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Summary

During the operational life of offshore structure numerous components experi-
ence the combination of seawater exposure and applied cyclic loading. As a
consequence, corrosion fatigue, which consists of crack initiation and propagation
has become one of the main causes of the numerous catastrophic accidents asso-
ciated with offshore structures. This thesis reports on a study of the short crack
growth behaviour of Q2N steel, designated for warship hulls, submarine hulls,

deck railings and other offshore structural applications.

Within this thesis three main aspects of fatigue have been conducted. They are

as follows;

1 Evaluation of Short Fatigue Crack Growth in Air
Three-point-bend fatigue crack growth tests were conducted at various
stress levels using smooth polished specimens in laboratory air. In the ini-
tial stages of the tests, short cracks were observed and found to propagate at
much faster rates than those of long cracks when correlated with the linear
elastic fracture mechanics (LEFM) parameter A K. Furthermore a period
of crack growth retardation was observed at crack lengths around 50 [im.
The theory of the interaction between short cracks and grain boundaries
fails to predict the occurrence of this deceleration at these crack lengths. In
this respect a new short crack deceleration mechanism has been considered
and studied. Observation of the characteristic behaviour of short cracks,
using an optical microscope and an Scanning Electron Microscope (SEM)
allowed a short crack growth model to be developed based on microstruc-

tural fracture mechanics analyses.



2. Seawater Effect on Short Fatigue Crack Growth Behaviour
Results obtained from a series of corrosion fatigue tests using smooth spec-
imens in artificial seawater show that the first evidence of damage on a
specimen surface is the formation of corrosion pits from which short cracks
develop during the early stages of tests. Corrosion pitting is considered to
play a major role during the early stages of corrosion fatigue damage. Mod-
els incorporating corrosion pitting and environment - assisted short crack
growth regimes are proposed and discussed for this material - environment

system.

3. Frequency Effect on the Behaviour of Short Crack Growth
Frequency effects on short crack growth behaviour have been studied by
conducting fatigue tests in both air and artificial seawater at cyclic load
frequencies of 10, 1, 0.1 and 0.01 Hz. Experimental data obtained from
tests conducted in air reveal that the fatigue lifetime, which includes both
the initiation and propagation of short fatigue cracks, is little effected by
changes in the applied test frequency. However fatigue strength and short
crack growth behaviour within seawater appears to be heavily time depen-
dent with fatigue lifetime decreasing significantly as the cyclic test frequency
is reduced. Detailed effects of the influence of frequency on the development
and growth of short cracks have been studied. Quantification of frequency
effects on short crack growth behaviour is made through the introduction
of a time - dependent parameter. In addition to these effects the initiation

of multiple cracks, crack-crack interactions and crack coalescence have been

investigated and discussed.



Nomenclature

a = half surface crack length

ad = dominant crack length

ap = pitsize
¢ = half crack length plus plastic zone size
d = average crack length for an MSC - PSC transition

D(s) = dislocation density
da/dN = crack growth rate per cycle
da<ijdN = dominant crack growth rate per cycle

f = cyclic load frequency

u - crack closure factor
n = the number of cracks

N = number of loading cycles

w¢ = fatigue lifetime in terms of number of loading cycles
P = applied load

r? — plastic zone size

R - stress ratio (minimum stress / maximum stress)
S = length of moment arm

T = thickness of specimen
t = time

tf — fatigue lifetime in terms of time

W = width of specimen

Y = stress intensity geometry factor



AK
AKth
Arp
Aa
Acrfi
&crth

stress intensity factor range

fatigue crack growth threshold
cyclic plastic zone size

stress range

fatigue limit

stress range corresponding AKth
applied stress

friction stress for a MSC type crack

friction stress for a PSC type crack
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Chapter 1

INntroduction

1.1 General

Q2N, a quenched and tempered high strength offshore and marine structural steel
has been selected as a suitable material to replace low strength structural steels,
such as Q1N, for offshore applications where improved strength is required. The
mechanical test data of this steel exhibits improved tensile strength properties
and retains good toughness when compared to Q1N [1]. In service a submarine
pressure hull and other offshore structures experience the combination of sea-
water exposure and cyclic stresses. This combination of alternating stress and
exposure to seawater may promote fatigue crack initiation and growth, i.e. Cor-
rosion Fatigue, a phenomenon which has been the cause of numerous catastrophic

accidents associated with offshore structures [2].

Conventional approaches to fatigue design involve the use of S —N curves, repre-

senting the total life resulting from a given stress (or strain) amplitude, suitably



adjusted to take into account effects of mean stress; effective stress concentrations
at notches; variable amplitude loading; and so forth. In this method the fatigue
damage fraction related to 1 cycle at a specified stress or strain level is defined

by the life fraction 1/Nf derived from the S —N curve.

The crack growth predictions based on a linear elastic fracture mechanics (LEFM)
approach are related to a physically measurable damage quantity, that is, the
propagating crack length. The LEFM relationship established for a particular
material is derived from experimental data obtained from laboratory tests where
test pieces containing pre-existing cracks of the order of 10 - 20 mm are used.
However many component defects encountered in service are far smaller than this
and it is often the case that a large proportion of the total fatigue life of a com-
ponent is taken up in the development of short cracks. Numerous results recently
obtained show that those cracks whose sizes are comparable to the material mi-
crostructure dimensions grow at much higher rates than those predicted from the
LEFM relationship established for long cracks [3] [4] [5] [6]. Furthermore short
cracks having an initially high growth rate are observed to decelerate or even
partially arrest before attaining growth rates of typical long crack data obtained
from pre-cracked specimens. The consequence of this retardation in growth has
been rationalized as a result of crack interactions with microstructural features,

for example grain boundaries [7] [8] [9].

1.2 Thesis Layout

The main objectives of this study are to characterize the short fatigue crack
growth behaviour of Q2N steel and to propose short crack growth models for

both inert, i.e. air, and aggressive environments. In addition, the effect of loading



frequency on both fatigue lifetime and short crack growth behaviour has been

studied.

This thesis consists of 7 chapters. Chapter 2 presents a literature review on
background material relating to this research project. The material, specimen
design, basic test facilities and techniques are explained in Chapter 3. Short
crack growth results obtained at various stress levels in laboratory air are given
in Chapter 4 in which a short crack growth model based on the application
of a microstructural fracture mechanics approach is also proposed. Chapter 5
presents the results of the effects of seawater on fatigue strength and short crack
development and growth. Short crack growth models for predicting corrosion
fatigue lifetime are proposed and discussed. The influence of test frequency on
the behaviour of short fatigue cracks is given in Chapter 6. Additionally the
initiation of multiple cracks, crack-crack interactions and crack coalescence are
investigated and discussed. The main conclusions drawn from the present work
and suggestions for possible future work are given in Chapter 7. Where figures
and references are cited within a chapter, details of these are presented at the

end of each chapter.
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Chapter 2

Literature Review

2.1 Introduction

For more than a century, metal fatigue has been the subject of numerous research
studies conducted by mechanical engineers, materials scientists and structural
engineers from which a large number of papers have been published concerning
aspects of damage mechanisms, lifetime prediction and failure analysis. The liter-
ature review presented here contains those studies closely related to this research
program. A brief review is first given to the fracture mechanics characterization
of fatigue crack growth. This is followed by recent developments concerning short

fatigue crack studies. Finally, the effect of environment on short crack growth

behaviour is reviewed.



2.2 Fracture Mechanics Characterization of Fa-

tigue Crack Growth

The Linear Elastic Fracture Mechanics (LEFM) approach to correlating fatigue
growth problems begins with characterizing the local stress and deformation fields
at the crack tip. This was achieved through continuum mechanics analysis. For
the linear elastic behaviour of a stationary mode | crack, the local crack tip

stresses a can be characterized in terms of the Ki singular field [1]:

<7ii(r S)==(2"V 5/iiWw + 0(rl/2) + - (2'D)
Where Kj is the mode | stress intensity factor; r is the distance ahead of the

crack tip; 9 is the polar angle from the crack plane; and fy is a non-dimensional

function of 9. 0{r 12) approaches zero when r —0.

According to the original analysis by Paris [2], for cracks subjected to cyclically
varying loads, the crack growth rate, da/dN, can be described in terms of a power

law function of the stress intensity factor range AK, that is

da/dN = C(AK)m (2.2)

Where C and m are experimentally determined constants. This relationship
has been viewed as a major breakthrough, for the assessment of the integrity of
a structure, when compared to the use of conventional S — N curve total life
analyses [3]. It is important to note that Equation 2.2 is a continuum mechanics
characterization and does not require a quantitative knowledge of the microscopic

behaviour of individual fracture events, and thus the analysis is independent of



the specific micro-mechanism of crack growth.

For safety-critical structures, there has been a growing awareness that the pres-
ence of defects, below a certain size, in a material must be assumed and considered
at the design stage. In this case the integrity of a structure will depend on the life-
time spent in crack propagation. This consideration has led to the adoption of the
so-called ‘defect tolerant’ approach, which has been used for various applications
for example in the aerospace industries. To account for different service condi-
tions experienced by components and structures this technique has been modified
to incorporate effects such as mean stress effects, variable amplitude loading and
different environments. Such methods are based on the original Paris power law

Equation 2.2, and thus belong to the so-called Paris long crack fracture mechanics

regime.

The relation between fatigue crack growth rate, da/dN, and the stress intensity
factor range AK is shown in Figure 2.1. It should be noted that the form of
Equation 2.2 holds over only a limited range of crack propagation rates. The
diagram derived from experimental data shows three regimes; the central linear
part of the curve, i.e. stable fatigue crack growth, is represented by the Paris
power growth law as described above. Experimental values of da/dN in this region
are weakly dependent on microstructure, mean stress and environment. Below
this region, i.e. at lower A K values, crack growth is dependent on the material’s
microstructure. There exists a threshold stress intensity factor, AKth, below
which no crack growth occurs. The upper region at high AK values represents
rapid crack growth at increasing growth rates. Final fracture occurs when K >

Kc, the fracture toughness.

Fatigue life can be estimated by integrating the Paris Equation 2.2 as shown in



Equation 2.3

N ., ra2 da
L IN=L cakym (23

Where N is number of cycles and og and a2 are initial and final crack lengths

respectively.

AK can be expressed in terms of a geometry factor, stress and crack size as
AK = (2.4)

Where Y is a function of the geometry of the test specimen and of the instanta-

neous crack size, a.

An important attribute of fracture mechanics, as applied to fatigue, is that Equa-
tion 2.3 can be applied to defects contained within most engineering components,

assuming a knowledge of AK values is available.

One of the principle limitations of this approach, specifically of the adoption of
AKj as a valid description of the crack tip stress - strain field, is that a state
of small scale yielding must exist. Calculation of the extent of this region varies
according to the mode of applied loading and the geometry of the body [5], An
approximate estimate of the plastic zone size (rp) ahead of a monotonically loaded

crack is given by:1

1 (K1)2 (25)
vV ,/

where ay is the yield strength. The condition of small scale yielding requires that
the extent of local plasticity is small compared to the extent of the Kj field and

thus the Ki field can be assumed to dominate the region around the crack tip.



