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ABSTRACT

After Vosikovsky (1975), the corrosion fatigue crack growth rate (CFCGR) characteristics have been divided into three
regions. The region-111 rates are very close to mechanical fatigue crack growth rates. CFCGR formulae, including the
long-crack length effect (in region I only), the loading frequency effect (in region I only), and the saltwater temperature
effect, have been proposed. It has been assumed that CFCGR is proportional to f™*, where fis the loading frequency
and k is a constant. The averaged k-value for all steels of yield stress (YS) below 500 MPa, usually with ferrite-pearlite
microstructures, is higher than that for YS > 500 MPa, usually with quenched and tempered microstructures. The
temperature effect does not appear in region I below room temperature. In the remaining cases, that is, in region I for
elevated temperatures and in region I for both low and elevated temperatures, the CFCGR increases with increasing
temperature. Under a potential of 0.8 V, a long-crack-length effect, qualitatively similar to analogous effect for free
corrosion conditions, appears.

Keywords: corrosion fatigue,crack growth rate,crack length,saltwater temperature,frequency effect,ship and offshore steels

NOMENCLATURE R — the stress ratio in a loading cycle [-]
R, - universal gas constant = 8.3143 [J/K]
a — the crack length [m] T - temperature [K]
a, - net length of crack (as measured from the notch T.. - temperature [°C]
root) [mm] T - room temperature [K]
C, - a coefficient in the relation between f and AKin ~ T,_ - room temperature [°C]
region II [(MPa m"?)"] UTS - ultimate tensile strength [MPa]
da/dN , - mechanical fatigue crack growth rate [m/c] YS - yield strength of material [MPa]
da/dN, - corrosion fatigue crack growth rate at a loading 8 — relative effect of environment, that is, the ratio
frequency of 0.1 Hz and room temperature [m/c] (CFCGR)/(FCGR) [-]
da/dN, - corrosion fatigue crack growth rate ata frequency ~ AK — stress intensity factor range [MPa m'?]
f [m/c] AK,, - stress intensity factor range value at the border
da/dN,, - corrosion fatigue crack growth rate at a frequency between regions I and II of the characteristics
fand temperature T' [m/c] AK, , - aconstantrepresenting the value of AK for which
da/dN, - corrosion fatigue crack growth rate at a temperature the relative effect of the environment for region
T [m/c] II equals 1
da/dN, - corrosion fatigue crack growth rate at room AP - load range [MPa]
temperature T, [m/c]
E_, - activation energy [k]/mol] abbreviations
f - loading frequency [Hz] CFCGR - corrosion fatigue crack growth rate
k - exponent of the loading frequency effect [-] CT - compact tension specimen
n - exponent in the relation between p and AKin ~ FCGR - (mechanical) fatigue crack growth rate
region II [-] SEN - single edge notched specimen
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INTRODUCTION

Users and designers of welded marine structures have
a choice between different methods of lifespan predictions,
comprehensively discussed by Vazquez et al. [1]. Some of the
methods consider the total life of a structural component as
a sum of progressive crack initiation steps, some as a process
of short and then long crack propagation, but numerous
methods consider it as the sum of the phases of crack initiation
and propagation. In some approaches to lifespan calculations,
the short crack propagation period can be considered as the
crack initiation period and calculated by low cycle fatigue
methods or analysed “using a small crack correction to the
large crack rate model” [1]. In such cases, fracture mechanics
crack-propagation characteristics for long cracks are useful.
The characteristics are much more complex for corrosion
fatigue than for mechanical fatigue and they are the focus
of interest of the present paper.

The characteristics of the corrosion fatigue crack
propagation rate da/dN, versus the stress intensity factor
range AK for long cracks have been divided into three regions
(L I1, and III) by Vosikovsky [2]. The division of the corrosion
fatigue crack propagation rate diagram for the regions
proposed by Vosikovsky is shown schematically in Fig. 1a.
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Fig.1. Schematic diagrams of the characteristics of the fatigue and corrosion
fatigue crack growth rate under free corrosion potential for different loading
frequencies (f) and load levels (AP): (a) traditional, i.e. established for a
long time by Vosikovsky [2]; (b) proposed by the author [3], i.e. described by
relations (1) and (2).

Below, region IIT has been omitted because in this region
the corrosion fatigue crack propagation is usually dominated
by purely mechanical factors and the corrosion fatigue crack
growth rates (CFCGRs) in region III do not differ much from
fatigue crack growth rates (FCGRs) da/dN, . Therefore, the
present paper is focused on the regions I and II. The only
differences between the regions noted by Vosikovsky were
the value of the slope m (which is higher for region I) and the
effect of the loading frequency, which is negligible for region
I and evident in region II. The present author has analysed
his own CFCGR test results for a steel under different but
constant values of the stress intensity factor range AK and
has described them by the following empirical formulae [3]:

da da da 0.5
qa- a4 5_%9  115a,)"
dNe dNair ﬁ dNair (an) (l)
for region I
and
da da da . da AK )
TS e KT = &
dN. dNur dN ur dNu \AK,

for region II

where AK is the stress intensity factor range and a_ is the
net-length of the crack (in millimetres) as measured from the
notch root, while the nominal length (a) of the crack includes
both a_ and the length of the notch. The values C, and n are
constants. Value AK,,  isan alternative form of constant C,,
, that is, the value of AK for which =1 in region II. In the
above equations, value of p is called the relative effect of the
environment and is equal to (da/dN)/(da/dN ).

