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Investigation of corrosion fatigue cracks
of steel under wetting and drying conditions

Lihua Liang

Qingdao Technical College, No. 369, Qiantangjiang Road, Huangdao
district, Qingdao, Shandong 266555, China

Received October 17, 2018

The results demonstrated that dry/wet ratio and loading frequency could significantly
affect the growth rate of the corrosion fatigue cracks of steel structure. The effects of
dry/wet ratio on the growth rate of cracks became smaller with the increase of the
amplitude of stress intensity factor under the same loading frequency. The effects of
dry/wet ratio on the growth rate of cracks became smaller with the increase of loading
frequency under the same dry/wet ratio.
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IIpoBeneHbl MCCIELOBAHUA POCTA KOPPOSHMOHHBIX YCTAJOCTHBIX TPEMIMH CTAJBHON IJIUTHI
IPA PA3JUYHBIX COOTHOIIEHHUAX CyXOH / BJIQMKHOU cpegbl UM PAa3JHNYHBIX MEXaHUYECKUX
HArpyskax. PesyJbTarsl MOKasaju, YTO CyXoe / BIAIKHOE COOTHOIIEHWE M YacTOTa HATIPYIKe-
HUA MOTYT CYIIECTBEHHO BJHATL Ha CKOPOCTH POCTA TPEIIMH KOPPOSUMOHHON YyCTaJNoCTHU
CTaJIbHONM KOHCTPYKIUUN. BindgHMEe cyxXoro / BJAaKHOIO COOTHOIIEHHSA HA CKOPOCTL POCTa
TPEIUH YMEHBIAeTCH C yBEJHMYEHHEM 4YaCTOTHI 1M MHTEHCHUBHOCTU HampsskeHuii. Temmbl
pocTa CTANBHBIX TPEIUMH HA CTAAUM HU3KON MHTEHCHBHOCTH HAIPAMKEHWUU BBHIIIE, UEeM B
cpeie MOPCKOII BOABI B KPUTHUECKUX YCIAOBUSX CYXOrO / BIAKHOI'O COOTHOILIECHUS.

HocaigsxenHs KOPO3iHMX BTOMHHMX TPIIIMH CTAaJi B yMOBaxX 3MOYYBAHHA 1 CYIIKH.
Lihua Liang.

ITpoeeneHo mocaimxeHHs 3pOCTAaHHS KOPO3iMHMX BTOMHHX TPIIlIMH CTAJEeBOI IJIUTU IIPU
pisHUX CHiBBigHOIIEHHAX CYXOro / BOJIOIOI'0 cepenoBUINa i PIBHMX MexXaHiUHMX HaBAHTAMKEH-
HAX. PesynbraTy mokasajiu, IO cyxe / BOJIOre CIIiBBiJHOIIIEHHA i 4acToTa HABAHTAYKEHHS
MOMKYTh CYTTEBO BILJIMBATH HA IIBUAKICTh POCTY TPIIMH KOPO3ifiHOI BTOMU CTaJI€eBOI KOH-
cTpyKiii. Boaue cyxoro / BOJIOroro CIiBBiZHOIIEHHS Ha IIBUAKICTb POCTY TPIllMH 3MEeH-
UIyThCs 3i 301JBIIEHHAM YACTOTH TA iHTEHCHBHOCTI HaIpyXeHb. TeMIIn 3POCTAHHS CTAJIEBUX
TpimuH Ha cragii HUSLKOI iHTEHCHMBHOCTI HAIIPYXE€Hb BHIIE, HIXK y CepemoBHIII MOPCBKOIL
BOJU B KPUTUYHUX YMOBAX CYXOr0O / BOJIOTOr'O CIIiBBiJHOIIIEHHS.
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1. Introduction

Steel structure is the most widely used
structure in the infrastructure construction
of marine engineering, but it also causes
corrosion [4,5]. If steel structures is lo-
cated on the mainland, the problem is rela-
tively not very serious. But marine engi-
neering are often away the mainland, which
causes difficulties in maintenance equip-
ment and traffic.Therefore long-term opera-
tion should be considered in the design.
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Steel structure will be severely corroded in
the long-term operation of marine engineer-
ing, and moreover the maintenance cost is
high because of the aforementioned reasons.
Therefore how to solve the corrosion prob-
lem of steel has become a key point in the
construction of marine engineering. Liu [1]
proposed a nondestructive testing technol-
ogy which was based on time domain reflec-
tometry (TDR) and could determine the lo-
cation and severity of corrosion of embed-
ded or outsourced steel bars and cables. The
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Table 1. The chemical components of D36 steel