Following the analysis by Rice [5], the cyclic plastic zone size (Arp) is about a

guarter of the size of the monotonic zone:

AT a3l )? (26

Elastic-Plastic Fracture Mechanics (EPFM) methods may be applied when the
small scale yielding condition does not apply, i.e. when the plastic zone at the
tip of the fatigue crack itself is comparable in size with the crack length. Since
the use of the Kj singular field is no longer appropriate alternative analyses have
been developed to define the crack tip stress and strain fields in the presence
of extensive local plasticity. A significant development in characterizing these
local fields is given by the Hutchinson, Rice and Rosengren (HRR) singularity
based on the deformation theory of plasticity[6][7]. The important parameter
in the HRR theory is the so-called J-integral [7] which is analogous to Kj and
characterizes the crack tip field under elastic-plastic conditions. Some authors
[8] have proposed a power law correlating the fatigue crack growth rate, under

plastic conditions, to the applied J range:

da/dN = C'(AJ)rmr 2.7)

Where C' and m' are material constants. An alternative method of analysis
to that of the J-integral is one which adopts the concept of crack tip opening
displacement, CTOD(£t) [9], where CTOD can be taken as a measure of the
intensity of the elastic-plastic crack tip field and may be correlated with fatigue

crack growth rates, i.e.:

da/ZdN oc A S (elastic —plastic) (2.8)



2.3 Short Crack Problems

2.3.1 Short Crack Initiation

Studies concerning crack initiation have primarily focused on explaining the mech-

anisms of fatigue crack formation and, as such, are still predominantly qualitative.

Initiation of fatigue cracks has been observed to occur along slip bands, in grain
boundaries and at discontinuities such as second phase particles, inclusions and
voids where the mode of initiation appears to depend upon which process oc-
curs most easily. In general, the weak points in a material and/or high strain

localisations are more likely to serve as nucleation sites for cracks.

The mechanism of crack initiation in high strength or brittle metals may not
involve slip band formation. Microcracks are often formed directly at inclusions
or voids [10][11]. In ductile materials slip often occurs. Morris et al [12] indicated
that for non-defective ductile metals, which are subjected to low or intermediate
stress amplitudes, the initiation of cracks is generally related to the development

of slip bands which results from the movement of dislocations.

The surfaces of engineering components, even the best prepared surfaces, in-
variably have micronotches to a depth of 2 - 3 pm and unavoidably contain
microstructural discontinues such as grain boundaries, triple points and surface
breaking inclusions. These machining marks and microstructural defects can lead
to the initiation of cracks which can occur within the first few loading cycles. For
most practical cases, at stress levels above and just below the fatigue limit, mi-
crocrack initiation in polycrystalline metals can therefore be assumed to occur

almost immediately. From an engineering standpoint it appears appropriate that

1



attention should to be given to the nature of engineering surfaces rather than
to a more detailed study on dislocation structures associated with extrusion -

intrusions developing from very smooth surfaces [22].

More recent studies [14][15] have involved the initiation behaviour of multiple
short cracks. The results of such studies are of increasing interest since the
mechanism of fatigue damage is changed from that of the growth of a single

crack to that of multiple crack coalescence.

2.3.2 Short Crack Propagation

In order to appreciate the behaviour of short cracks, detailed crack type demar-
cation is shown in Figure 2.2 [22] in which crack growth behaviour was separated

into three regimes, namely:

1. Microstructurally short cracks (MSC), a < d3.
2. Physically small cracks (PSC), d3< a< |

3. Long LEFM cracks, i.e. Aa < 2/3Aay.

Extensive experimental studies have revealed that short cracks propagate in a
manner that is ‘anomalous’ to long crack behaviour. Furthermore this anomalous
growth occurs in both the microstructurally short crack and physically small crack

regimes.

Microstructurally short crack growth behaviour was first reported by Pearson [16]

m his study of precipitation hardened aluminium alloys. The results showed that,

12



for a nominally identical stress intensity factor range A K , microstructurally short
cracks grow at a rate several times greater than those of long cracks. Other
workers [17] [18] [19] [20] have also noticed the lack of correlation between data
for long and for microstructurally short cracks, as shown for example in Figure
2.3 which presents crack growth data for peak aged 7075 aluminium alloy [20].
Cracks with an initially higher growth rate were also observed to decelerate or, in
certain cases, show momentary arrest before merging with the long crack data,

see Figure 2.3.

The consequence of this ‘anomalous’ crack growth behaviour has been rational-
ized as a result of the interactions between short cracks and the texture of a given
material [21][22][23][24] [25]. Textural effects include crystallographic orientation,
size and shape of grains, the size and distribution of second phases and inclusions
and cyclically induced micro- and macro-anisotropy. It is now widely recognised
that the implementation of microstructural fracture mechanics (MFM) is neces-
sary to quantify the crack growth behaviour of cracks having sizes of the order of

the microstructural dimensions of the material.

Physically small cracks are those cracks having a size comparable to the scale
of the local plasticity. Unlike MSC growth which is mainly dependent upon
microstructural features, as described above, PSC growth is more dependent upon
stress level and crack length since stress levels must be higher if crack growth is
to continue above the fatigue limit stress. The growth rate of PSC was also
found to be much higher than the equivalent long crack growth rates based on
LEFM analyses [26][27][28]. A reason postulated for this anomalous behaviour
is the greater degree of plasticity induced at the crack tip which is a significant

factor in determining crack propagation.

13



2.3.3 Modelling of Short Fatigue Cracks

Considerable effort has been made concerning the modelling of short cracks and
in this respect various models have been proposed. As previously discussed short
fatigue cracks often propagate more rapidly than crack growth rates predicted
from LEFM analyses. This ‘anomalous’ behaviour has led to a number of models
adopting a ‘modified’ LEFM approach. For example, EI Haddad et al. [27] hy-
pothesized that short cracks behave as if they were a length a0 longer than their

true length and proposed the following relationship;
AK = Yk.a\J'K(a + a0) (2.9)

where a0 is a constant for a given material and material condition and is related to
material texture. As described by ElI Haddad et al., the value of the intrinsic crack
size a0 can be calculated from the threshold stress intensity and the alloy fatigue
endurance limit. For steels, a0 increases with alloy grain size and decreases with
alloy yield strength [27], This expression frequently provides a good description
of the relationship of crack length to AK, but there is no physical insight into its

explanation or a limiting condition, for example, when a tends to zero.

In view of the consideration that stresses must be higher if short cracks are to
grow above the threshold level more elaborate methods of elasto - plastic fracture
mechanics (EPFM) have been considered. Using EPFM analyses four parame-
ters have been developed and applied to characterize short fatigue crack growth
namely; the strain intensity factor ,AKt, [29], cyclic J integral, A J, [8], crack tip
opening displacement, 8, [30], and the plastic zone size, rp, [9][31]. it is suggested
that these models provide a suitable approach for describing physically small

cracks however for microstructurally short cracks such deterministic treatments

may simply not apply.

14



In order to consider the influence of microstructure on short crack growth, as
mentioned in Section 2.2, Hobson and Brown [32] suggested a crack growth model
based on two equations; one for MSC growth and one for PSC growth. Miller
et al [13] formulated crack growth equations in terms of the plastic shear strain
range, 7p. For constant stress amplitude test data, the short crack growth regime

could be described by:

da/dN = Ci(d —a) MSC growth (2.10)
da/dN = C2a—D PSC growth (2-11)

where
Cl= A{A7)a C2=B{AT)0 (2.12)

A, B, a, i3 are material constants, d represents the distance to the major mi-
crostructural barrier affecting crack growth and D represents the threshold condi-
tion. The crack growth behaviour described by this model is shown schematically

in Figure 2.4.

Yates and Grabowski [33] and Zhang [34] found in their experimental study on
Waspaloy that a grain boundary caused deceleration in crack growth not only
In the first grain, but also extended to subsequent grains, hence they proposed
a model taking multiple grain boundary barriers into consideration for the mi-

crostructurally short crack growth, i.e.

da/dN = C1(di-a) (2.13)

where C\ — /(A o R) and d- is the distance from the initiation site to the next

barrier.

15



Navarro and de los Rios [35] [36] concerned themselves with the elastic - plastic
interface coinciding with a grain boundary at every instant, and solved in a single
equation the distributed dislocation function either bounded or unbounded. This
model describes the whole fatigue process, including the difference between the
short and long crack regimes and their transition. Here crack growth rate is

assumed as

da/dN = f< (2.14)

where / is the fraction of dislocations on the slip band which participate in the
process of crack extension and is a function of stress. &is the crack tip plastic

displacement and is expressed as

o= _ era (2.15)

where G is the shear modulus, k equals 1 for screw dislocation motion and 1—v
for edge dislocation motion, a is the applied stress, n is the ratio of a/c where c is
the crack length plus the plastic zone size. Modification of this model to quantify
the strength of microstructural barriers [37] and involve strain hardening [38] has

recently been achieved.

Since short crack growth rates usually show a degree of scatter probabilistic mod-
els of short fatigue crack growth have been developed. Cox et al [39][40] and
Wang et al [41] draw a direct link between stochastic microstructure and the
statistics of measured short crack growth rates. These models are formulated
as semi-Markov and non-stationary Markov processes respectively. Statistical
investigations involving the problem of multiple small cracks have also been con-
ducted [42] [43] [44] and Monte Carlo simulation analyses have been applied to
the prediction of fatigue lifetime [45] [46]. These statistical models assume that

microstructure - related mechanisms control growth rates in a given material.
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However a requirement of these models is the incorporation of a parameter de-
scribing the microstructure and quantitative relationships describing the effects
of grain boundary blockage and closure effects upon crack propagation. Such

models should be based on a physical understanding of short crack behaviour.

2.4 Environment-assisted Short Fatigue Crack

Growth

2.4.1 The Influence of Corrosive Environments on Short

Crack Growth

A review of the literature shows that, in comparison to data available on short
crack behaviour in air, experimental results concerning crack size effects within

deleterious environments is limited to a small number of research studies.

Existing work concerning experimental investigations of corrosion fatigue short
crack behaviour has been focused almost exclusively on structural and alloy steels
stressed in aqueous chloride solutions with a composition approximating that of
seawater. A recent review [47] concluded that small corrosion fatigue cracks grew
at rates faster than expected and that the magnitude of the crack size effect, in
terms of the increase in crack growth rates of short cracks over long cracks, varies
from 50% to several hundred percent depending on the steel yield strength and

electrochemical variables.

Eor high strength 4130 steel in 3% NaCl solution, experimental results indicate

that the effect of the environment on the growth of short cracks can be sub-
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stantially larger than that for long cracks, even when the crack is long in the
mechanical and metallurgical sense. The crack growth rate for short cracks was
about ten times faster than that of long cracks at the same nominal AK level and
in the same bulk environment. The effects of stress-level on the environmental

enhancement of short crack growth were also recorded[48].

For medium strength alloy steels exposed to aggressive environments short cor-
rosion fatigue cracks grow faster than long cracks for identical environmental
conditions. However, the magnitude of the effect is small compared to those in
high strength steel [47]. Experimental result for HY130 in 3.5 % NaCl obtained
by Tanaka and Wei [49] shows that short cracks grow twice as fast as long cracks
m the same bulk environment. When the crack length exceeded 1.1 mm crack
growth rates become equal to those of long cracks. The additional enhancement
of the growth rate of short cracks in 3.5% NaCl, having lengths less than 1.1
nim, is ascribed to the local crack-tip chemistry which is different not only from
the bulk solution but also from the local crack - tip chemistry of a long crack

subjected to the same stress intensity range.