A specific effect of the crack’s net length for long-corrosion-
fatigue cracks (in paper [3]) for a > 1 mm) is described by
Equation (1). This has been called the long-crack-length effect.
The effect is inverse to the short crack length effect, which
is well-known (e.g. [4,5]) and will not be considered in the
present paper. In the light of later considerations [6], Equation
(1) is well-founded theoretically, and therefore the previously
[3] proposed alternative form containing the term log(a, )
will not be considered in the present paper. The values of the
crack net-length and the corresponding AK  , which cuts off
region II from region I, can be calculated as the intersection
of the characteristics of regions I and II.

The above equations have been used for the description of
different CFCGR curves [3]. All types of salt water solutions,
that is, 3.5% NaCl solution, artificial sea water, and natural
sea water, were considered jointly. From the CFCGR point of
view, the main difference between both sea waters and NaCl
solution is the presence of Ca®* and Mg** in both former
waters. CaCO, and Mg(OH), can be deposited on the crack
walls and increase the crack closure effect, influencing the
crack growth rates, but not in a free corrosion regime. The
kinetics of the deposition of both compounds increases along
with the potential drop. Scott and Silvester’s [7] investigations
confirmed that the CFCGRs in both 3.5%NaCl and natural
seawater were almost the same under free corrosion as
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well as under standard cathodic protection (-0.8 V),
while they differed markedly under stronger protection of
-1.0 V. Naturally, a biological activity effect would appear
in prolonged tests in natural seawater only, but it is not
considered in the present paper. The CFCGR characteristics
for region I are satisfactorily described by Equation (1); that
is, the relative effect of the environment (f) is dependentona_
only, and this is independent of the mechanical properties and
microstructure of weldable low carbon and low alloy steels (YS
=265-932 MPa) as well as independent of AK, the specimen
types and dimensions (including thickness), the stress ratio
(R=0-0.7), and the cycle frequencies (f= 0.00139-1 Hz) [3].

The value of B in region Il is independent of the crack net-
length a_but depends on AK, the specimen thickness, and
the loading frequency f. The following values of the constants
C, =214 (MPa-m'?) ", or alternatively AK, , =87.5 MPa-m'?,
and n = 1.2 for region II have been evaluated in [3] for the
frequency f= 0.1 Hz. The value of (da/dN), in both regions
is, naturally, dependent on AK and the stress ratio R in the
same way as (da/dN) __is. For region II, the characteristics
are not so satisfactorily described as for region I, since the
effects of some variables are not recognized. The effects of the
mechanical properties of steels are unknown, and although
they cannot be excluded, they do not seem to be of primary
importance. The effect of material thickness is evident [3]:
an increase of the thickness from 7.5 mm to very large values
(theoretically “infinite”) causes an increase of CFCGR by
a maximum of a factor of 1.4. The characteristics for region
IT are valid for a loading frequency of 0.1 Hz only (the effect
of fwill be introduced below) and analogously to region I for
any given stress ratio R > 0, since the effect of the R-value
decreases as AK is increased.

The validity of the characteristics for both regions for
R <0 has not been confirmed. However, the tests reported by
Morgan and Thorpe [8] have shown that for R = -1, the FCGRs
in air were close to the upper bound of the rates for R > 0,
while CFCGRs were close to the lower bound of results for
R > 0. This means that the relative effect of the environment
(B) for R = -1 is lower than for R > 0, that is, lower than is
predicted by relation (1). An analogous conclusion can be
drawn from the test results of Kostenko and Tetarencev [9].
Thus for R < 0, the characteristics for both regions represent
a conservative estimation of CFCGR. For R = -1, the degree
of this conservativeness does not seem to be significant but
should be more significant for more negative R-values, since
saltwater reacts with the crack tip only when the crack is
opened.

The reason for the absence of the loading frequency effect
in region I and its presence in region II has been explained
on the basis of a theoretical model [6], but the model does
not allow the effect to be described quantitatively. However,
the effect of frequency cannot be considered negligible - it
is of primary importance when taking into account a wide
range of loading frequencies occurring in the service of ship
and offshore structures. The saltwater temperature is another
factor that should be included in empirical models and
should be analysed against the background of the assumed
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division of the CFCGR diagrams into regions I and II. The
main goal of the present paper is to elaborate some empirical
characteristics that include both loading frequency and sea
water temperature effects, which can be applied in corrosion
fatigue crack propagation lifespan prediction for structural
details. The possible ranges of the loading frequency exponent
and activation energy values to be put into the characteristics
have been proposed. For more tentative predictions, the
characteristics do not need any other empirically evaluated
constants besides the characteristics for FCGR, which can
be found very easily in the literature. Other models [1] need
numerous empirical constants even for a purely mechanical
fatigue case.

