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ABSTRACT Corrosion fatigue tests of a high tensile steel and a stainless steetin a 3,5 per cent
NaCl solution were carried out under various in-plane biaxial stress conditions. The effects of
biaxial stresses on the corrosion fatigue crack growth properties were investigated and compared
with in-air data,

It is found that an effect of biaxial stresses oceurs in the NaCl solution and the eritical region
where the effect exists coincides with that in air. However, the order of the data set for biaxial
stress conditions is different in NaCl from that in air and there is also a difference between the
free corrosion condition and the cathodic condition.

Introduction

A lot of fatigue crack growth data in seawater have been reported, ¢.g.,
reference (1), in order to evaluate the fatigue life, or the integrity, of offshore
structures from linear elastic fracture mechanics (LEFM) analyses. However,
most of the data is from simple fracture mechanics specimens subjected to
uniaxial loading. No data in seawater under biaxial loadings could be found.

Recently it has been shown that fatigue crack growth in air (2)—(9) and also
at elevated temperature (10) is affected by the biaxial stress state. In a previous
paper (9), a significant effect of biaxial stress on fatigue crack growth in air
appears even if the stress level is only about 0.4 of the yield stress when a crack
is relatively small. The authors also described a critical region for which the
effect of biaxial stresses on fatigue crack growth occurred in an air environment.
It therefore seems important to study the effect of biaxial stresses on corrosion
fatigue crack growth in seawater, especially since most offshore structures
suffer biaxial and multiaxial loadings.

In this study, corrosion fatigue tests of a high tensile steel (WT60) and a
stainless steel (SUS304) in a 3.5 per cent NaCl solution were carried out under
various in-plane biaxial stress conditions. The effects of biaxial stresses on
corrosion fatigue crack growth were investigated, and compared with those in
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air. The applicability and the limit of applicability of LEFM to corrosion fatigue
crack growth are discussed. It is expected that the effect of biaxial stresses will
be different from that in air because of the interaction of environment effects
such as hydrogen embrittlement and corrosion dissolution.

Notation

a Half length of a crack

A Biaxial stress ratio (=o/oy)
da/dN  Fatigue crack growth rate

E Potential (Ag/AgCl)

I Normalized stress intensity

f Loading frequency

K; Stress intensity factor

AK; Stress intensity factor range

Ry Stress ratio defined by Kipin/Kimax
U Crack opening ratio (=K. — Kp/AK)

Oy0, Oy, Nominal stresses applied to the gripped parts of the specimen in
the y direction and the x direction, respectively

oL, or Stresses at the centre of the specimen without a crack

Uniaxial yield strength

¢ Phase difference between the load axes

The biaxial fatigue test

Fatigue tests have been performed on a high-cycle biaxial fatigue testing
machine (8)(9). This machine has four electric hydraulic servo actuators and
load cells, arranged perpendicular to each other on a horizontal plane in a rigid
circular frame. The machine can control, with high accuracy, the mean and the
amplitude of loads for both axes, as well as the phase difference, ¢, between
them. Cruciform flat specimens were used as shown in Fig. 1. A fatigue
pre-crack was developed under uniaxial loading until the total crack length
reached 6 mm. The high tensile steel (WT60) had a thickness of 4.5 mm and the
type 304 austenitic stainless steel (SUS304) a thickness of 5 mm. The mechani- |
cal properties and chemical compositions are shown in Table 1.

The stress intensity factors for a centre crack in a cruciform specimen are
calculated from the following equation; see also (9)

KI = FIyoyo\/(:’T“) + leaxo\/(ﬂa) (1)
Fyy = 1.4890 — 0.0077(a/L) + 0.2713(a/L)? — 0.0184(a/L)? )
Fy = —0.3227 + 0.0062(a/L) — 0.0114(a/L)* + 0.0547(a/L)? (3)

Where L for the current specimen is 17 mm (see Fig. 1), and o, and oy, are
nominal stresses applied to the gripped parts of the specimen. The values of Fyy
and Fy, are correction factors deduced by a modified mapping collocation
method.
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Cruciform specimen geometry (alt dimensions in mm)

From the results of FEM analysis, the stress oy in the y direction and opin the
x direction at the centre of specimen without a crack can be represented as

follows (Fig. 2)

o, = 1.490,, — 0.320,, ®H
or = —0.320,, + 1.495,, (5)
Table 1 Mechanical properties and chemical composition of the materials
Chemical composition (%)
C Si Mn P S Ni Cr
WT60 0.09 0.16 1.1 0.014 0.005 - (.01
SUS304 0.06 0.57 1.00 0.027 (+.006 8.47 18.16
Mechanical properties
Yield strength Tensile strength Elongation
(MPa}) {(MPa) (%)
WT60 539 647 20
SUS304 284 628 60
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0o