For low strength steels the effect of crack size and shape on crack growth rate
has to-date not been fully understood. Bardal et al [50] reported that small
eage cracks which lie between 1 and 3 mm in length grow up/three times faster
than long cracks (3 to 7 mm) during exposure to seawater in the freely corroding
condition. Cathodic polarization has little effect on the growth rates of deep
cracks in seawater however the kinetics of shallow cracks are significantly reduced
relative to corrosion and grow at rates less than the long crack case. Very recent
Work for BS4360 50D low strength steel in 0.6 M NacCl solution by Akid [51] shows
that there is significant difference between the “in air ” and “environmental”

fatigue lifetimes and short crack growth behaviour of specimens tested at stress
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levels around and below the “in air ” fatigue limit. This difference is ascribed
to the difference in initial defect development where localized corrosion processes
such as pitting and dissolution - assisted shear crack development provide a major
contribution to overcoming microstructural barriers to fatigue crack development
and growth. However for high stress levels and/or long crack lengths (> 1mm),
experimental crack growth results show there to be little effect of the environment

when compared to equivalent tests in air.

2.4.2 Effect of Loading Frequency

Frequency effects on corrosion fatigue crack growth rates have received exten-
sive attention as corrosion fatigue is essentially a time-dependent process. Low
frequency loading , especially at low stress amplitudes, provides more time for
the interaction of the environment with the fatigue crack causing greater dam-
age. Conversely, high frequencies, particularly when a high stress amplitude is

involved tend not to affect fatigue lifetime.

Holroyd et al [52] reported that crack growth the rate of a 7017 - T651 aluminium
alloy in seawater at frequencies from 0.1 to 70 Hz are significantly influenced by
loading frequency, i.e., crack growth rate increased when the loading frequency is
decreased, see Figure 2.5. The effect of loading frequency were also reported by
Pao et al [53]. Their results, obtained on AISI 4340 steel at room temperature
and at a water vapour pressure of 585 MPa for various loading frequencies, are
shown in Figure 2.6. This figure clearly shows that the rate of fatigue crack
growth, below K jscc, increases to a greater extent at low frequencies than at

higher test frequencies in the presence of water vapour.
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From the literature review conducted to-date only a limited amount of data on
the effects on loading frequency on small cracks have been found. From the study
conducted by Gangloff and Wei [47] the corrosion fatigue crack growth rates for
API - 2H steel in 3% NaCl at various frequencies were found to be equivalent to

that measured for long cracks.

2.4.3 Mechanisms of Corrosion Fatigue Short Crack Growth

Numerous experiments have been performed to investigate the mechanisms of cor-
rosion fatigue in metals. The possible mechanisms for the interactions between
corrosive environments and fatigue cracks suggested by these investigations have
generally incorporated one of the following processes; (1) adsorption of an ac-
tive species, eg Cl~, (2) anodic dissolution, (3) film rupture, and (4) hydrogen

embrittlement.

The range of influence of adsorption is only one or two atomic planes from the
surface of the metal and hence adsorption can only influence the tensile strength
and shear stress of the interatomic bonds in close proximately to the crack tips.
Adsorption could however promote crack growth by facilitating either tensile-
decohesion or dislocation nucleation at crack tips. Inhibiting the nucleation of
dislocations by adsorption could also possibly lead to embrittlement by favour-
Ing crack growth by tensile-decohesion rather than slip but would probably not

produce sub-critical crack growth [54].

Several possible corrosion fatigue mechanisms related to anodic dissolution have
Seen suggested. These include; (1) pitting induced crack initiation and short crack

growth, (2) anodic dissolution interacting with active slip bands at the crack tip,
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and (3) grain boundary oxidation-induced intergranular corrosion crack initiation

and propagation.

In the case of a low stress level and a low loading frequency pits may play a
major role in short fatigue crack initiation and propagation. Akid [51] observed
short fatigue crack initiation at the corner of pits. When pit-depth together with
the initiated short crack depth exceeded a critical length, short fatigue cracks

propagated at increasing crack growth rates.

The mechanism of film-rupture is generally accepted as a factor in stress corrosion.
For corrosion fatigue, this mechanism depends upon the applied stress/strain level
and may only be applicable where loading frequency are exceptionally low and
where any surface films formed act to limit corrosion at the crack tip by pro-
viding a barrier between metal and environment. It suggests that during cyclic
loading an oxide film, formed on the specimen surface, is damaged mechanically
by slip steps emerging from beneath the surface causing dissolution of the more
anodically-active bare metal exposed to the corrosion environment. This may
result in rapid dissolution and/or the development of a stress concentration lead-
ing to crack nucleation and propagation at the point of rupture. Two different

attempts have been made to rationalize crack growth in terms of this mechanism

[55] [56] [57]:1

1. A fresh surface is created every fatigue cycle, without further influence by

the remaining crack strain in the cycle, or

2. A fresh surface may be created many times during one cycle.

The latter assumption is based on the fact that the amount of crack tip strain,

accompanying the rising-load half-cycle, is many times the fracture strain of any
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solid reaction product such as an oxide. This amounts to a high-strain rate form
of stress-corrosion cracking during each rising-load cycle. Ford and Hudak [58]
proposed a film rupture/slip dissolution model for ductile alloy/aqueous environ-
ment systems. However in this model, a basic uncertainty still remains concerning

the definition of the crack tip strain rate.

Hydrogen embrittlement plays a major role in cathodic reaction-related corrosion
fatigue. There are several possible mechanisms put forward to explain hydrogen
effects including: (1) a critical hydrogen concentration which induces decohesion,
(2) hydrogen enhanced crack tip plasticity and (3) hydrogen trapping induced

intergranular short crack initiation and growth [59].

The general idea of hydrogen induced decohesion was considered by Troiano [60]
and Oriani [61] as being inherent to ductile fracture. This emerged as a valid
guantitative model, particularly when it was used for the interpretation of met-
alloids effects. It was suggested that second phase particle decohesion, crack
nucleation and crack propagation at low hydrogen fugacity, all involve fracture of
atom bonds at the crack tip. The basic assumption for a decohesion mechanism is
of a brittle crack tip. Oriani and Josephic [62] suggested that kinetic laws favour
an irreversible, rather than a reversible process, but local flow processes can be so
complex that a sufficiently accurate kinetic model is not yet available to decide

this issue.

It has been suggested that the mechanism of hydrogen enhanced crack tip plastic-
fly may be applicable in ductile materials. Beachem [63], on the basis of observa-
tions made after applying various degrees of deformation to a material degraded
by hydrogen (particularly on the lowering of the torsional flow stress in a 1020

steel), proposed a hydrogen assisted cracking theory in which the role of hydrogen
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was one of augmenting dislocation motion. Enhanced dislocation motion by hy-
drogen is now definitely established, with the extent of material softening being
dictated by enhanced screw dislocation mobility, enhanced dislocation injection

at surfaces and the promotion of shear instabilities.

Hydrogen attack on grain boundaries is another major effect in corrosion fatigue.
Several published papers show that hydrogen induced-grain boundary decohesion
is associated with impurity-hydrogen interaction and dislocation trapping of hy-
drogen in grain boundaries. Many of the elements which are found segregated at
a grain boundary (i.e. the metalloid elements), act as catalytic poisons for the
hydrogen evolution reaction in electrolytes hence they stimulate hydrogen adsorp-
tion. The significance of recombination poisons was pointed out by Latanision
and Opperhanser [64] in a study of the intergranular embrittlement of nickel by

cathodically produced hydrogen.

The permeation of hydrogen into crystalline materials may occur in part by lattice
diffusion, by grain boundary, or other short circuit diffusion or, as is the case in
specimens undergoing plastic deformation, by dislocation transport. In the latter
instance, the transport of hydrogen occurred in the form of Cottrell atmospheres

dragged by mobile dislocations[65] [66].

The influence of crack coalescence during fatigue has been observed both in air
and in corrosive environments [14][42] [45][67]. Kitagawa et al [45] investigated
a rail steel and a high strength steel in aqueous environments on unnotched
specimens, observing that, even for corrosion fatigue in a mildly aggressive en-
vironment such as distilled water, cracks of surprisingly high density (> 400
cracks/cm?2) were initiated and that the fracture process could be characterized

by the interaction and connection of these small distributed cracks. Very recent
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experiments on various pH solution conditions [15] indicate that the corrosion
fatigue process of BS4360 50B steel involved initiation and propagation of short
cracks and crack coalescence events, especially for low pH solution conditions.
A computer simulation model [43] which incorporates continued crack nucleation
and propagation with increasing number of cycles and a crack coalescence criterion

was established for this material-environment system.

A summary of possible mechanisms involved in an environment-assisted-cracking
system is presented schematically in Figure 2.7 [68]. Some evidence has shown

that several mechanisms may occur simultaneously in one system.

2.4.4 Environment-Assisted Crack Growth Models

Several attempts have been made to develop crack growth models within agueous

corrosive environments which incorporate the various mechanisms of environment-

material interaction.

Wei and Landes [69] first proposed a superposition model which summed the
stress corrosion component of crack growth with that of air fatigue crack growth.

This model can be expressed as

(das/dN)cf = (da/dN)T+ J da/dtK (t)dt (2.16)

where (da/dN)cf is the rate of fatigue crack growth in an aggressive environment,
(daZdN)r is the rate of fatigue crack growth in an inert environment and inte-
gral term is the environmental contribution obtained from sustained load crack
growth observed in the same environment. This model takes no account of syn-

ergistic interactions between corrosion and fatigue, nevertheless good agreement
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was obtained between the experimental and predicted lifetime. Furthermore the
effects of frequency, stress ratio and wave-shape were also satisfactorily predicted

using this model [69] [70].

A model known as ‘The Process Competition Model’ was suggested by Austen
and Walker [71]. The basis of this model is that the processes of the stress
corrosion and fatigue (or true corrosion fatigue) are mutually competitive and
not additive as postulated in the Wei and Landes model [69]. Here it is assumed
that the crack will propagate by the fastest available mechanism pertinent to the

prevailing stress intensity. The model may be presented as;

(da/dN)d = max[(da/dN)r, (dajdt)l/f] (2-17)

where (da/ZdN)cf and (da/ dN)r represent fatigue crack growth in aggressive and
inert environments respectively and the final term accounts for the stress cor-
rosion contribution. The influences of high frequencies on the stress corrosion
plateau crack growth rate are predicted better than those of low frequencies in
this model. To ensure compatibility in terms of crack growth rate per cycle rather
than per second, the main idea is that the plateau velocity must be adjusted to

the appropriate frequency and stress ratio [72] [57]

Other models [72][73][74] have modified the above assumptions by adding fur-
ther parameters. These prediction models generally provide higher crack growth
rates when compared to experimentally observed growth rates. Microscopic crack
branching or secondary cracking or alternating ion concentration at the crack tip

n"ay complicate the situation.