EFFECT OF LOADING FREQUENCY

The effect of the loading frequency on the FCGR
characteristics is usually considered negligible. For
environments more aggressive than a standard atmosphere,
the CFCGR characteristics should include the effect of loading
frequency. Usually, this effect is taken into account only in
region II of the characteristics, while in region I it is very
weak or does not exist. The following form of the relation
between CFCGR and the load cycle frequency fis proposed:

da

2% kK
dN f

©)

In general, the loading-frequency effect has been evaluated
below on the basis of published data. The authors of the
published data investigated just the effect of the loading
frequency but almost none of them evaluated the exponent
k. The present author has not investigated the very same
steel specimens under different frequencies of loading and
under the very same remaining parameters characterizing
the test conditions. However, the same St41U5 grade steel
has been investigated under frequencies of 1 Hz using SEN
specimens [10] and 0.1 Hz using CT specimens [11]. The
crack growth rate characteristics for region II described by
Equation (2) are independent of the crack net-length, and
therefore the characteristics should be independent of the
specimen type; thus the test results for region II for different
specimen geometries can be compared directly. The same
curve described by Equation (2) has been used as a reference
one to evaluate the loading frequency effect for 15G2ANbDb
grade steel of a higher strength investigated by the present
author [10] and even for a high-strength quenched and
tempered steel investigated by Knight [12]. This approach
could be a little risky, since the effect of steel strength on
the region-II characteristics cannot be excluded, although
it has not been evidently shown by any author. This effect of
steel strength has been demonstrated for cathodic protected
steels only [13].

The values of the exponent k shown in Table 1 should be
considered as approximate only. The ratios of the CFCGRs
for different frequencies (e.g. f, and f; see Fig. 1) have been



read from each diagram: one value at AK = AK_, for the
lower frequency (f,) and other value at AK > AK,_ (f,). This
means that the compared rates were from region II of the
characteristics. For AK < AK | (f)), the frequency effect would
be underestimated since the rate for f, was from region I,
which is independent of f, while for higher frequencies the
rates were from region II.

The results for grade R5 steel obtained by Zhang et al. [14]
need some comments. There are no distinguished regions I
and II in [14]. The results were obtained under constant AK
by “shedding the applied load range as crack length increased
[...] and gradually decreasing the loading frequency (in steps
of 1.0, 0.5, 0.1 and 0.05 Hz) [...] in 1 mm crack increments”
per each level of frequency. Although the values of constants
AK,, ,, and n in Equation (1b) for region II are not as well
verified by experiments [3, 30] as constants in (1b) for region I,
they can be considered as tentative values. The corrosion
fatigue crack growth rate for region II for R5 steel at 500 N/
mm?*?, calculated by Equation (1) (correcting for a frequency
of 0.2 not 0.1 Hz) equals 1.75-10"* mm/c, while the rate read
from the appropriate diagram (Fig. 2 in [14]) is about 1.66-10*

mm/c.
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Fig.2. Arrhenius plot elaborated by the present author [30] for different test
data [7, 17, 28, 29].

The data can, therefore, be attributed to region II, where the
CFCGRs are independent of crack net-length and dependent
on frequency. For AK = 300 N/mm*?, however, the calculated
rates for region II in R3, R4, and R5 grades of mooring
steels, from two manufacturers each, are equal from 6.4 to
9.110° mm/c, while the read-off values are between 1.3 and
2.3:10° for a frequency of 0.2 Hz and below 3-10° mm/c for
the lowest frequency tested. The data for AK = 300 N/mm?*?
can therefore be attributed to region I instead, where they
should be independent of the loading frequency. Meanwhile,
a frequency reduction from 1 to 0.05 Hz caused increases of
the CFCGRs by factors of 1.15 to 1.50. In the opinion of the
present author, this could be caused by the crack length (a )
effect. Zhang et al. did not give information in [14] about the
crack lengths corresponding to the frequencies of 1.0, 0.5,
0.1, and 0.05 Hz, but the present author deduced that the
a -values were about 2.5 and 5.5 mm for frequencies of 1.0
and 0.05 Hz, respectively. This means that the multiplication
factor caused by the a_-effect shown by Equation (1b) was 1.48,
thus in four cases out of six the factor is stronger than the
(apparent, if the argumentation is valid) effect of frequency.

This phenomenon could be caused by: (i) a weaker effect of a_
at such low value of AK, since the effect was originally based
on data gathered at higher AK-values; (ii) an inverse frequency
effect sometimes observed at low AK; that is, “decreased
frequency gave decreased crack growth rates, as well as an
increased corrosion fatigue crack growth threshold” [15].
Under free corrosion conditions and at high R-values, the
inverse frequency-effect could be caused by crack-tip blunting
by anodic dissolution at low CFCGRs.