Fig 2 Stress state at the centre of a cruciform specimen without a crack

These components correspond to the uniform biaxial stresses in the y and x
directions for a crack in an infinite plate, as shown in Fig. 2. Therefore, the
biaxial stress ratio, A, can be defined approximately as follows

A= UT/UL = AGT/AUL (6)

In the biaxial fatigue tests, the stress ranges Ao; and Aoy calculated from
equations (4) and (5) were controlled and kept constant and the stress ratio Ry
defined as Ky, /Kinax Was also kept constant.

In the corrosion fatigue tests, three kinds of biaxial stress conditions were
selected, which corresponded to biaxial stress ratios 4 = 1, 0, —1, as shown in
Table 2.

Environment and experimental conditions

In the corrosion fatigue tests, a 3.5 per cent NaCl solution was used to simulate
marine environments and an acrylic chamber with a volume of 180 cc was used
as shown in Fig. 3. The flow rate was about 250 cm?*/hour of fresh seawater. The
specimen was covered by a silicon rubber coating over all the surface except for
the region where the crack grew.

In the corrosion fatigue tests of WT60, three kinds of potential conditions
were employed: a free corrosion, an over-cathodic potential and an anodic
potential, using a potentiostat, a Pt counter electrode, and an Ag/AgCl
reference electrode, as shown in Fig. 3. The free corrosion potential was E =
—0.6 V (Ag/AgCl), the over cathodic potential was E = —1.2 V (Ag/AgCl),
and the anodic potential was E = —0.4 V (Ag/AgCl). These conditions were



290 BIAXIAL AND MULTIAXIAL FATIGUE

A T_Potentiostat
Pt counter
T [T Y~ electrode

—Ag/AgCl
reference
electrode

Specimen

Overflow=

oAl

.4’///.&’///%‘5‘”-////k
.

C\/\/D “Coating Chamber

t3.5%NaCl

Fig 3 Schematic of the corrosion chamiber and potentiostat

employed to realize different corrosion fatigue damage processes such as
hydrogen embrittlement and corrosion dissolution. In the corrosion fatigue
tests of SUS304, only a free corrosion condition was employed. The stress ratio
Ry was 0.1 and the loading frequency was either 0.5 Hz or 7 Hz. The crack half
length was measured by a travelling microscope over the range 4 to 17 mm.

All the experimental conditions are shown in Table 3. The in-air biaxial
fatigue crack growth data for the same materials are reported in a previous
paper (9). The stress levels oy p../0y (i.e., the ratio of maximum stress
perpendicular to a crack to the uniaxial yield strength of the material) employed
in this study for WT60 were relatively low and for which no effect of biaxial
stresses on fatigue crack growth in air has been noted. The stress level for
SUS304 was relatively high and at values where an effect of biaxial stresses has
been noted in air.

Tahle 3 Experimental conditions

Potential 1 Cracklength Frequency
Material E{Ag/AGCl) (or/5L) OLmax Oy a f Ry
WT60 —0.6V ] 0.283 4 ~ 17 mm 0.5and7Hz 0.1
(Free 0
corrosion) i
-0.4V 1 (:.242 0.5Hz
(Anodic) 0
-12V 1 0.331
{Cathodic) ]
1
SUS 304 Free 1 0.483
corrosion
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Experimental results
Corrosion fatigue crack growth for WT60

Figure 4 shows the crack growth rate versus AKX relations for WT60ina3.5 per
cent NaCl solution for free corrosion conditions. This figure shows that the
fatigue crack growth rate is accelerated by the environment at a low frequency
and the acceleration becomes more significant at a low AK range (1). Itis found
that the data set for biaxial stresses reveal only a small difference, and the data
for equi-biaxial stress, A = 1, is accelerated slightly in the low and middle ranges
of AK;.

Figure 5 shows the corrosion fatigue crack growth behaviour of WT60 at over
cathodic petential (F = —1.2V) and anodic potential (£ = —~0.4 V). The data
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Fig 4 Corvosion fatigue erack growth in 3.5 per cent NaCl for WT60 at Free corrosion at Ry = 0.1
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at anodic potential are accelerated more than the data at free corrosion below
AK; = 18 MPay/m. No effect of biaxial stresses on the corrosion fatigue crack
growth at anodic potential was observed, because the stress level is low.