Mechanistically based models [57] [75] regards the environmental effect as arising

from the superposition of a strain-rate-sensitive stress corrosion process on an
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inert environment fatigue crack growth process given by the familiar Paris equa-
tion. The environmental component is related to the breaking of a protective
oxide film at the crack tip, by the dynamic strain, when the oxide rupture strain

.f is exceeded. The environmental crack growth rate da/dt is a function of the

crack tip strain rate e:

(da/dt)c = Cen (2.18)

where C and n are constants. The disadvantage of this quantitative analysis is

the need to calculate the crack tip strain rate.

A dissolution based model for microstructurally short and physically small crack
growth was introduced by Akid and Miller [76]. It was proposed that for torsional
loading anodic dissolution at the crack tip was the major electrochemical reaction
contributing to crack advance. The most significant effect observed was that of
an elimination of the in-air fatigue limit. An explanation given for this was that
an additional chemical driving force was available for crack growth at sub-fatigue
limit stresses and that dissolution allowed growth beyond crack arresting features

associated with the microstructure.

R-aj and Varadan [77] proposed a hydrogen assisted crack growth model for high
strength steels. In their model the crack propagates by the initiation of a sec-
ondary crack ahead of the crack-tip, and by the interaction between it and the
Primary crack. The initiation of the secondary crack is stress and time dependent
because; (i) a threshold stress condition is required to break the Fe-H-Fe bonds
11 the grain boundary, and (ii) an incubation period is required to form a two-
dimensional cluster of H atoms in the grain boundary which is large enough so

that the Griffith criterion for fracture can be satisfied locally.
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Sun [78] performed long life corrosion fatigue tests of Al-Li alloy in neutral 0.6M
NaCl solution. His results suggested that hydrogen embrittlement resulting from
hydrogen diffusion was the main cause of a large reduction in short crack growth
resistance. He proposed a crack growth model which assumes that hydrogen
diffuses to the PSB where it lowers the friction stress. A reasonable agreement

between experimental and predicted fatigue lifetime was observed.

It has been suggested that the effects of hydrogen diffusion [79], hydrogen trapping
[80] and dislocation sweeping of hydrogen from the crack tip into the metal [81]
on crack growth behaviour should be considered in developing a crack growth

model.
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Fig.2.1 Schematic diagram indicating the three regimes of LEFM fatigue crack

growth [4].



Fig.2.2 Three regimes of short crack behaviour [22],
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Fig.2.3 Comparison of growth of short and long cracks in aluminium alloys [20].
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Fig.2.5 Crack growth rates during fatigue of 7017-T651 in dry air and seawater

at frequencies from 0.1 to 70 Hz [52].
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Fig.2.6 Fatigue crack growth kinetics of AIS14340 steel in dehumidified argon

and in water vapour [53].
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Chapter 3

Material and Test Facilities

3.1 Material

The material used in this study is that of Q2N, a quenched and tempered struc-
tural steel. The nominal chemical composition, in weight %, is given in Table
3.1 [1]. The material was tested in the ‘as received’ condition ; austenitise at

900 °C; water quench, temper at 650 - 680 °C\ air cool.

C Si Mn P S Cr M o Ni

0.09-0.15 0.15-0.35 0.30-0.50 O.Olmax ©O.Olmax 1.30-1.70 0.40-0.50 3.15-3.65

Al As Cu N Sn \Y4 Pb Sb

0.015min 0.03 max 0.02max O.0lmax 0.02max 0.05-0.10 0.005bmax 0.01 max

Table 3.1: Chemical composition of test material

The mechanical properties of this material were obtained by conducting tensile
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tests on a MAYES testing machine according to ASTM-E8M [2]. The average

results of two tensile tests are listed in Table 3.2.

The engineering stress - strain curve together with the specimen geometry used

for the tensile testing are shown in Figure 3.1.

UTS  0.2% Proof stress Elongation Reduction of area Young's modulus
(MPa) (MPa) (%) (%) (GPa)
863 793 20 71 min 206.8

Table 3.2: Mechanical properties of test material

3.2 Microstructure

Metallographic specimens were polished using a standard procedure with speci-
mens receiving a final surface polish of Ifim. In order to reveal the microstructure
some samples were etched in 2% Nital solution. Typically the microstructure of
this material, as shown in Figure 3.2, is that of tempered lath martensite. Much
effort was put into revealing the details of the prior austenite grain boundaries of
the material, which are shown in Figure 3.3. This microstructure was revealed by
using FeClz solution etchant. Measurement of 85 grains by the standard mean
linear intercept method produced a mean grain diameter value of 9.86//m. A

histogram showing the grain size distribution is given in Figure 3.4.
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3.3 Fatigue Specimens

To determine the long fatigue crack growth behaviour of this material a pre-
cracked fatigue specimen was designed and machined. The specimen was ma-
chined and ground finished from 50 mm thick plate in the T - L orientation
having a configuration as shown in Figure 3.5. In order to create sharp crack-like
conditions, the specimen was pre-cracked by fatigue prior to testing [3]. The

importance of the precracking is to ensure that

= The effect of the machined notch is removed from the specimen.

= The effects on subsequent crack growth rate results caused by the changing

crack front shape or pre-crack load history are eliminated.

In accordance with standard procedures [3] the final Kmax during precracking
shall not exceed the initial Kmex for which the test data is to be obtained. A
load corresponding to a given Kmex was used to initiate cracking at the machined
notch. A load range was then incrementally stepped-down to meet the above
requirement. Furthermore, the reduction in Pnex for any of these steps was no
greater than 20% of the previous load level and measurable crack extension should

be observed before proceeding to the next step as suggested in [3].

The fatigue specimens used for all short crack growth test were also machined
from 50 mm thick plate in the T - L orientation. Dimensions of the three point
bend specimen are shown in Figure 3.6. The working area of the specimen had
a rectangular cross section with nominal dimensions of 15 x 30 mm. The gauge
area was carefully polished with a succession of finer grade emery papers followed

by diamond paste. The preparation of the specimen surface was finished by
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electropolishing at room temperature in an electrolyte of 6% perchloric acid and
94% of acetic acid. The specimen to be polished was made the anode and a cell

potential of 10 V was applied for 7 minutes.

3.4 Fatigue Test Facilities

A Schenck 250 kN servohydraulic testing machine was used to perform the three-
point-bend fatigue tests. This machine is a universal servo hydraulic testing in-
strument for static and dynamic materials testing. Static, ramp, impulse, periodic
and randomly varying loads can be generated. The controlled parameter can be
force and actuator piston displacement, using standard built-in transducers, or

specimen strain or acceleration, using appropriate transducers.

The test force is measured by a load cell and and its associated signal conditioner.
Alternative variables, measured with other transducers, can be used as control
Parameters. In the servo controller the feedback signal, he. the actual measured
value of the selected parameter, is continuously compared with the command
signal, which is produced by a function generator. The power amplifier converts

the resulting difference or error signal into the control signal for the servo valve.

The command signal conditioner is used to set the mean level and to superimpose
dynamic signals from any two desired sources to form a combined signal command
for the machine. The function generator produces sine, triangular or square wave

forms.

Typical technical data for this machine is listed below:
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Rated force (Fn): 250 kN .

Dynamic force rating: +0.8Fn.

Frequency range: 0 - 200 Hz.

Max. piston travel: 100 mm.

A schematic of the specimen and loading pins arrangement is shown in Figure 3.6.

Stress on specimen surface, cr, was calculated for each specimen using Equation

3.1.

3PS

TW?2 (3.1)

where P is applied load and S, T and W are length of moment, thickness and

width of specimen respectively

3.5 Crack Growth Monitoring

3.5.1 Plastic Replication Technique

A plastic replication technique has been used in the present study to obtain

mformation on short crack development and growth.

The technique consists of preparation of cellulose acetate material, replication
and replica fixture. A sheet of cellulose acetate material is cut into small pieces.
At the time of replication the specific area of specimen is sprayed with acetone

and immediately a piece of acetate sheet is placed on the specimen’s surface with
41
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the help of a pair of tweezers. After 3-5 minutes, when the replica is dry, it can be
removed from the specimen’s surface with the aid of a pair of tweezers. Finally
the replica was fixed onto a microscope glass slide for subsequent microscopical
examination. The number of replicas taken in a test depends upon the expected
fatigue lifetime of that specimen. ldeally replicas would show the growth of cracks

from the initiation sites to complete failure.

This technique, which has been used in this and previous studies, has the following

advantages:

< it is an efficient method of detecting cracks of a few microns length.

< the method provides information relating the influence of microstructure on

crack initiation and growth.
= it provides an excellent permanent record of each test from start to end.
- it allows an estimate of crack density.

e it is economic.

3.5.2 Image Analysis System

Replicas made during a fatigue test were examined using an Image Analysis
System. This system consists of a high-resolution metallurgical microscope, an
maage capturing monitor, a camera for relaying an image from the replica to an
Jnage capturing board incorporated within a personal computer. The system
software offers a number of measuring options which include crack length, area
and volume fraction. The results of measurements carried out are displayed on

the PC monitor and can be permanently stored on a hard or floppy disc. The
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microscope provides a facility for automatic-exposure photography by replacing

the video camera by a standard 35mm photographic camera.

3.6 Environment Control

A corrosion cell was designed with an overall size of 120 x 70 x 43mm and an
inner chamber size of 72 x 34 x 28mm thus avoiding any interaction between
the loading grips, pins and the cell whilst at the same time providing sufficient
specimen/solution contact area. The cell body and all fittings were made of
perspex or PTFE. The cell was designed with a removable lid for the purpose
of monitoring short crack growth using the replication technique. Silicon rubber
was used to seal the clearance between the cell body and specimen. The inlet
and outlet fittings allowed a continuous flow of the seawater through the cell. An
additional fitting was assembled on the bottom lid for emptying the cell before
opening the cell to take replicas. Figure 3.7 shows a schematic of the installation

of a specimen for testing, together with the assembly of the test cell.

A recirculation system was designed and built for pumping the solution to the
corrosion cell and controlling the solution volume flow rate. The recirculation
loop is essentially a 5 litre tank, linked to a circulation pump, flow meter and
a solution filter. Figure 3.8 shows the main components of this recirculation
system. The volume flow rate can be easily adjusted using the flow meter on the
mlet side. The solution filter added on the bypass is to minimize blockage of the
loop and is also helpful in reducing the time spent in clearing solution from the

specimen at each replication interval.
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Fig.3.1 Monotonie tension stress-strain curve.



Fig.3.2 Microstructure of Q2N steel etched in 2% Nital.

~g-3.3 Microstructure of Q2N steel revealing the prior austenite grain bound-

aries.
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Fig.3.5 Configuration of pre-éracked specimen (all dimensions in mm).
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Fig.3.6 Arrangement showing three-point bend specimen and loading pin con-

figuration (all dimensions in mm).



Fig.3.7 Schematic of corrosion cell and fatigue specimen assembly.

m"ig.3.8 Schematic diagram of recirculation loop system for environment control.



Chapter 4

Short Fatigue Crack Growth

Behaviour in Air

4.1 Introduction

The work described in this chapter relates to the fatigue crack growth behaviour

°f Q2N steel in air.

Three - point - bend fatigue tests have been performed at various stress levels in
laboratory air conditions. Short crack development was monitored by adopting
an acetate surface replication technique. LEFM long fatigue crack growth tests
using pre-cracked specimens were also conducted so that a comparison between

short and long crack growth could be made.