In synthetic soil solution, exponent k is equal to 0.1 [16],
whereas in seawater under a cathodic potential of -1.05 V
and in sour brine solution under free corrosion, the exponent
increases from 0.28 to 0.67 as the steel strength is increased
[15]. In saltwaters under free corrosion, the obtained values
of exponent k are contained in the broad range of 0.17-0.44
(Table 1). In many cases where the values of exponent k
were evaluated for different values of AK, for room and
lower temperatures a more or less marked decrease of the
exponent with an increase of AK is evident. This means that
CFCGR curves obtained for different but constant loading
frequencies (e.g. Fig.1) exhibit convergence in the increasing
AK direction. At elevated temperatures the curves for different
frequencies are parallel (T = 320K) or they exhibit a divergence
(T = 345 K). The CFCGR data for different frequencies and
different temperatures have been obtained on the basis of
Thomas and Wei’s [23] test results simply as a sum of the
“pure” CFCGR, read from appropriate diagrams in [23], and
the mechanical FCGR equation (in this case in argon gas, not
in air) taken from the same reference.

The arithmetic mean values of the exponent k over some
ranges of AK for each steel have been given in Table 1.
Values of k for any given AK differed from the mean value
by a maximum of the order of £20% in eight cases and of the
order of 10% or below for the remaining 11 cases (about 0%
for SM41A, St41U5, 15G2AND, HT55, Q1(N), 12Ni5Cr3Mo,
Fe410, and Fe510). The values of k are summarized in Table
2.Itis evident that a stronger effect of the loading frequency
(larger k-values) is observed for steels of yield strength (YS)
below 500 MPa, where the arithmetic mean value of exponent
k is very similar to that resulting from the theoretical model
[6]. The overwhelming majority of steels of this group have
equilibrium ferritic-pearlitic microstructure, while the steels
of YS > 500 MPa are quenched and tempered or thermo-
mechanically processed.

The following formula for CFCGRs in region II is based on
Formula (2) with AK, = 87.5 MPa-m'? = 2766 N/mm?*>and
n = 1.2 evaluated for the loading frequency f= 0.1Hz [9] and
does not take into account the mentioned drop of k-values
with an increase of AK-values, assuming that k-values are
averaged over some AK ranges:

d7a :di S0 f K AK @
d N f dN air AKl —m

The above formula with the abovementioned values of

constants AK, and n enables the prediction of all the

region-II CFCGR diagrams obtained by the present author
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and by the other authors that are cited in [3]. The predicted
rates differ from the measured ones by a maximum factor
of 1.5 (usually lower), and therefore the formula gives a first
approximation of the CFCGR characteristics for region II for
all analysed steels. Different values of constants AK, , and n
will, presumably, be determined in future on the basis of more
numerous test results. The same formula (4) has been used to
describe the results of Oberparleitner and Schutz [27] for steel
grades FeE355KT (YS = 355MPa), FeE460 (YS= 460 MPa),
and FeE690 (YS > 690 MPa) with a small error of about 10%.
The CFCGRs for FeE355KT steel were slightly overestimated
while for both grades of higher strength the rates were slightly
underestimated; this means that an increase of the steel
strength caused only a slight increase of the CFCGRs under
free corrosion potential. The independency of the exponent
k of AK is a simplification of the present empirical model
that agrees with the present author’s theoretical model [6].

EFFECT OF THE WATER TEMPERATURE

Relations (1), (2), and (4) are valid for a saltwater
environment at room temperature only. The description and
evaluation of the temperature effect shown below are based
on the approach widely applied to the rate of the corrosion
process, which is considered to be a thermally activated
process. For CFCGRs, this approach was applied for the first
time by Telseren and Doruk [28]. According to this approach,
the CFCGR for any given temperature T, thatis, da/dN,, can
be expressed by the following proportion:

da o exp(ﬂ)

dNT RgT ®)
where E_, is the activation energy of the process, T is the
environmental temperature (in K), and R = 8.3143 J- K'' - mole!
is the gas constant.

For data obtained by Thomas and Wei [23], the activation
energy values E_ have been calculated directly by Equation
(5), that is, by comparison of the ratio of CFCGRs at two
different temperatures to the ratio of the above exponential
function values at the same temperatures. E_, values are
shown in Table 3 for different temperature intervals. In some
cases, the real stress intensity factor AKlevels corresponding
to both of the compared temperatures differed more than in
other cases. In these cases, the directly evaluated E_,can be
considered as apparent values. According to Equations (1)
and (2), these values of E_, have been corrected for the AK
effect, assuming that the CFCGR is proportional to (AK)™
for region I and to (AK)™" for region II, with values of n = 1.2
and Paris Law exponent m = 3.37 (this last was evaluated by
Thomas and Wei). The apparent and corrected values of E_,
are marked with single or double asterisks in Table 3.

