LVV), which would be caused by NaCl in

the sea breeze. On the other hand, a high sulfur AES level

(1890LVV) was obtained for the RC sample, 4.4 times

higher than that found for the IC and OC samples. Such a

high sulfur level in RC would be related to the sulfur gas

arising from the hot spring. From the above AES analysis,

it could be substantiated that different corrosion system

occurred, depending on the corrosion environment.

Bending and fatigue strengths

Figure 4 shows the bending properties of the uncorroded

and corroded samples. It should be pointed out that the

maximum deflection value was obtained from the point at

which the sample is completely fractured. These results

show that both the bending strength and deflection value

for the as-received sample, 1784 MPa and 7.6 mm, are

clearly higher than those for the corroded samples. Of the

three corroded samples, the bending properties for OC and

IC are similar but those of the RC samples are different.

The bending strength for the RC sample (1428 MPa) is

lower, but its deflection value (6.8 mm) is apparently

higher than that for both the OC and IC samples. Such a

change of the bending properties in the RC sample might

be a result of the different corrosion system, and sulfur in

the RC sample may have an important influence on its

bending properties. In previous work, it was reported that

iron sulfide, Fe3S2, causes the change of the fatigue

strength [16] and sulfur and selenium could increase the

material ductility [17]. The sulfur effects on the mechanical

properties of the RC sample will be discussed in a later

section of this paper.

Figure 5 represents the fatigue behavior (S–N relation)

for all samples. As found for a conventional S–N diagram,

the cycle number to failure increases with a decrease of the

maximum bending stress. The mean endurance limit (rl) at

106 cycles for the uncorroded sample is about 925 MPa,

which is equivalent to that for similar carbon steels [18,

19]. A considerable fall in the fatigue strength was found

when the sample was corroded. As seen in Fig. 5, the

fatigue strengths for all the corroded samples are reduced

by more than 14%. The fatigue strengths of the IC and OC

samples are similar even though the values are about 22%

lower than that of the RC sample. The endurance limits at

106 cycles for the IC and OC samples are about 620 MPa,

whereas for RC the figure is approximately 800 MPa. The

high fatigue strength for RC might be associated with high

material ductility, as shown in Fig. 4.

Failure characteristics

To understand the difference in the fatigue properties

between RC, IC, and OC, a failure analysis was executed.

Figure 6 shows SEM images of the cross section of each

sample adjacent to the corrosion products. The rough sur-

face with corrosion pits can be seen in both the IC and OC

samples but a smooth surface is observed for the RC

sample. Because of the different degrees of surface

roughness, the stress concentration level may be altered

[10, 20]. Figure 7 shows SEM micrographs of the RC and

OC samples after being fractured by cyclic loading. As can

be seen, different crack growth characteristics are obtained,

e.g., the fatigue crack initiates from the corrosion pits in the

OC sample but from everywhere in the smooth corroded

surface of the RC sample.

Fig. 8 von-Mises stress analysis for a RC and b IC (or OC) samples
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To understand the effect of the surface morphology on

the fatigue properties, an attempt was made to analyze the

stress–strain distribution in the specimens around the cor-

rosion products using FEA. Figure 8 presents the von-

Mises stress distributions for the RC and IC samples. It

should be pointed out that the morphology of the surface

roughness in the models was designed on the basis of the

actual surface shape. As seen in Fig. 8, different stress

distributions were obtained; a high stress level is found in

the area surrounding the corrosion pits for the IC sample

but high stress cannot be seen in the RC sample. The dif-

ferent stress levels and their distribution may affect the

change of fatigue strength shown in Fig. 5. Suresh has

mentioned that ‘‘the formation of corrosion pits on the

initially smooth surfaces of the fatigue specimen results in

a significant reduction in the fatigue strength’’ [21].

To examine the fatigue behavior during cyclic loading,

the variation of the deflection value as a function of the

cycle number was examined. The results obtained for the

uncorroded and OC samples are shown in Fig. 9a. In this

case, all the deflection values were obtained from the low

peak cyclic load collected by the data acquisition system. It

is seen that the deflection value increases rapidly for the

OC sample compared to the uncorroded one. Moreover,

three distinct stages in the characteristic deflection versus

cycle number are observed for both samples, with different

crack growth characteristics, as presented in Fig. 9b. In

Stage I, shear slip occurs in the specimen. In this case, the

localized corrosion on the main slip plane of iron, e.g.,

{110}, may give rise to a high shear stress, resulting in the

dislocation movement on that plane [5, 6]. In Stage II, the

fatigue crack propagates with a constant rate, i.e., the Paris

region of da/dN versus DK. The crack growth speed in

Stage III then accelerates to failure. Similar crack growth

stages have previously been reported [22].