The characteristics of short crack propagation, such as fast initial MSC growth,

crack growth rate retardation and interaction between short cracks and mi-

45



crostructure were studied. Fracture surfaces were examined using a scanning
electron microscope to enhance the understanding of the metallurgical process

involved.

A short fatigue crack growth model has been developed based on the experimen-
tal results obtained and the application of a microstructural fracture mechanics

analysis. This model was then used to predict the in-air fatigue lifetime.

4.2 Experimental Procedure

4.2.1 Long Crack Growth Tests Using a Pre-cracked Spec

imen

Long fatigue crack growth threshold and crack growth rates were obtained by
testing pre-cracked specimens using a Schenck 250 kN servo-hydraulic testing
machine employing an on site optical microscope for crack length measurement.
The specimen configuration is shown in Figure 3.5. In order to create a sharp
crack at the notch, prior to testing, the specimen was fatigue pre-cracked as

recommended by ASTM standard E647-91[1].

In order to determine the fatigue crack growth threshold, AK th, a K - decreasing

test procedure was applied [1].

Long crack growth rate was obtained by conducting crack growth tests using the
K - deceasing test procedure ( for crack growth rates < 10-2 y,m/cycle ) and
constant - loading - amplitude test procedure ( for crack growth rates > 10~2

Hm/cycle ) respectively [1].
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The K - decreasing procedure was started by cycling at a AK and Knex level
equal to or greater than the terminal pre-cracking values. Subsequently, loads
were decreased as the crack grew, and test data was recorded until the lowest

AK or crack growth rate of interest was achieved.

A constant - load - amplitude test procedure was applied to produce crack growth
data for da/dN > 10-2 fim/cycle. The specimen used was tested at a constant
load and a fixed set of loading variables namely, stress ratio i?= 0.1 and test

frequency /=25 Hz.

4.2.2 Fatigue Lifetime and Short Crack Growth Testing

The same test machine, as used for determining long crack growth, was used to
Perform the three-point-bend fatigue tests on smooth specimens. The working
area of the specimen had a rectangular cross section with nominal dimensions of
15 x 30 mm. The gauge area was carefully polished with a succession of finer
grade emery papers and diamond paste after which electropolishing was carried
°ut. A schematic of the specimen and loading fixture arrangement is shown in
Figure 3.6. Load controlled fatigue tests were conducted to obtain fatigue lifetime
results and to study the behaviour of short cracks. All tests were carried out at

a stress ratio close to zero, that is 0.02, and a test frequency, / of 10 Hz.

Acetate replicas were taken of the polished specimen surface, at frequent inter-
n s during tests, to monitor the growth of short cracks. The frequency at which
replicas were taken depended on the estimated duration of the test. ldeally repli-
cas would show the growth of cracks from the initiation sites to complete failure.

Short crack lengths were measured from plastic replicas using an optical micro-
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scope having a video camera attachment and dedicated image analysis system.

4.2.3 Method of Analysis

The growth rate of long fatigue crack was determined from the crack length
versus elapsed cycles data (a versus N). A secant method was applied to calculate
da/dN for the K - decreasing tests and an incremental polynomial method (fitting
a second - order polynomial to sets of 7 successive data points) was applied to

determine da/dN data for the constant, AP, test.

The stress - intensity factor range corresponding to a given crack growth rate was

calculated from following expression [2]:

3SAP
AK = y/aFfa)) (4.1)
2TWwW 2
where a is given by
a-= 4.2
W (4.2)

The geometry factor F/(a) is given in 4.3

199 - o(l - a)(2.15 - 3.93a + 2.7a2)

(L+2a)(1 - a)32 (4.3)

The short crack growth rates, da/dN, were estimated using a secant method as

shown in 4.4

(4.4)
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where a- and a,+1 are two consecutive half surface crack lengths at iVt and N{+1
number of cycles respectively. Since the crack growth rate represents the growth
of a crack at the mid point of two consecutive crack lengths, the corresponding

average crack length a = |(a,tl + a,).

In order to compare the results of short crack growth with the long crack data a

normalization procedure was adopted applying the stress intensity factor, AK.

The method for calibrating nominal stress intensity factors for semi-elliptic sur-
face cracks formed during bend tests given in reference [3] is applied here. As-
suming the cracks have an average aspect ratio of 0.8 for bending tests [4] and are
small compared to the thickness of the specimen then the calibrations for surface

small cracks simplify to

AK —0.673A<T-VITra (4.5)

4.3 Experimental Results

4.3.1 Long Fatigue Crack Results

According to ASTM standard E647 in order to determine the fatigue crack
growth threshold, AKth, five da/dN, AK data sets, for growth rates between
1 0 cycleand 1 0 “m/cycle, are required from the K - decreasing test. The

data points obtained from such a test are listed in Table 4.1 and plotted in Figure

4.1.
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AK da/dN
(MNm~2/3) (gm/Zcycle)

7.00 1.OxI0-3
6.39 5.0x10-4
6.36 8.8x10-4
6.20 4.0x10"4
6.00 2.0x10-4

Table 4.1: da/dN —AK data for determining crack growth threshold

The best - fit straight line of the five data points obtained from a linear regression

°f log[da/dN) versus log(AK) is

— = 1.175 x 10- 11(AF1)943 (4.6)

The fatigue crack growth threshold determined by calculating the AK - value

which corresponds to a growth rate of 10~4jxm/cycle is 54 MNm~3/2.

The data for long crack growth rates obtained from both K - decreasing test
and constant AP tests is presented in Figure 4.1. The shape of the crack
growth rate curve exhibits a linear relationship on this log —log plot when
AK > 10 MNm 23. The crack growth behaviour at this region can be de-

scribed by the Paris and Erdogan relation

= 9.77 x 10-5(Ai0 213 (4.7)
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432 S —N Curve

Twelve smooth specimens were tested using three-point bend loading. The fatigue
life results are given in Table 4.2. Here the fatigue lifetime is considered as the

number of cycles required to form a crack which spans the width of the specimen.

Specimen Stress range Lifetime

(MPa) (cycles)
AF-1* 1400 2.35x104
AF-2* 1300 3.6x104
AF-3* 1200 5.6x104
AF-4 1200 5.4x104
AF-5 1176 4.6x104
AF-6 1097 6.8x104
AF-7* 1050 1.25x10s
AF-8 1000 1.4x10s
AF-9* 850 3.1x10s
AF-10 840 1.6x106
AF-11 750 9.57x10e
AF-12 650 > 107

Table 4.2: Fatigue lifetime results at different stress ranges

* — specimen with replicas.

The S —N curve for the above data is plotted in Figure 4.2. The relationship
between stress range and fatigue life time obtained through a regression analysis

for data where Nj < 3 x 105 is given in the following equation,
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Aa525Nf = 6.310 x 10D (4.8)

From Figure 4.2 a fatigue limit can be estimated to be m 740 MPa.

4.3.3 Short Fatigue Crack Growth Results

Characteristics of Short Crack Growth

Five stress levels, i.e. Aa = 1400, 1300, 1200, 1050 and 850 M Pa, were chosen to
monitor short crack growth behaviour. Observation of the crack growth behaviour

Was achieved by examination of surface replicas using an image analysis system.

Figure 4.3(a) presents a typical example of crack growth behaviour showing crack
development at the site of a small non-metallic inclusion. This crack initiation
mechanism was noted at all stress ranges tested. Similar results have also been
observed in other materials [5][6]. Following this initial crack development stage
oracks then grow along preferentially oriented crystallographic planes as shown
m Figure 4.3(a). It can be seen from this figure that the crack deflects at points
"4 and B to follow the slip band directions until it reaches point C\ up to this
Point the crack may be referred to as a microstructurally short crack (MSC)[7j.
At the point C a change in direction occurs and the crack moves on to a plane
Perpendicular to the tensile stress axis. At this stage the crack tip stress intensity
Is sufficiently high such that any microstructural aspects which normally affect
short crack growth progressively diminish. The crack at this stage may be referred
to as a physically small crack (PSC) [7]. Figure 4.3(b) shows the same crack as
that in Figure 4.3(a) but taken after a further 2000 load cycles (about 10 percent

°f fatigue lifetime). It can be seen from a comparison of Figures 4.3(a) and
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4.3(b) that there is little change in crack length. The maximum retardation in
crack growth, which occurs at this point, is a result of the transition from a

microstructurally short crack to a physically small crack.

It should be noted that the behaviour of MSC growth is also influenced by the
material texture. This influence causes a large scatter in crack growth data in the
MSC regime when compared to crack growth rates in the physically small crack

growth regime.

Figures 4.4 and 4.5 present typical examples of the short crack growth behaviour.
As previously mentioned a large scatter in growth rates occurs within the MSC
regime. This is clearly seen from Figures 4.5(a - e). This is consistent with crack
growth mechanisms previously presented by other researchers [8] [9], notably that
resulting from the interaction between a crack and material texture. Additional
features are also evident from Figures 4.4 and 4.5, these included; (a) short cracks
do not achieve very high propagation rates on emerging from the small inclusion
sites which appears to differ from observations made for cracking in other materi-
als [10][11][12] where high growth rates are observed on initial crack development,
(b) the average crack length corresponding to the minimum crack growth rate is
about 48 /im which does not correspond with the value of the mean grain di-
ameter of 9.9 /xm. In fact the majority of cracks show maximum crack growth
deceleration at surface lengths between 30 [im and 60 fim. These values are gen-
erally above the size of the largest grains measured for this material. Based on
these observations it is apparent that for this material the maximum retardation
m crack growth occurs during the transition from a MSC to a PSC rather than

the first grain boundary encountered.

A comparison of the short crack growth rates obtained at various stress levels with
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that of long cracks is given in Figures 4.6(a)-4.6(e). It is apparent, from these
figures, that at all stress levels, for an equivalent stress intensity value, initial
short crack growth rates are much faster than that of a long crack. Furthermore
short cracks can grow at a value of stress intensity range well below the threshold
value for the long crack. The da/dN data for short cracks gradually approach
the da/dN values for long crack as AK increases. Clearly the AK based LEFM

analysis is not valid in the short crack regime.
Fractography

Fracture surfaces of the specimens obtained from the present tests were examined
by a scanning electron microscope. The initial stage of crack propagation is
characterized by crystallographic cracking, as shown in Figure 4.7(a). At a later
stage in growth fatigue striations were observed, see Figure 4.7(b). The final
macroscopic fracture of this steel is characterized by dimple features, as shown

in Figure 4.7(c).

4.4 Modelling of Short Fatigue Cracks

4.4.1 Short Crack Regimes and the Crack-Tip Plastic

Zone

Based on the above experimental results it is possible to describe the two regimes
°f short crack growth, z.e., microstructurally short crack (MSC) and physically
small (PSC) regimes in schematic form as shown in Figure 4.8(a). During the.

mitial MSC stage cracks grow mainly along crystallographic planes appearing to
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face less resistance compared to PSC-type cracks which have to cut across the
martensite laths. If assuming different uniform resistances to crack growth for
the MSC and PSC regimes respectively, ie, different friction stresses, 07 and an,
it is clear that the friction stress for MSC-type crack should be less than the
friction stress for PSC-type crack. Based on this assumption the plastic zone
emanating from the tip of a crack at different crack lengths can be modelled as
shown schematically in Figure 4.8(b). The following conditions are therefore used
to describe the growth of a short crack.