The above relation (5) also means that the CFCGR
expressed as a function of reciprocal temperature, that is,
on the Arrhenius diagram, can be approximated by a straight
line, and the activation energy can be evaluated on the basis
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of the slope of the line. In order to evaluate this energy, for

the reanalysed investigations [7, 17, 28, 29], a ratio of the

CFCGR at any given temperature (da/dN,) to the rate at the

lowest temperature tested in the same investigations (da/

dN, ) has been calculated and plotted on the Arrhenius-
type diagram (Fig. 2) [30]. The values of activation energy

are shown in Table 4.

It is difficult to draw general qualitative and quantitative
conclusions concerning the effect of temperature because
of the limited number of data. In fact, all investigations and
theoretical analyses of weldable steels [7, 17, 23, 27, 28] have
shown that in region II the temperature effect is undoubtedly
present. In their theoretical model, Thomas and Wei [23]
assumed no temperature effect at all in region I, whilst
assuming that there is an effect in region II. Matocha [31]
tested a low alloy steel with a medium carbon content
(sensitive to stress corrosion cracking SCC, and not weldable)
in distilled water, and similarly stated that a strong effect of
temperature exists only in region II of the CFCGR curves
(E,,, = 21.64 k]/mole). Regarding region I, however, there are
some controversies:

- some researchers are of the opinion that the temperature
effect does not exist in region I; that is, Thomas and Wei
[23] showed this by a theoretical model and Matocha [31]
did so based on the test results for a non-weldable steel;

- the test results of weldable steels obtained by Thomas
and Wei [23] and Cowling et al. [29] have led the present
author to a different opinion that the temperature effect in
region I does not exist at low temperatures (below room
temperature) but evidently exists at elevated temperatures
(above room temperature).

The test results obtained by Scott and Silvester [7] are
singular and need some comments. They stated that CFCGR
decreased by a factor of two as the saltwater temperature
decreased from 20 to 5 °C. This leads to a very high activation
energy value of 31.3 k]/mole, as shown in Table 4. This resulted
directly from the comparison of two different series of data
points for these temperatures (Fig. 3). The authors stated that
the data in this figure had been gathered under the following
load ranges: 0.9 to 13.3 kN (AP =12.4kN) and 0.9 to 17.8 kN
(AP =16.9 kN). However, they did not define which data are
for which level of AP. Taking into account the fact that in
both series the specimen geometry (including notch depth)
was the same and that the fatigue crack net-length (i.e., as
measured from the notch root) at the beginning of the crack
growth recording were similar, the above AP values can be
attributed to the definite series of data. The values of AK
read from the diagrams for the initial (first from the left)
data point are 15.2 and 19.7 MPam'? for temperatures of
20 and 5°C, respectively. Thus the ratio of the second value
to the first is 1.3, while the ratio of the higher to the lower
value of AP is 1.36. Therefore it can be concluded that the
experimental data for 5 °C have been obtained at AP = 16.9 kN
and the data for 20 °C at AP = 12.4 kN. The true value of
the temperature effect is, therefore, masked by the AP effect
(Fig. 1) and the value E_,= 31.3 kJ/mole can be considered



as an apparent value (see Table 4). A more realistic value can
be determined by comparison of the data for 5 °C (obtained
for AP = 16.9 kN) with the curve for 20 °C for the same AP;
the last curve has been predicted by Equation (1). This value
is marked in Table 4 as a corrected value. Scott and Silvester
have not given detailed information about the specimen
type and geometry (only the thickness B = 25.4 mm). In his
letter to the present author (from the year 1991), P.M. Scott
also stated that the specimens used were CT-type of width
W = 50.8 mm, but he did not provide information on the
notch depth a_, , which is necessary to calculate the crack
net-length a . By entering the abovementioned initial values
of AK and the abovementioned values of B, W, and AP into
the formula most commonly used in the seventies of the 20th
century for the stress intensity factor [32], one can obtain
initial a/W values equal to 0.382 and 0.375 for 20 and 5 °C
respectively. The most probable value ofa_, /W is 0.3 since:
(i) the formula for the stress intensity factor is valid for a/W
> 0.3; and (ii) the initial values of a_are then equal to 4.16
and 3.78 mm for temperatures of 20 and 5 °C, respectively,
that s, very close to very often applied pre-crack lengths (a, ).
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Fig.3. Comparison of the crack growth rates for different temperatures [7] and
the prediction considering the effect of the different load ranges (indication
of the long crack length effect), at a loading frequency equal to 0.1 Hz, and

oxygen content in the range 7-8 mg/I.