Component| Carbon |Manganese| Silicon

Nickel

Phosphorus| Sulfur Copper |Chromium

Content/% 0.15 1.09 0.28

0.01

0.014 0.002 0.01 0.01

Table 2. The mechanical properties of D36 steel

Mechanical Elasticity modulus, |Yield strength, MPa| Tensile strength, Cross-section
properties GPa MPa elongation, %
Size 211 416 525 24
experimental results showed that the TDR 15 mm 10 mm
based corrosion detection method could de- ~ I Rl
tect, locate and identify the degree of corro- V 0
sion damage. Bastidas et al. [2] studied two mm
kinds of vapor phase inhibitors, dicyeclo- Y
hexyl ammonium nitrite and dicyclohexy- - 100 mm o

lamine, and the air corrosion of low-carbon
steel in an environment with relative hu-
midity of 100% and under isothermal con-
dition (25 °C) and found that the corrosion
rate of low-carbon steel decreased when di-
cyclohexyl ammonium nitrite and dicyclo-
hexylamine existed. Zhang et al. [3] ex-
plored the inhibition effect of long-chain
alkyl-substituted benzimidazole derivatives
on the corrosion of mild steel in HCl and
found that it had a favourable application
prospect as an corrosion inhibitor. In this
study, the growth of corrosion fatigue
cracks under different dry/wet ratios was
tested using three-point bending method on
an MTS810 electro-hydraulic servo tester.
In this paper different loading frequencies
and dry/wet ratio were set in the experiment
to explore the influence of alternation of dry
and wet on the corrosion fatigue of steel.
The phenomenon of structural cracking
and premature loss of structural action of
metal structures under the interaction of
mechanical stress and corrosive environ-
ment is called corrosion fatigue. Its damage
to metal structure is much larger than sim-
ple fatigue or pure corrosion. Conventional
metal fatigues which has limits are very
difficult to happen if certain condition of
stress has not been achieved. But corrosion
fatigue which has no limit will happen as
long as there is a certain stress condition.
The process of fracture of metal structures
can be divided into two stages: crack gen-
eration and crack growth. Small cracks will
produce after accumulation reaches certain
degree under the influence of stress change
and corrosion environment; this process is
the generation stage of cracks. The gener-
ated cracks continue to grow under the ac-
tion of corrosion and stress, and the growth
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Fig. 1. The design of the test specimen

rate is increasing until metal structure
fractures.

There are three kinds of factors that af-
fect the growth rate of corrosion fatigue
crack of metals, i.e., materials, corrosion
environment and mechanical factors. This
study focused on the effect of corrosion en-
vironment on the growth rate of corrosion
fatigue cracks. The steel structure of ocean
platform will be in the sea environment for a
long time. Dry and wet alternation will accel-
erate the corrosion rate of a platform, which
was because that the structure is in a hyper-
oxic and electrochemical environment. The in-
fluence of dry and wet alternation on corro-
sion rate has exceeded the influence of acid-
base property and chloridion in sea water.

2. Experimental

D36 marine steel which is commonly
used in marine engineering was taken as the
material of test specimens in this study. Its
chemical components [6] is shown in Table
1, and its average mechanical properties [7]
is shown in Table 2.

According to GBT6398-2000 [8], the test
specimen was designed as unilateral gap,
and the ratio of thickness, width and length
was 8:2:1. Finally the size of the test specimen
was determined as 10x20x100 mm3. The design
of the test specimen is shown in Fig. 1.

The corrosive fluid used for accelerating
metal fatigue was natural seawater which
had been processed by filtering. The loading
device used in this experiment was a
MTS810 electro-hydraulic servo testing ma-
chine [9], and the data acquisition system
was IMC [10].