(A) MSC equilibrium plastic zone, (¢ < d)

(B) Transition regime plastic zone, (a < d,c > d)

(C) PSC equilibrium plastic zone, (a > d)

The plastic zone size at the crack tip can be determined using microstructural
fracture mechanics analysis, i.e., by solving the equilibrium equations of all the
internal and external forces acting on the continuously distributed dislocation
system. This method was proposed by Bilby et al [13], Tanaka et al [14], and
Navarro et al [15]. Taking into consideration the different friction stresses for the
MSC and PSC regimes the plastic zone size for each case may be calculated as

follows:}

(I) Case (A): MSC equilibrium plastic zone. The size of the plastic zone is
determined by solving an equilibrium equation which expresses the requirement

that the resultant stress on any dislocation is zero[13]:

D(s)ds N

a°=0 (4.9)
X —s

where A is material constant, D(s) is dislocation density at a given location s on

the axial coordinate of x and a0 is the stress applied to dislocations:
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<r — (4.10)

a—ai a< x <c¢c¢

D(s) — 0. The

At x = zc, the dislocation density D(s) must vanish, i.e.

conditions for the solution of Equation 4.9 to exist reduce to the expression

fc a°ds (4.11)
o (€2- s2)U2 '

which in turn leads to the relation

rp=c- a- a”sec (j~~j ~ 1) (4-12)

(2) Case (B): Transition regime plastic zone. In this regime the equilibrium

equation is the same as that of Equation 4.9. However the resultant external

stress, er’, becomes

a K< a

a ~"NMa—07 a<\x\\<d (4-13)

J—atir d< N\<c¢
Similar to case (A) a0 in Equation 4.13 leads to the relation
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7TCT

cos x(alc) + (?—I)cos 1(d/c) = 5a7 (4.14)
al

and

rp- c-a (4.15)

(3) Case (C): PSC equilibrium plastic zone. The plastic zone size may be obtained
m a similar way to Case (A) with the exception that a different friction stress,

°7j, is used as in this case the crack length is greater than d.

(4.16)

For cyclic loading, the cyclic plastic zone size may be derived by taking the stresses
at maximum load as an initial or prestressed condition, and superimposing a
compressive unloading stress of Aa [20]. The change in all the equations for the

cyclic loading condition is achieved through the following transposition:
a —* Aa

°7 — » 2al, all — »2all,
T —* Arv
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4.4.2 Crack Closure Effect

It is widely accepted that a propagating mode | crack (physically small crack in
this case) can close up even at a positive stress intensity factor and therefore only
the portion of the applied stress intensity range A Kefj, for which the crack is
open, is effective for crack growth [17] [18]. For convenience of application A K eff

for a mode | crack can be approximately estimated as follows [19]:

AKeJf = Al<- AKth (4.17)

On the other hand there is little or no crack closure effect on the growth of
a crystallographic shear crack (microstructurally short crack in this case) and
therefore a factor, /c, should be introduced in order to consider the variation of

the effect of closure on the short crack growth at different stages, he.,

AKefJ = A K -fc-AKth (4.18)

It is assumed that crack closure begins to effect crack growth at the beginning
°f the transition from MSC growth to PSC growth. At this point fc = 0 and
mcreases in a simple linear manner to fc = 1 for a physically small crack (PSC).
Based on these assumptions ¢.e., fc = 0 for case(A) cracks, fc = for case
(B) cracks, where ac is the limit crack length for a microstructurally short crack,

and fc = 1 for case (C) cracks.

Equation 4.18 can then be rewritten as:

Y AatfirfluL —Y Aw/TVa —fcAK th (4-19)
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so the effective stress can be expressed as:

4.4.3 Short Crack Growth Rate

In the present model the damage which leads to crack propagation is assumed
to be controlled by the plastic zone at the crack tip. The crack growth rates for
MSC and PSC type cracks can therefore be estimated using the following two

expressions respectively:

3% = M SC type cracks (4.22)

% =o,Mrrr - PSC type cracks (4.22)

where Cj, m/, C/j and m// are stress level independent material constants. Figure
4-8(c) shows schematically the corresponding crack growth rate determined by
Equations 4.9 - 4.22. Similar assumptions have been made previously by several

investigators and are discussed elsewhere [16] [21].

In Equations 4.12, 4.14 and 4.16 the friction stress for a PSC type crack, an is
generally taken as the yield stress of the material. However the flow stress at a
erack tip will be higher than the yield stress owing to strain hardening [16] [20] it
is more sensible to choose tensile strength for the friction stress an than the yield
stress. An MSC-type crack experiences less growth resistance than a PSC-type
crack as the friction stress on a favourable crystallographic orientation is smaller.
Assuming the resistance to growth of the plastic zone for a MSC-type crack is

equivalent to the fatigue limit, oy can be equaled to the fatigue limit aji.
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The values of the material constants of C/, mj, Cu and m// are obtained by per-
forming a best fit regression analysis of the data set, (daZdN, Arp) for MSC and
PSC type cracks respectively are given as; Cj = 2.948 x 104, m/ = 0.472, (7/] =
7.112 x 104 and mu = 0.852. Crack growth rates predicted at different stress
levels using Equations 4.9 - 4.22 are shown in Figures 4.5(a)-4.5(e). Satisfactory
agreement between predicted crack growth rates and experimental data can be

found at all stress levels.

4.4.4 Fatigue Lifetime Estimation

Fatigue lifetime can be calculated by adding together individual lifetimes spent
within each crack growth regime. Individual lifetimes can be obtained by inte-

grating Equation 4.21 and equation 4.22 in appropriate ranges respectively, i.e.,

rac da da da

s ciarpm Fsecciarpm F T cnarpm (4.23)

Where a0 is an assumed value of the surface roughness for polished specimen, i.e.
1 Mm, ac is the crack length at ¢ = d and aj is the average crack length at which
fatigue tests were terminated i.e. 10 mm. The plastic zone size within each regime
m Equation 4.23 is determined by Equations 4.12, 4.15 and 4.16 for a0 < a < ac,
ac < a < dand d < a < aj respectively. In practice Arp in Equation 4.21
cannot be expressed as a simple integrated function of crack length, a, therefore
numerical analyses were applied to calculate the fatigue lifetimes with the aid of

a proprietry mathematics package.

Figure 4.9 presents a comparison of experimental and predicted fatigue lifetimes

within the stress range at which short crack behaviour was studied.
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4.5 Discussion

The anomalous behaviour of short cracks observed previously [7] and from tests
conducted in this study has been rationalized as the result of the influence of mi-
crostructural texture, particularly grain boundaries, on crack growth [22] [23][8].
In some of these cases the dominant deceleration length may be estimated as the

length from the crack initiation site to the first grain boundary encountered.

A recent study [4] conducted using Waspaloy showed that cracks are most likely
to initiate in the largest grains. Statistical analyses based on the distribution of
grain sizes, with and without initial cracks, show that the size of a grain having
an initial crack is taken as the upper bound of the average grain size, i.e. the
mean grain size plus one standard deviation. Crack initiation in large grains has

also been observed in an aluminum alloy, A12219-T851 [24].

For the material used in this study the average grain size was found to be 9.9
V-m having a standard deviation of 5.1 pm and a maximum grain size below
30 pm. Observation of crack growth behaviour at various stress levels revealed
that the range of crack lengths at which minimum crack speeds were observed
Was found to be in the range of 30 - 60 pm. The crack lengths associated with
these minima are above the size of the largest prior austenite grains measured.
In addition it should be noted that all of the main cracks causing failure were
associated with cracks initiated at the site of non-metallic inclusions and are
therefore not necessarily associated with the largest grains. It appears therefore
that the maximum retardation in crack growth for this material is a result of the
transition from a microstructurally short crack to a physically small crack rather
than being associated with the first grain boundary encountered by the crack.

In this study individual deceleration lengths were determined by experiment. It

61



is acknowledged however that further work is required to develop an analytical
method in order to predict the occurrence of a deceleration minima for this type

of complex material microstructure.

In the current modelling of crack growth behaviour it has been assumed that the
values of the friction stresses, 07 and 07/, acting over the MSC and PSC regimes
respectively, remain constant throughout crack extension within each regime. As
previously mentioned these friction stresses will vary as the crack length increases
and as the crack tip approaches microstructural barriers such as second phases,
inclusions, grain boundaries and cyclically induced micro- and macro anisotropy.
The assumption of applying constant friction stresses for the MSC and PSC
regimes respectively is considered based on the main characterisation of the ma-
terial’s resistance to crack growth, i.e. the transition from the MSC regime to the

PSC regime.

It should be noted that the exact value of <j is not known and no reasons have
previously been given for the friction stress 07 to be equal to the fatigue limit
afi as suggested in this study. However the following points should be taken into
account when considering a value for the friction stress 07. Firstly, as indicted
in Figure 4.8(a), a crack can grow along preferentially oriented crystallographic
planes in the MSC regime. As a result of this growth mechanism the friction
stress during this regime will be somewhat below the gross yield stress which may
represent a macroscopic definition of the propagation of plastic slip. Secondly it
has been recognized that microplastic strain is still present below the fatigue
limit, although on a restricted scale[25]. This indicates that the resistance to
the movement of a single dislocation on a slip plane under cyclic loading is small
compared with the fatigue limit. Since the friction stress 07 is the average stress m

over the whole of MSC regime, which necessarily incorporates material texture
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effects, its value will be larger than the resistance on a single slip plane. The
fatigue limit aji is a material constant which satisfies the above requirements and
it therefore appears not unreasonable to choose crji as the value of the friction

stress 4/ within the MSC regime.

As mentioned earlier the transition crack length was determined directly from the
experimental data however individual transition crack lengths exhibited a large
variation and the standard deviation determined from the current test results was
found to be 25 /im. In order to investigate the influence of the transition crack
length on the predicted crack growth rate three transition crack lengths were
chosen, i.e., d —20%d, d and d + 20%d. Crack growth rates were recalculated
at a stress range, Aa = 1200 MPa. The crack growth results obtained using the
transition crack lengths given above are shown in Figure 4.10. It can be seen
from this figure that there is no significant effect on crack growth rates as d is
increased from d —20%d to d + 20%d. The predicted crack growth rate at the
transition regime and the minimum crack growth rate increase slightly with an
increase in the value of d. All the values of d taken give a reasonable prediction to
the experimental results and it can therefore be concluded that slight differences
of the value of d, resulting from different experiments, does not cause significant

variation in predicting fatigue crack growth rates.

4.6 Summary of Air Fatigue Results

1. All cracks observed initiate at non-metallic inclusions. This is followed

by crack growth along crystallographic planes.

2. At longer crack lengths it becomes more difficult for a crack to deflect away

from a path perpendicular to the tensile stress axis and consequently it is
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necessary for the crack to cut across the martensite laths.

. The initial growth rates of short cracks are faster than those of long cracks
at all stress levels. Short cracks are seen to grow at a stress intensity factor

range well below the threshold value for a long crack.

. The plastic zone emanating from the tip of a crack is modelled for three cases
reflecting the development of the plastic zone within the microstructurally

short crack (MSC) and physically small crack (PSC) regimes.