Corrosion mechanism

As seen in Figs. 6 and 7, different surface morphologies

were observed after the corrosion, e.g., RC versus IC (or

OC). Such differences in the corrosion surface may be

correlated with the different corrosion mechanisms. For

example, water moisture from the river/hot spring could

make a uniform thin layer on the surface of the RC spec-

imen. This layer can give rise to a uniform degree of

corrosion over the entire sample surface, resulting in a
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smooth face, as seen in Fig. 10a. On the other hand, the

rough corrosion surfaces on the IC and OC specimens

could be a consequence of highly localized corrosion

(Fig. 10b), attributed to random small amounts of water on

the sample. However, further clarification of these corro-

sion mechanisms will be required.

Fractography

Figure 11 presents SEM images of the fracture surfaces

after the fatigue tests for (a) uncorroded sample, (b) RC

sample, and (c) OC sample. Note that the fracture surface

characteristics for IC and OC are similar. As seen, a dis-

continuous cleavage-like fracture [6] is obtained in the

region near the specimen edge for the uncorroded and OC

samples but a complicated fracture surface is seen in the

RC sample. Interestingly, laminar corrosion products are

obvious in the OC sample, as indicated by the white arrow

in Fig. 11c. These may be influenced by the intergranular

stress corrosion cracking [23]. Similar corrosion products

are also clearly seen in the study by Even et al. [16]. In the

theory of corrosion-fatigue in steels, the fundamental

process is the penetration of a sufficiently large number of

dislocations through the interface between the metal matrix

and film substance [5, 22]. Unlike the laminar corrosion

product, spiral- and meander-shaped corrosion products

can be observed on the fracture surface of the RC sample,

as seen in Fig. 11b. Since the meander-shaped corrosion

products are detected in the sample not only near the sur-

face but also inside the matrix (deep area) as enclosed by

the white dotted circles, there could be severe corrosion in

the RC sample compared to the IC and OC samples. This

might also be related to the fact that a thick corrosion layer

is obtained in the RC sample, about 6 times thicker than

that for IC and OC, as mentioned previously. Due to the

different corrosion characteristics, different bending and

fatigue properties could be obtained, as shown in Figs. 4

and 5.

Conclusions

The effects of atmospheric corrosion on the fatigue prop-

erties of medium carbon steel have been investigated

Mist
Raindrop

Sample Sample 

Thin layer 

Anode
Anode

Cathode Cathode

Randomly remained corrosion substance 

on the sample surface

(a) RC sample (b) IC (or OC) sample 

Uniformly formed corrosion substance on 

the sample surface

Fig. 10 Schematic illustration

showing the corrosion

mechanisms for a RC and b IC

(or OC) samples
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experimentally. The corroded samples were prepared in

three different places: (i) an industrial area, (ii) near the

ocean and (iii) beside a river in a hot spring region. Based

upon the experimental results and discussion above, the

following conclusions can be drawn:

(1) Differences in corrosion characteristics are obtained

depending on the location of corrosion. Strong

corrosion by oxygen is detected in all samples. A

high level of carbon is obtained for the IC sample,

arising from CO2 and CH4 gases. The chlorine level is

higher in the OC sample. This could be caused by

NaCl from sea breezes. On the other hand, there is

significant chemical reaction with sulfur in the RC

sample due to the sulfur gas coming from the hot

spring.

(2) The specimen surface morphology is altered by the

corrosion. A smooth surface is created in the RC

sample, but rough surfaces with corrosion pits are

observed for the IC and OC samples. The change of

the corrosion surface morphology could be explained

by the following mechanism: a thin uniform water

Fig. 11 SEM micrographs showing the fracture surface: a uncorroded, b RC, and c OC samples

314 J Mater Sci (2009) 44:306–315

123



layer forming on the sample surface makes a smooth

corrosion face but randomly located corrosion sub-

stances on the specimen gives rise to a rough surface.

(3) The fatigue strength is directly affected by the surface

morphology—the rougher the surface, the lower the

fatigue strength. The mean endurance limit (rl) at 106

cycles for the RC samples is 800 MPa, which is

approximately 1.3 times higher than that for the IC

and OC samples.

(4) The material failure during fatigue tests occurs in

three distinct stages. In Stage I, the deflection value

increases via the plane slip or localized plastic

deformation in the specimen. In Stage II, the fatigue

crack propagates at a constant rate. The crack growth

accelerates to failure in the final stage.

(5) The bending strength and the maximum deflection

value for the uncorroded sample are higher than those

for the corroded samples. Although the bending

properties of the OC and IC samples are similar,

those for RC are altered. The bending strength for the

RC sample is lower than that for IC and OC, while the

deflection value for RC is apparently higher. Such a

high ductility for the RC sample could be a conse-

quence of the high fatigue properties of RC.

(6) Corrosion occurs to a different extent depending on

the sample. Because of strong corrosion, corrosion

products are detected even in the deep matrix of the

RC sample whereas for IC and OC these are seen only

near the specimen edge (or corrosion layer). Such a

change of corrosion characteristic could cause differ-

ent bending and fatigue properties.
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