Functional materials, 25, 4, 2018
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In this study, three-point bending
method [11] was used in the corrosion fa-
tigue crack growth test on the MTS810 elec-
trohydraulic servo test machine. Marine
automatic circulation system was used for
simulating the alternate dry and wet marine
environment[12]. In this experiment, the
load waveform was sine wave, the stress
amplitude was constant, 26kN, and the
stress ratio was fixed at 0.2. The fatigue
cracks were measured under the influence
of different environmental factors. Alter-
nate dry and wet and change of loading
frequency were the main environmental fac-
tors considered in this study. Alternation of
dry and wet was achieved by the marine
automatic circulation system, and change of
loading frequency was adjusted by the test
machine. The crack growth test was carried
out under loading frequency of 0.3 Hz, 1.5
Hz and 4 Hz and air environment (k = o),
seawater environment (¢ = 0) and dry/wet
ratio £ = 1 and 0.5, respectively. k repre-
sented the time ratio of dry and wet altera-
tion, kB = t4./tscawaters fajr Meant the test
time in the air environment, and ¢, ,water
meant the test time in the seawater. Dry
and wet were alternated more than six
times. The difference of alteration times be-
tween different groups was no more than 2.

Processing of experimental data

(1) Length of cracks was measured using
flexibility method [18], and it was ex-
pressed as:

U= 1 @)

0.5
) _{EHXAL_D}

F L

b

+ AU + AUS

where EHX/F is dimensionless flexibility,
E is elasticity modulus, MPa, L, D and H
are the length, width and thickness of the
test specimen, respectively, mm, X is the
opening displacement of crack mm, F is
loading load, N, b is the length of crack,
mm, and A, A;, Ay, Az, Ay and A, were
0.99978, -3.9505, 2.9823, -3.215, 51.518
and -113.05, respectively.

(2) The growth rate of cracks was ob-
tained by performing local derivation fit-
ting with seven points incremental polyno-
mial [14], and its expression was:
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2

by _ 4, 2¢9(Ny — By) (3)
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dN

i-th point, ¢; and ¢, are the regression pa-

rameter obtained by least square method, N

is times of dry and wet alternation
Nig+ Niy Nig - N,

Blzf and By = : 3 izn

where (ﬂ] is growth rate of crack on the
i

(3) The expression of stress strength fac-
tor amplitude [15] was:

3AFL
2HD?
+ 8.20P2 — 14.18B3 + 14.57B%) ,

(4)

AK = 1B (1.090 — 1.7350 +

where AF is the difference between the
maximum and minimum loads, N, and

B= %, representing dimensionless.

The curve of crack growth data-AK could be
obtained through the above data processing.

3. Results and discussion

3.1 Influence of the dry/wet ratio on the
growth rate of cracks under the same load-
ing frequency

The relationships between the dry/wet
ratio and the growth rate of cracks under
the same loading frequency are shown in
Fig. 2, 3 and 4. It could be noted from Fig. 2
that the increase of dry/wet ratio acceler-
ated the growth of corrosion fatigue cracks
when the loading frequency was 0.3. The
maximum effect of dry/wet ratio on the
crack growth rate was in the low stress in-
tensity factor amplitude stage, and the
crack growth rate increased with the in-
crease of time in the humid environment at
this stage. When the stress intensity factor
amplitude was about 55 MPa-m©5, the
growth rate was basically not affected by
the dry/wet ratio. The rate of growth basi-
cally coincided with the rate in air.

Fig. 3 shows that the crack growth rate
under 1.5Hz was reduced under the influ-
ence of the dry/wet ratio compared to that
under 0.3Hz. The increase of the ambient
humidity made the crack growth rate higher
than that in the air environment, but the
growth rate differed little when the dry/wet
ratio was 1 and 0.5, and moreover it was
close to the growth rate in the seawater
environment. In addition, Fig. 8 also shows
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Fig. 2. Influence of the dry/wet ratio on the
growth rate of cracks under 0.3 Hz.

that the crack growth rate exceeded that in
the seawater environment temporarily when
the dry/wet ratio was 1 and the stress in-
tensity factor amplitude was between 40
MPa-m95 and 50 MPa-m©°-5.

It could be noted from Fig. 4 that the
expansion rate curves at different dry/wet
ratios almost coincided under the loading
frequency of 4Hz in the low stress intensity
factor amplitude interval (below 40
MPa-m0-%), indicating that the dry and wet
alternation had no effect on the expansion
rate at that stage. When the amplitude of
stress intensity factor was greater than
40MPa-mY-5, the expansion rate curve in the
air environment was greatly different from
the curve in the humid environment. The
rate of crack growth was higher in the humid
environment, and the expansion rate was ba-
sically the same as that in the sea water when
the dry/wet ratio was 1 and 0.5.