. Cyclic plastic zone size Arp appears to be a suitable parameter for predict-
ing short crack growth. The following short crack growth model has been

proposed for Q2N steel,

= 2.948 x 10~4(Arp)°'4r2 MSC growth
and
= 7.112 x 10~4(Arp)°'82 PSC growth
N v o w

. Good agreement exists, over a wide range of stress levels, between the crack
growth rates obtained using the present model and the observed experimen-

tal data.
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Fig.4.1 LEFM long crack growth behaviour of Q2N steel.
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Fig.4.2 S- N air fatigue endurance curve for Q2N steel.
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Fig.4.3 Deceleration of crack growth during the transition of an MSC to aPSC

Ns = 2.35 x 104 (a) N/Nf = 0.46, (b) N/Nf = 0.55.
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Fig.4.4 Short fatigue crack growth results (crack length versus number of cycles).
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Fig.4.6 Comparison of short and long crack growth rates.



Fig.4.7 Characteristics of fracture surfaces at different crack growth stages
(a) crystallographic cracking
(b) striation crack growth

(c) dimple features in final fracture surface.
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Fig.4.8 Schematic diagram indicating the short crack growth regimes and the

development of the crack tip plastic zone (model).
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Chapter 5

Seawater Effects on Short Crack

Growth Behaviour

5.1 Introduction

Considerable effort has been made to gain an understanding of short fatigue crack
growth behaviour and in this respect several models have been proposed which
estimate the fatigue lifetime in air [1][2][3][4]. In comparison however to the short
fatigue crack growth data obtained from tests conducted in air, only a limited
amount of data is available concerning short crack growth behaviour within cor-
rosive environments. In this chapter details of the results from tests conducted
to investigate the short fatigue crack behaviour of Q2N steel in seawater are

Presented.

Seven three-point-bend corrosion fatigue tests, each at different stress levels, have

Seen conducted in seawater at a stress ratio of R ~ 0. Fatigue lifetimes were
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recorded and acetate surface replicas of specimens were taken, at frequent inter-
vals during the tests, in order to evaluate the initiation and propagation behaviour

of short cracks.

Summarised below are the main findings from the corrosion fatigue tests con-

ducted in this study;

1. Incomparison to air fatigue lifetimes a significant decrease in fatigue lifetime

is noted for tests conducted in seawater.

2. Crack initiation is preceded by the formation of corrosion pits at all stress

levels used.

3. It is observed that in the presence of seawater short cracks can grow at

stress levels well below the in-air fatigue limit.

4. For this material/environment system defect development is characterised
by the pitting followed by crack development. Based on observations made
during tests models have been derived to estimate total corrosion fatigue

lifetime.

5.2 Experimental Procedure

A Schenck 250 kN servo-hydraulic testing machine, as described in Chapter 3,
was used to perform all three-point-bend corrosion fatigue tests. Fatigue tests
Were carried out in seawater at various stress levels, under load control, to produce

S ~ N endurance and short crack growth data.

The following test conditions were used:
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Loading mode: three point bend;

Stress ratio; R ~ 0.02;

Testing frequency: / = 0.1 Hz;

Environment: artificial seawater to specification BS:3900.

Specimens were tested at seven different stress levels and short fatigue cracks
were monitored at six out of the seven different stress levels used. Among these
Was one specimen tested at a stress level well below the in-air fatigue limit stress.
Acetate replicas were taken of the specimen surface at frequent intervals during
tests to record detailed information concerning the development and growth of
defects. Additional information on material microstructure, specimen dimensions

and loading fixture arrangement are provided in Chapter 3 and references [5] [6][7].

Fatigue crack growth rates, da/dN, were estimated using a secant method;

__aitiai /- .
In ~ Ni+l- Ni [ "
where a- and a,+1 are two consecutive half surface crack lengths at Ni and
cycles respectively. Since the crack growth rate represents the growth of a crack
at the mid point of two consecutive crack lengths, the corresponding average

crack length a is given as |(ag+l + a,).
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5.3 Results

531 s —N Curve

Corrosion fatigue lifetime results obtained by conducting fatigue tests in seawater
are given in Table 5.1. The relationship between applied stress range and fatigue

lifetime is given in Equation 5.2 and plotted in Figure 5.1.

Aa3l41INf = 3.890 x 1013 (5.2)

Specimen Stress range Lifetime

(MPa) (cycles)
CF-1 1400 4.60x103
CF-2 1300 6.46x103
CF-3 1200 7.77x104
CF-4 1050 1.55x104
CF-5* 900 1.95x104
CF-6 850 2.99x104
CF-7 650 4.89x104

Table 5.1: Fatigue lifetime results in seawater

* — specimen without replicas.

The in-air fatigue lifetime results obtained in Chapter 4 are also plotted on this

figure for the purpose of comparison.

70



5.3.2 Corrosion Fatigue Crack Growth Behaviour

Figures 5.2(a) - 5.2(f) give a typical example of short corrosion fatigue crack
development from initial pit development to final failure. It can be seen that
corrosion pits developed rapidly during the early stages of the fatigue tests (Figure
5.2(a)). However as can be seen from Figure 5.2 the shape of corrosion pits
is not always typically hemispherical. The elongated pit profile suggests that
a mechanism involving stress - assisted dissolution might be operative during
this stage. As cycling continued a mode |, PSC type crack can be clearly seen
to develop ( Figure 5.2(c)). The PSC type crack continues to propagate until

eventually rapid growth leads to fatigue failure (Figures 5.2(c)-5.2(f)).

Crack growth results, i.e., crack length versus the corresponding number of load-
ing cycles and crack growth rate versus crack length are presented in Figures 5.3
and 5.4 respectively. The in-air crack growth rates are also presented in Figure
5.4 for the purpose of comparison. It can be seen from Figure 5.4 that the crack
growth in seawater shows higher crack growth rates than for equivalent tests con-
ducted in air and that the any decelerations in corrosion fatigue crack growth rate
are not as low as those for air fatigue. This suggests that the corrosion
fatigue crack growth mechanism proposed in [8] [9], i.e., conjoint action of chem-
ical and mechanical processes to overcome the strength of the microstructural

barrier, may be operative for the present system.
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5.4 Modelling of Corrosion Pitting and Short

Crack Growth

A short crack growth model describing air fatigue crack growth has been previ-
ously developed in Chapter 4. This model assumes that short crack growth can
be divided into two regimes, i.e., a microstructurally short crack (MSC) regime
and a physically small crack (PSC) regime. In seawater however it appears that
corrosion pit growth may be a dominant process during the early stages of the

corrosion fatigue test. The pit growth is then followed by the PSC growth

To address the two - stage corrosion fatigue damage mechanism corrosion pit
growth and short corrosion fatigue crack growth models have been proposed to

describe corrosion fatigue defect growth.

5.4.1 Modelling of Corrosion Pit Growth

Pits which leads to the initiation of dominant cracks were measured during the
corrosion fatigue test and the results are presented in Figure 5.5. It can be seen,
from this figure, that the size of pits increases with increase time. Furthermore

these pits grow rapidly at the initial stage then exhibit a decelerating trend.

It has been reported that the growth of corrosion pits can be expressed by an

equation of the following type [12]
ap = At8 (5.3)

where A and B are material and environment system constants. In this equation

the growth of corrosion pits is expressed only as a function of time. However, as
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shown in Figure 5.5, the growth of corrosion pits is also affected by the magnitude
of the applied cyclic stress range. This effect should therefore be taken into
account in the growth law of corrosion pits developing during corrosion fatigue

loading.

Changes in the size of corrosion pits versus the time ratio, t/tj, where tf is the
time corresponding to the final fatigue failure, for different stress levels is shown
in Figure 5.6. This figure shows that:

i. pits grow rapidly in the initial stage of corrosion fatigue test;

ii. pits growth rates tend to decelerate at a similar pit size.

iii. the relationship between pit size and time ratio is restricted to a

relatively narrow range regardless of applied stress level.

These features of pit growth lead us to propose an equation of the form giving in

54

ap= A(t/tf)B (5.4)

for estimation the pit growth under fatigue loading.

A least squares analysis on the experimental data was carried out giving values
for A and B of 96.21 and 0.6932 respectively. The estimation for pit size obtained

by Equation 5.4 is also given as a solid line in Figure 5.6.
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5.4.2 Modelling of Corrosion Short Fatigue Crack Growth

In Chapter 4 it is assumed that the growth of a physically small crack is controlled
by the plastic zone size at the crack tip. The plastic zone size at the crack tip
can be determined using microstructural fracture mechanics analysis, i.e., by
solving the equilibrium equations of all the internal and external forces acting on
the continuously distributed dislocation system [10][11][3]. The solutions of the
plastic zone size for this case, together with the transposition for cyclic loading

are given in Section 4.4.

Figure 5.7 presents the relationship between Arpobtained by adopting the plastic
zone model given in section 4.4 and corrosion fatigue crack growth rate for the
PSC regimes. It can be seen that the data pairs (da/ZdN, Arp) for PSC regime
agree with each other for all stress levels. This indicates that Arp is a acceptable

parameter to control short crack growth in seawater conditions.

A least squares fit was performed on the data set of pairs (da/dN, Arp) giving a

crack growth equation as follows:

— = 1.028 x 10~4(Arp)136 (5.5)

5.4.3 Fatigue Lifetime Estimation

As previously mentioned the corrosion fatigue process for the present mate-
rial/lenvironment system consists of corrosion pit growth and corrosion - assisted
short crack growth. The total fatigue lifetime can therefore be given as the sum-

mation of t e pit growth period (iVpt) and the PSC propagation period (Npsc)>
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Nf = Npit + Npsc (5.6)

In Section 5.4.1 pit size was modelled as a function of the time ratio, t/tj. In
considering that the number of fatigue cycles, N, may be expressed in terms of
a time, t, through the test frequency, /, i.e., N = t x /, Equation 5.4 can be

rewritten in terms of the number of cycles as the relationship of (N/Nf);

ap= A(N/N,)B (5.7)

Equations 5.2 and 5.7 can then be combined to give an expression to estimate

the number of cycles, Npa, to grow a pit to a certain length, ap,

Npit = 5.305 x 10l0aJ-442A<7 - 310 (5.8)

The number of cycles elapsed during the PSC regime, Npsc, can be obtained by

integrating Equation 5.5 in the appropriate ranges, i.e.,

[ai da (5.9)
NPSC = oo T028 x 10- 4(Arp)1% '
The final equation to estimate fatigue lifetime can be given as
. da
Nf = 5.305 x 10loa4442A<j-3139+ P (5.10)

Ygp 1.028 x 10_4(Arp)13%6
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In Equation 5.10 the average pit size, ap, at which a PSC crack was observed
is determined experimentally to be « 60/rm and the final crack length, a/, at
which fatigue test was terminated, is about 4 mm. Based on these values of ap
and aj Figure 5.8 presents a comparison of actual lifetime and estimated lifetime

obtained using Equation 5.10.

5.5 Discussion

Pitting was observed after a few number of cycles as shown in Figure 5.2. and it
appears that corrosion pits play an important role during the early development
of short cracks. Corrosion pits may accelerate the fatigue processes in a number
of ways, for example pits can create defects which act as stress concentrators
and/or provide sites where low pH solutions may be formed during the dissolution
and hydrolysis of metal cations and sulphide inclusions. Furthermore sulphides

dissolution may provide species which act to catalyse the dissolution of iron.