The data at over-cathodic potential are accelerated significantly due to
hydrogen embrittlement. A small effect of biaxial stress at over-cathodic
potential was observed. In this case, it seems that the data for equi-biaxial
stress, A = 1, are decelerated. Figures 4 and 5 suggest that the order of the data
for biaxial stresses is dependent on the potential.

Figure 6 shows the crack opening ratios U/ measured during the corrosion
fatigue tests on WT60. Crack opening stress was measured in seawater by strain
gauges covered by a silicon rubber coating. The crack opening ratios at three
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Fig 5 Cerrosion fatigue crack growth for W60 in 3.5 per cent NaClat over-cathodic potential and
anodic potential; Ry = 0.1 and f= 0.5 Hz
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potential conditions coincide with each other at AK; > 25 MPa\/m. But the
crack opening ratio for an anodic potential increases below 25 MPay/m due to
significant corrosion dissolution so that da/dN at anodic potential is accelerated
at low AKj ranges. No effect of biaxial stress on the crack opening ratio was
observed.

Corrosion fatigue crack growth for SUS304

Figure 7 shows the corrosion fatigue crack growth properties for the stainless
steel at a free corrosion condition. In this case a significant effect of biaxial
stress is recorded because the stress level is relatively high; an effect of biaxial
stress also appeared in air (15) as shown in Fig. 7. This figure shows that the
fatigue crack growth rate in NaCl solution for uniaxial stress is fastest; however,
in air it is the shear stress data which are most accelerated. Thus it depends on
the environment how the effect of biaxial stress on fatigue crack growth
manifests itself. This suggests that fatigue crack growth under biaxial stresses
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Fig 7 Corrosion fatigue crack growth for SUS304 at free corrosion in 3.5 per cent NaCl; Ry =0.1
and f=0.5Hz

cannot be simply correlated by parameters, such as the crack tip plastic zone
size, and certainly not by LEFM analyses, when environmental conditions are
important.

Effect of corrosive environments

Figure 8 presents the ratio of the fatigue crack growth rate in a corrosive
environment to thatin air for all tests as a function of AK|. The corrosion fatigue
crack growth rates for the high tensile steel (WT60) are accelerated in the order
of over-cathodic potential, free corrosion, and anodic potential, although the
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Fig 8 The ratio of crack growth rate in 3.5 per cent NaCl solution and in air versus stress intensity
range AK); R = 0.1and f= 0.5 Hz

order is also affected by the level of AK;. Those for SUS304 are accelerated
more than WT60. The maximum ratio reaches 6.0. The acceleration is signifi-
cant at a low AK; range. [t is noteworthy that the ratio of growth rates increases
with decrease of AKj at the anodic condition and the over-cathodic condition.
However, the ratio has a peak value for the free corrosion condition. Similar
results have been reported on corrosion fatigue crack growth for various
materials under uniaxial loading in seawater (11)(12).
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Discussion

It is to be expected that the effect of biaxial stresses on the fatigue crack growth
in NaCl solution will be different from that in air because of fatigue-environ-
ment interactions. The effect of biaxial stress on the corrosion fatigue crack
growth is discussed below and is compared with the effect in air.

A parameter to measure this effect is the ratio of the maximum value of
da/dN to the minimum value of da/dN at various biaxial stresses and specific
values of AK;. Figure 9 shows the ratio of (da/dN),,,./(da/dN),,;,, both in NaCl
solution and in air (15), versus half crack length. It will be noted that in these
tests the applied loads are constant, and so crack length corresponds approxi-
mately to AK?. Should no effect of biaxial stress appear, then LEFM can be
applied in the case when the ratio equals 1.0. For cases where the ratio becomes
greater than 1.5, then a significantt effect of biaxial stress occurs and LEFM is
not applicable.

Figure 9(a) shows that the ratio of the fatigue crack growth rates in NaCl
solutions increases with a decrease of crack length and attains a peak value.
Figure 9(b) shows that the max/min speed ratio in air increases monotonically
with decrease of crack length. These figures suggest that a more significant
cffect of biaxial stress on fatigue crack growth appears when a crack is small.
Therefore, it is to be expected that the fatigue crack growth rate for a short or
small crack will be affected significantly by biaxial stresses. The fact that the
ratio (da/dN )./ (da/dN )i, has a peak value in Fig. 9(a) corresponds to the
phenomenon that corrosion fatigue crack growth at a free corrosion condition
is accelerated significantly at AK; = 20-30 MPa\/m, as shown in Fig. 8. This
means that a more significant effect of biaxial stress will appear where the
fatigue crack growth rate is accelerated significantly in a corrosive environment.