The comparison between Figs. 2, 8 and 4
suggested that the crack growth rate in-
creased firstly, then decreased, and finally
approached to the rate in the seawater envi-
ronment with the decrease of the dry/wet
ratio when the amplitude of stress intensity
factor and loading frequency were low.
There was a critical dry/wet ratio; the crack
growth rate was maximum under that
dry/wet ratio, and the dry/wet ratio varied
along with the loading frequenecy. This the-
ory could explain different corrosion rates
of the marine platforms at different depths,
i.e., the corrosion rate increased above the
sea surface and decreased under the sea sur-
face.
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Fig. 3. Influence of the dry/wet ratio on the
growth rate of cracks under 1.5 Hz.
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Fig. 4. Influence of the dry/wet ratio on the
growth rate of cracks under 4 Hz.

3.2 The influence of the loading fre-
quency on the growth rate of cracks under
the same dry/wet rate

Figs. 5 and 6 show the effect of the
dry/wet on the crack growth rate. It was
found from Figs. 5 and 6 that the growth
rate of corrosion fatigue crack of steel plate
under 0.3 Hz was much greater than that at
1.5 Hz and 4 Hz in the stage of low stress
intensity factor amplitude under the same
dry/wet ratio, but the difference of the
growth rate between 1.5 Hz and 4 Hz was
little. With the increase of the stress inten-
sity factor amplitude, the rate of expansion
under the three frequencies began to ap-
proach and tended to be consistent when the
stress intensity factor amplitude was larger
than 55 MPa-m0-5.

The reason for these phenomena was the
accumulated corrosion products blocked the

Functional materials, 25, 4, 2018
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Fig. 5. The growth rate of cracks under load-
ing frequency of 0.2, 1 and 5 Hz when the
dry/wet ratio was 0.5.

contact of reactants and slowed down corro-
sion. The increase of the stress intensity
factor amplitude led to the increase of crack
opening, which made the substances pro-
duced by corrosion in the opening were eas-
ier to be washed away by the flowing sea
water and continued corrosion reaction. It
can be noted from Figs. 5 and 6 that the
dry and wet alternation had the largest in-
fluence on the expansion rate at the stage
of the low stress intensity factor amplitude,
which was because that the leading factor of
the crack growth rate was corrosion at that
time and one of the factors affecting the cor-
rosion rate was the dry and wet alternation.

4. Conclusions

In this study, the corrosion fatigue crack
growth rate was tested using three-point
bending method and electro-hydraulic servo
test machine when the loading frequency
was 0.3 Hz, 1.5 Hz and 4 Hz, respectively.
The environment under each frequency was
air, sea water, dry/wet ratio at 1 and
dry/wet ratio at 0.5. The following results
were obtained.

Under the same stress load frequency,
the dry/wet ratio had a great influence on
the crack growth rate at the stage of low
stress intensity factor amplitude when the
loading frequency was 0.3 Hz, but the in-
fluence of the dry/wet ratio decreased with
the increase of the stress intensity factor
amplitude and finally tended to be consis-
tent. The influence of the dry/wet ratio on
the crack growth rate at the stage of low
stress intensity factor amplitude decreased
when the loading frequency was 1.5 Hz
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Fig. 6. The growth rate of cracks under load-

ing frequency of 0.2, 1 and 5 Hz when the
dry/wet ratio was 1.

than that when the loading frequency was
0.3 Hz. The influence of the dry/wet ratio
on the expansion rate under different am-
plitudes of stress intensity factors was the
same as that when the loading frequency
was 0.3 Hz. When the loading frequency
was 4 Hz, the influence of the dry/wet ratio
on the crack growth rate was not obvious;
and the expansion rate was basically the
same when the dry/wet ratio was 1 and 0.5.
There was a critical dry/wet ratio; under the
dry/wet ratio, the fatigue crack growth rate
was larger than that in seawater in the stage
of low stress intensity factor amplitude.

Under the same dry/wet ratio, the crack
growth rate under the low loading fre-
quency was far greater than that under the
high loading frequency in the stage of low
stress intensity factor amplitude, but the
differences between the rates under the
high frequency were small. With the in-
crease of the stress intensity factor ampli-
tude, the growth rates of cracks under three
loading frequencies tended to be close; the
rates were basically consistent when the
stress strength factor amplitude was larger
than 55 MPa-m0-5.

The results are important in determining
the performance of the steel plate of the
offshore platform.
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