The predicted curves for 20 °C for both AP levels are shown
in Fig. 3. The good fit of the experimental data to the predicted

curve for the same AP of 12.4 kN is an additional confirmation
of the validity of the empirical model described by Equation
(1) and less precisely by Equation (2). Comparing the data
for 5 °C to the predicted curve for the same AP-level but
a temperature of 20 °C, it is evident that over a dominant part
of region I the CFCGRs are approximately independent of
the temperature shift from 20 to 5 °C. A temperature effect
is observed only for values of AK above about 29 MPa-m'?,
close to the border between regions I and II and in region
II. Values of E_, equal to about 24, 17.6, and 14.3 k]/mole
have been determined in this area of the diagram for values
of AK of about 29, 32.5, and 35.3 MPa-m'?, respectively; the
mean value of E__ is equal to 18.6 k]/mole. It is worse recalling
Thomas and Wei’s [23] results, for which the average value
E_, has been assumed to be 0 k]/mole (Table 3) in region I
below room temperature. For the highest value of AK (about
31 MPa-m'?), close to the border between regions I and IT in
[23], values of E_ were evidently greater than zero (Table 3).
The averaged value of 18.6 kJ/mole, which is based on Scott
and Silvester’s [7] results, can be considered as representing
region II rather than region I. Thus it seems that Scott and
Silvester’s data for low temperatures support rather the above
expressed opinion (2) regarding the lack of the temperature
effect in region I for temperatures below room temperature.

CFCGR in a water environment of any given temperature
T can be evaluated by the following equation resulting from
Equation (5):

da _da ~exp[Ea°‘(T_Tf)J

dN: dN-, R.T,T ©

where T is room temperature and da/dN, is the CFCGR
at the room temperature. In spite of the limited number of
data available and the large variance of the activation energy
(E, ), the present author suggests the following tentative
values of E_, to be entered in the above equation: 9-18.6 kJ/
mole in region IT and in region I close to the border with
region II for low and elevated temperatures, 0 kj/mole in
region I for T< T, and 9 kJ/mole in region I for T >T; this
last value is based on Thomas and Wei’s [23] data only. For
more precise calculations, appropriate values of E_, should
be determined on the basis of the test results of the analysed
material, environment (including temperature interval), and
loading parameters.

According to the out-of-date Polish Standard
PN-79/H-04370 for impact tests, the term “room temperature”
in the present paper is defined as the temperature in the range
of °C, which is broader than that in the current standard
PN-EN 10045-1, where it is defined as 23 + 5 °C.

JOINT EFFECT OF THE LOADING
FREQUENCY AND WATER ENVIRONMENT
TEMPERATURE AND ITS VERIFICATION

Since equations (1), (2), and (4) have been obtained and
verified for saltwater environments at room temperature, the
term da/dN,_in Equation (6) has been substituted by the crack
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growth rate given by Equations (1) and (4). The following final
formulae for CFCGR at any given loading frequency f and
saltwater temperature T have been obtained:

for region I

da _da 1.15(a,)"? ~exp[

ﬁ.ﬁ a dN uir

Eact(T _Tr)
)

RqT,.T
for region II

- E (T-T
da _da 0,15 £ _AK -exp E.T-T)
dN 7 dNa AK, R,T.T ®)

where a_is in millimetres. The values of the constants AK,
= 87.5 MPa-m'”? = 2766 N/mm*”? and n = 1.2 for region
IT have been verified on the basis of a smaller number of
experimental data than the coefficient 1.15 and the exponent
% in Equation (7).

The frequency or temperature effects have been evaluated
based on the measured distances between different CFCGR
curves in appropriate published diagrams. The curves have
usually been given by relatively large data points with scatter
inlog-log coordinates, not by approximation lines. The present
author assessed that individual values of exponent k and
energy E__ differed from their mean values due to inaccurate
readouts from diagrams by a maximum of about +5%. In
the case of E_, larger error is due to scatter of CFCGRs. The
accuracy for mean values is better and depends on a number
of individual measurements. The above model with proposed
values of parameters has been elaborated not to substitute
for empirical data for specific materials in specific conditions
but rather to be used when there are no data and a tentative
approach is acceptable.

Below, the CFCGRs predicted by the above formulae
(7) and (8) have been compared with the total values of
CFCGRs calculated by the present author on the basis of
the experimental results obtained by Thomas and Wei [23]
for different values of loading frequency and different values
of saltwater temperature. Their tests were realized under AK
= constant, with the loading frequency abruptly changing as
the cracklength increased in the range of 9-18 mm according
to an appropriate diagram given in [23]. Mechanical FCGRs,
da/dN , were tested in argon gas, and therefore da/dN _ has
been substituted for da/dN__in Equations (7) and (8). The
average value of exponent k of 0.24 for high-strength steels has
been assumed. Values of E__ based on [23] are differentiated
largely over the tested ranges of AK, T, and f (Table 3); the
present author has not been able to find any regularity in
this differentiation, and therefore some averaged values have
been assumed: 9 kJ/mole for region I at elevated temperatures
and for region II for all temperatures tested and 0 J/mole for
region I below room temperature.