Figure 10 and Table 4 display all the biaxial fatigue crack growth tests for
WT60 and SUS304, both in air and in NaCl solution. The data in air are partly
reported in a previous paper (9) where a comprehensive study on fatigue crack
growth under biaxial stresses was reported. Focussing attention on crack length
and applied stress level, the critical region where the effect of biaxial stresses
appears is best clarified after a definition of the effect as given in Fig. 9. This
figure indicates that LEFM is not applicable when the stress level reaches
~0.4-0.6 oy, for both materials, and that the critical region where the effect of
biaxial stress appears depends on crack length. Therefore, if a crack is small,
the effect of biaxial stress should appear to be significant even if the stress level
is not so high. This figure is also important in understanding the various
conflicting conclusions on the effect of biaxial stress on fatigue crack growth as
reported by several researchers (2)-(10).

In this figure, the experimental conditions of corrosion fatigue tests pre-
viously shown are included. The stress levels of the tests on WT60 at three
potential conditions were relatively low so that a significant effect of biaxial
stress could not be observed. However, a significant effect appeared in the
corrosion fatigue tests on SUS304 at free corrosion because the stress level was
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Fig 10 Experimental conditions for various biaxial fatigue tests (see Fable 4)

relatively high where the effect of biaxial stresses also appears significant in
in-air tests.

The effect of biaxial stress on fatigue crack growth properties is different for
the various biaxial stress conditions. The order of the data set for biaxial
stresses is also quite different between in-air and in-seawater, as shown in
Fig. 7, and also different between cathodic potential and free corrosion, as
shown in Figs 4 and 5. Moreover, a previous paper (9) pointed out that the
order of a data set for biaxial stresses in air is different between materials.
Therefore, the effect of biaxial stresses on fatigue crack growth depends on the
material and the environment. This means that fatigue crack growth under
biaxial stresses cannot be explained by the plastic zone size or crack opening
displacement. It seems to be very difficult to evaluate quantitatively the effect
of biaxial stresses on fatigue crack growth in various environments at present
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Table 4 Key to the stress ratio values and environments for the data given in Fig. 10

WELTEN 60 SUS 304
No. Ry Environment No. Ry Environment
1 0.1,0.3 Inair 14 0.1 Inair
2 0.1 Corrosion 15 0.1 Corrosion
E=—0.4V (anodic) (free corr.)
3 0.1 Corrosion 16 0.1 Inair
E=-0.6V (freecorr.) 17 0.1 Inair
4 0.1 Corrosion 18 0.1 Inair
E=—1.2V (cathodic) 19 0.2 Inair
5 0.1 Inair 20 0.1 In air
6 0.3 Inair 21 0.1 Inair
7 0 Inair
8 0.1 Inair
9 0.4 Inair
10 0.1 Inair
11 03 Inair
12 0.2 Inair
13 0.3 Inair

(15). Only a few data on corrosion fatigue crack growth are reported in this
paper and a comprehensive study on this problem is needed. It is expected that
a significant effect of biaxial stresses will occur in corrosive environments.

Conclusions

Corrosion fatigue tests of a high tensile steel and a stainless steel in a 3.5 per
cent NaCl solution were carried out under various in-plane biaxial stress
conditions and the effects of biaxial stresses on the corrosion fatigue crack
growth were investigated and compared with those in air. The main results are
as follows.

(M

)

€)

(4)

The effects of biaxial stresses on corrosion fatigue crack growth appear in
a similar regime as effects of biaxial stresses in air. Only a small effect of
biaxial stresses in NaCl solution appears where no effect of biaxial stresses
was observed in air.

Where the fatigue crack growth rate is accelerated significantly by a
corrosive environment in a uniaxial test, it seems that the effect of biaxial
stresses is also significant.

It is found that the order of a data set for biaxial stress conditions in NaCl
solution is different from that in air and also differs between a free
corrosion condition and a cathodic condition. It depends on the material
and the environment how the effect of biaxial stresses manifests itself on
fatigue crack growth.

It is expected that a significant and particular effect of biaxial stresses on
corrosion fatigue growth will appear in the region where a crack is small
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and the stress level is correspondingly high. A more comprehensive study
on corrosion fatigue crack growth under biaxial stresses for short cracks
subjected to high cyclic stresses is urgently required.
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