The comparison of the experimental results data with the
predictions is shown in Figures 4and 5for T<T and T > T,
respectively. Conformity of the predictions with the data
seems to be satisfactory in spite of the use of averaged values

94 POLISH MARITIME RESEARCH, No 1/2017

of E_,. For the highest AK = 30 MPa, at all the temperatures
tested, the tests practically run in the region II regime only,
since the crack lengths were relatively long (a, = 9-18 mm).
The predictions for region I are not represented by straight
horizontal lines as could be expected, since the tests at
every frequency of loading were realized in another crack
length interval, so the crack length effect appeared for the
long cracks. The crack length effect for such long cracks is
not as appreciable as for a < 9 mm, but comparison of the
prediction to the data points suggests that the effect could
be partially responsible for variations of the CFCGRs for
different frequencies of loading in region I, where a pure
effect of frequency should not exist.
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Fig.4. Comparison of the corrosion fatigue crack growth rates in HY 130 steel
at room and a lower temperatures, calculated by the present author on the
basis of the results obtained by Thomas and Wei [23] (points), with the rates
predicted by equations (8) and (9) (curves) for the different values of stress
intensity factor range AK [MPavm] and loading frequency.

Contrary to all other tests realized under free corrosion
potential and discussed in the present paper, Thomas and
Wei’s tests [23] were realized under cathodic potential,
although the degree of the cathodic polarization does not
seem to be very strong, since the cathodic potential was only
0.036 V below the free corrosion potential. A reanalysis of
Scott and Silvester’s [7] data has revealed that a load-range
effect qualitatively similar to that observed under free
corrosion potential (Fig.1), but somewhat weaker, has also
appeared at a potential of 0.8 V, that is, about 0.15 V below
the free corrosion potential. This effect, although still weaker,
appears even at a potential of -1 V but in low-oxygen water
only, while in well-oxygenated water the effect disappears.
This load range effect has previously been recognized as an
indication of the long-crack-length effect. This effect exhibits
atendency to disappear at higher stress intensity factor levels,



analogously to the effect for free corrosion conditions. For
the highest stress intensities, the CFCGRs under the cathodic
potential are almost independent of the load range (AP) and at
-0.8 V they are approximately equal to the rates predicted for
region II by Equations (2) or (7) for free corrosion potential.
The abovementioned similarities of the CFCGR’s behaviour
under free corrosion and a cathodic potential of —0.8V, as well
as the successful approximation of Thomas and Wei’s [23]
results by Equations (6) and (7) developed for free corrosion
potential (Figs. 4 and 5), account for consideration of Thomas
and Wei’s test results together with data from the remaining
tests that were obtained under free corrosion conditions.
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Fig.5. Comparison of the corrosion fatigue crack growth rates for HY 130 steel
at some elevated temperatures, calculated by the present author on the basis
of results obtained by Thomas and Wei [23] (points), with the rates predicted
by equations (8) and (9) (curves) for the different values of the stress intensity

factor range AK IMPavm] gnd loading frequency.

CONCLUSIONS

The corrosion fatigue crack growth rate (CFCGR)
characteristic for long cracks has been divided into three
regions: region I, with lower values of the stress intensity
factor range (AK) and the crack net-lengths (a , i.e. as
measured from the notch root), and region II with higher
values of AK and a . The characteristic has been described
by the following equations:
for region I

da  da

Bl — ‘1'15((1")]/2 'eXp Eact(T_Tr)
deT dNair

R,T.T

for region II

da _da

- E (T-T
= 0,1 f7 Ak exp EuT-T,)
dN 7 dNa AK, R,T.T

where da/dN, is the CFCGR for any given frequency (f) and
temperature (T); da/dN , is the mechanical FCGR (in air);
E_, is activation energy; T and T, are the actual and room
temperatures in a saltwater environment, respectively; R
is the gas constant; n and AK,, are constants, assumed to
be equal to 1.2 and 87.5 MPa-m'? respectively for numerous
analysed tests; and k is the exponent of the loading frequency
(f) effect. For region III, the CFCGR characteristics equal
to FCGR ones are assumed. Assuming the evaluated
(conclusions 2 and 3) averaged values of the exponent k and
the activation energy E__, the only constants needed for
a tentative prediction of CFCGR are the parameters of the
mechanical FCGR characteristics.

The loading-frequency-effect exponent k for numerous
steels and different AK-values varied in the broad range of
0.17 to 0.44. In most of the cases where the values of k were
evaluated for different values of AK at room temperature,
a more or less marked decrease of k with increasing AK is
evident. This means that CFCGR curves obtained for different
but constant loading frequencies exhibit convergence in the
direction of increasing AK. Comparing averaged k-values for
each steel, it is evident that a stronger effect of the loading
frequency (larger k-values) is observed for steels of yield
strength (YS) below 500 MPa (k = 0.33) than for YS > 500 MPa
(k = 0.244).

The activation energy (E_) is a measure of the saltwater
temperature effect. Although the number of available test
results is poor, the following conclusions have been drawn:
the effect is negligible in region I below room temperature,
but is evident in the same region above room temperature
and in region IT at both low and elevated temperatures. Some
tentative values of E_, to be entered in the above equation
have been suggested in the present paper. For more precise
calculations, appropriate values E_ should be determined on
the basis of experiments for the analysed case.

A reanalysis of Scott and Silvester’s comprehensive test
results has shown that under a potential of 0.8V (0.15V below
the free corrosion potential), along-crack-length effect exists
that is qualitatively similar to the effect for free corrosion
conditions.
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Table 1. The approximate values of the loading-frequency-effect exponent (k) evaluated on the basis of different investigations at room temperature (exceptions are

marked).
YS UTS range of f DK
Steel grade MPa MPa iz MPaVm k average k ref.
SM41A 265 421 0.05-5 undefined 0.31 0.31 17
St41U5 318 456 0.1-1 region II 0.31 0.29 10
15G2AND 405 532 0.1-1 region II 0.29 0.29 10
Fe410 313 492 0.0003-0.05 48 0.36 0.345 18
64 0.33
Fe510 401 556 0.0017-0.1 46 0.33 0.31 18
71 0.29
4360-50D 370 540 0.1-10 30 0.37 0.305 19
(for R <0,2) 0.1-1 50 0.24
4360-50D 370 540 0.01-1 12 0.41 0.36 19
(for R =0,5) 0.01-1 14,5 0.31
TStE355 380 530 0.008-0.5 20 0.44 0.37 20
30 0.38
40 0.27
HT55 420 580 0.01-5 undefined 0.36 0.36 21
X65 458 570 0.01-1 35 0.37 0.32 2
0.01-0.1 50 0.27
HY80 550 - 0.01-1 41 0.21 0.22 22
0.01-1 82 0.17
0.01-0.1 82 0.26
QI(N) 619 730 0.00139-0.1 region II 0.225 0.225 12
EStE690VA 750 850 0.008-10 23 0.28 0.28 20
R5 mooring chain steel 797 1044 0.01-1 15.8 0.257 0.257 14
HY130 932 974 0.50-10.0 14.1 0.275 0.25 23
0.25-10.0 21 0,269
0.01-10.0 30,9 0,205
HY130 932 974 0.10-10.0 14.2 0.30 0.26 23
T=277K 0.05-10.0 21.2 0.27
0.05-10.0 30.7 0.20
HY130 932 974 0,50-10.0 14.2 0.30 0.30 23
T=320K 0.50-10.0 20.8 0.30
0.50-10.0 30.2 0.30
HY130 932 974 1.0-10.0 13.1 0.19 0.24 23
T=345K 0.10-10.0 20.6 0.22
0.05-10.0 27.1 0.29
HY130 993 1034 0.01-1 30 0.23 0.22 24
80 0.21
12Ni5Cr3Mo 1288 1309 0.1-10 any 0.225 0.225 25,26
Table 2. The averaged values of the loading-frequency-effect exponent (k) for different groups of steels
Yield Strength, YS, MPa averaging k for each steel average k for all steels
YS <500 0.29 - 0.37 0.33
YS > 500 0.22-0.28 0.24
0.22 - 0.30* 0.25%

*/ including values for elevated temperatures
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Table 3. The values of activation energy (E, ) in [k]/mole], evaluated on the basis of Thomas and Wei test results [23]. In the case of the stress intensity factor
range AK, the upper and lower located numbers in each cell represent values applied for the tests realised at the upper and lower temperature limits
of the temperature interval, respectively.

T [K] 277 -298 298 - 320 320-345
AK MPam'” 14.1 20.9 30.9 14.2 20.8 30.2 13.5 20.6 27.1
14.2 21.2 30.7 14.1 20.9 30.9 14.2 20.8 30.2
5Hz 11.2 2.5 7.6 14.6 13.4 4.7/* 6.6/* 1.1 1.6/*
6.6/** 10.7/** 9.9/
1Hz 7.3 6.6 11.4 15.7/* -6.4/* 0 -2.3/*
11.5 17.6/** 2.7/ 6.4/**
8.6
0.1Hz 2.4 -1.0 11.2 8.0 10.9 1.1/* 4.5/* 4.5 -1.5/*
4.2/** 10.7/** 11.8/**
0.05Hz - -10.3 3.7 - 13.4 4.7/* - 2.8 0/*
7.7/** 13.3/**
The averaged activation energy E_ [k]/mol]
Reg. 1 0.2 8.8/** 8.7/
0.1&0.05
Hz
Reg. 11 8.2 11.7/% 4.4/%
1&5Hz

*/ apparent value

**/ value corrected considering effect of difference of the load levels corresponding to upper and lower limits of temperature for some intervals

Table 4. The activation energy (E,) for corrosion fatigue crack growth rates, evaluated on the basis of different investigations [7, 17, 28, 29] that are summarised
in Arrhenius plot shown in Fig.2.

Temperature range . E,
Steel grade °C] Region [kJ/riole] ref.

SM41A 28-60 (elevated) undefined 9.0-14.4 Nagai [17]
unalloyed 0,13%C 30-80 (elevated) I 17.5 Telseren [28]
4360-50D 5.5-13.5 (low) 1 0 Cowling [29]

11 14.7
4360-50D 5-20 (low) I(&II?) 31.3/* Scott [7]

I 0/**

II 18.6/**

*/ apparent value
**/ corrected value
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