Figure 5.5 shows that cyclic loading has a significant effect on pit growth. The
early models that expressed pit growth only as a function of time [13] not appear
to be suitable under corrosion fatigue conditions and it is essential to take into

account the effects of cyclic stress when modelling pit growth.

Recent research work has shown that in polycrystalline metals crack initiation
may occur immediately under cyclic stress [14][15][2]. This suggests that a short
crack may initiate at the bottom of a corrosion pit before it can be observed
°n the surface. However it is difficult to form such a conclusion from surface
replicas. Furthermore it should be noted that the surface condition of a specimen

can have a significant effect on subsequent pit development and initial corrosion
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crack growth.

5.6 Summary

1. The fatigue strength of Q2N steel is strongly influenced in the presence of
seawater. When compared to tests conducted in air there is a significant

decrease in fatigue lifetime in the presence of seawater.

2. The first evidence of corrosion fatigue damage on specimens is the formation
of corrosion pits. Crack initiation is then observed from the sites of these

corrosion pits.

3. Short fatigue crack growth is significantly enhanced by the presence of a
corrosive environment. The minimum crack growth rates observed in air
tests are much lower than those observed in seawater tests suggesting a
corrosion fatigue crack growth mechanism, that consists of the conjoint
action of chemical and mechanical processes which operates to overcome

the resistance of microstructural barriers.

4. Corrosion pit growth and corrosion fatigue crack growth have been modelled
in order to quantify the defect development for this material/environment
system. Corrosion pit growth under fatigue loading was modeled in terms
of the time ratio of t/tf. A least squares analysis on experimental data

gives following equation for estimating the pit growth.

av= Mt/tf)8

The proceeding PSC growth behaviour was modelled in terms of the crack

tip plastic zone size (Arp).
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The use of these models provides a suitable method for estimating corrosion

fatigue lifetime.
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Chapter 6

Frequency Effects on the

Growth of Short Fatigue Cracks

6.1 Introduction

The fatigue strength of most materials tested in air under normal laboratory
conditions is little effFected by cyclic loading frequency as suggested by some
authors in earlier studies [1] [2]. Experimental results on a number of steels at
frequencies up to 150,000 cycles/min (2500 Hz) obtained by Lomas et al [3] are
shown in Figure 6.1. It can be seen from this figure that all the ferritic steels
show a slight increase in fatigue strength as the frequencies increase from 7000
cycles/min (116 Hz) up to 100,000 cycles/min (1666 Hz) but which is followed by
a decline for frequencies above this. The data of the 36Ni-12Cr austenitic steels

however exhibited a slight different behaviour.

Fatigue crack growth data obtained at different loading frequencies for different
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materials were summarised by Frost in [4] and show a similar picture as those
of the fatigue lifetime tests, i.e., frequency had little or no effect although there
was some suggestion of a tendency for faster growth rates at very low frequency.
Aluminium alloy sheet specimens 160 mm wide by 2 mm thick showed that the
crack growth rates of cracks from a central slit were about 30 per cent faster at
0.33 Hz than cracks propagating in specimens tested at 33 Hz. However tests con-
ducted using Cu-aluminium alloy sheets showed no significant difference between

the crack growth rate for frequencies of 33 Hz and 3.3 Hz [4].

For corrosion fatigue loading it has been well established that fatigue lifetime
is heavily time - dependent. Substantial effort has been made for many years
to quantify the effects of cyclic frequency on fatigue lifetime and crack growth
behaviour under corrosive environments [5] - [13]. In general it has been found
that a given number of cycles results in greater damage at lower frequencies. Endo
and Miyas [6] reported that for low alloy steels in fresh water a frequency of 24
Hz caused failure in 106 cycles, but at a frequency of 0.08 Hz failure took place
after 1.1 x 105 cycles. The work for 7017-T651 aluminium alloy in seawater at
frequencies from 0.1 to 70 Hz shows that corrosion fatigue crack growth rates are
significantly increased with decreasing of cyclic frequency [10]. Austen and Walker
[11] carried out corrosion fatigue crack growth tests at various combinations of
frequencies and stress ratios. Their results show that the corrosion fatigue crack
growth mechanism can change to one consistent with stress corrosion cracking as

cyclic frequency decreases and stress ratio increases.

It is extremely difficult to lay down general principles in order to design a struc-
ture against corrosion fatigue or to assess the corrosion fatigue behaviour of a
service structure based on the laboratory data, the data of which has usually been

obtained using accelerated tests. A full understanding of the effects of cyclic fre-
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guency on the corrosion fatigue lifetime for a given material - environment system

is therefore needed if laboratory data is to be used with confidence.

Currently no data exists concerning the effects of cyclic frequency on the fatigue
strength and short crack behaviour of Q2N steel in both air and seawater condi-

tions. The results presented in this chapter attempt to address this short fall.

Air fatigue and corrosion fatigue tests have been conducted at a stress ratio
R ~ 0, cyclic stress range Aa — 1200MPa and cyclic load frequencies of 10,
1, 0.1 and 0.01 Hz. Fatigue lifetimes were recorded and a surface replication
technique was applied to monitor the initiation and propagation of short cracks

under both environmental conditions.

The main findings of the present chapter are summarised below.

1. The effects of cyclic frequency on fatigue lifetime in both air and artificial

seawater were revealed.

2. Detail experimental results have been obtained showing the effect of cyclic
frequency on the development of short fatigue cracks in both air and sea-

water.

3. The initiation of multiple short corrosion fatigue cracks was observed on
specimen surfaces in seawater tests. The number of cracks developed during

a test was found to be dependent upon test frequency.

4. The coalescence of multiple randomly distributed short corrosion fatigue
cracks was studied. Typical mechanisms of short crack coalescence are

presented.

5. Frequency effects on the short crack growth behaviour in seawater is quan-
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tified by the introduction of a time dependent parameter.

6.2 EXxperimental Procedure

6.2.1 Fatigue and Short Crack Growth Tests

A Schenck 250 kN servo-hydraulic testing machine was used to perform the three
- point - bend fatigue tests in both air and seawater to investigate the cyclic

frequency effects on fatigue strength and short crack growth behaviour.

Testing conditions are as follows:

Loading mode: three point bend;

Stress ratio: R 0.02;

Stress range: Aa= 1200 MPa;

Testing frequencies: / = 10, 1, 0.1 and 0.01 Hz.

Environments: laboratory air and artificial seawater.

Acetate replicas were taken of the polished specimen surface at frequent intervals
during tests. The replicas provide a permanent record of surface cracks developed
during the test. The frequency at which replicas were taken depended on the
estimated duration of the test. Detail information on the microstructure of this
material, specimen dimensions and loading fixture arrangement are provided in

Chapter 3.
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The corrosive environment was artificial seawater, specified to BS 3900. The
corrosion cell and recirculation system, described in Chapter 3, was adopted to
conduct corrosion fatigue tests at different frequencies. During the tests the
artificial seawater was circulated through the specimen chamber at the rate of

about 15 litre/hour.

6.2.2 Method of Analysis

The crack growth rates, da/dN, were estimated using a secant method where

dn ®t+i

dN = Ni+i - Ni 1 j

and the corresponding average crack length is a — 2(a,'+i + °«)-

Since multiple cracks have been observed during the fatigue tests, especially in
seawater conditions, it is necessary to define a dominant length for the purpose of
comparing the fatigue damage of each specimen. In the present study a dominant

crack length, ag, is defined as length of the longest crack, i.e.,

ad= max(al,a2, ... ,an) (6.2)

where n is the number of cracks observed on the specimen.

Accordingly, dominant crack growth rates, da”/dN, can be estimated from the
dominant crack length ad and the number of cycles N using a secant method

where

dad ~Ad(i+l) @i) //d
dN ~ N{i+1) - N 1

and the corresponding average crack length is aH=
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6.3 Results

6.3.1 Fatigue Life Results

The duration of fatigue tests conducted in air and seawater at various cyclic

frequencies, are given in Table 6.1 and Table 6.2 respectively.

Specimen Frequency (Hz) Lifetime

FA-1* 10 5.5x104
FA-2 10 5.4x104
FA-3* 1 4.1x104
FA-4 1 4.4x104
FA-5 0.1 4.6x104
FA-6 0.01 3.2x104

Table 6.1: Fatigue lifetime results in air

Specimen Frequency (Hz) Lifetime

FC-1 10 2.1 x104
FC-2* 1 1.8 xl04
FC-3 1 1.4 x104
FC-4 0.1 7.7 x103
FC-5 0.01 6.1 x103

Table 6.2: Fatigue lifetime results in artificial seawater

* — specimen without replicas.
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The results presented in Table 6.1 and Table 6.2 are plotted in Figure 6.2. From
this figure it is apparent that corrosion fatigue lifetime is strongly influenced
by testing frequency, i.e., the fatigue lifetime decrease with decreasing cyclic
frequency. Similar dependence of corrosion fatigue lifetime on the cyclic frequency
has also been observed by other researchers [5] [6]. For tests conducted in air
little effect of frequency is noted except a slight decrease in fatigue lifetime at
the lowest test frequency of / =0.01 Hz. A possible reason for this decrease
will be discussed later. In comparing the seawater and air data it can be found
that the magnitude of the reduction of fatigue lifetime, i.e., different between air
and seawater lifetimes is dependent upon cyclic frequency, that is, the lower the
cyclic frequency the greater the difference between corrosion fatigue lifetime and
air fatigue lifetime. However even at very high frequencies a large reduction in

fatigue lifetime is still apparent for seawater tests.

6.3.2 Development of Short Fatigue Cracks

Short Crack Growth in Air

Figures 6.3(a) - (i) present a typical example of short crack initiation and growth
in air at a test frequency of 1 Hz. From these figures it can be
clearly seen that the dominant crack initiates from a small inclusion. Subsequent
crack growth then occurs along crystallographic facets. After reaching a certain

length crack growth shows less dependence upon the microstructure

Crack development at a test frequency of 0.01 Hz exhibits different characteristics
when compared to crack development obtained at the higher test frequencies,

(see Figure 6.4). In this case the final failure crack, as shown in Figure 6.4(i)
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was formed through the coalescence of several short cracks. A number of these

coalescence events are indicated in Figures 6.4(e) and 6.4(qg).

Short crack growth results at different test frequencies, presented in the form
of a versus N curves and a versus da/dN plots, are given in Figures 6.5(a) -
6.5(d) and Figures 6.6(a) - 6.6(d) respectively. For air fatigue tests it can be seen
that short cracks exhibit similar growth behaviour at cyclic frequencies of 10, 1
and 0.1 Hz, i.e., all cracks grow at a high speed in the initial stages and then
decelerate to a minimum growth rate at a certain crack length. At a frequency of
0.01 Hz the crack growth behaviour is slightly different due to the coalescence of
a number of distributed cracks. The anomalous crack growth behaviour caused

such coalescence events is indicated by arrows in Figures 6.5(d) and 6.6(d).

Short Cracks in Seawater

The first evidence of damage on smooth specimens of Q2N steel tested in artificial
seawater is that of the formation of corrosion pits which develop rapidly during
the early stages of the test. The development of pits shows a feature that is
different to that of the growth of fatigue cracks in that the length of a fatigue crack
usually increases constantly as the number of loading cycles increases, although,
as previously discussed, it may exhibit a discontinuous behaviour under some
circumstances [14] [15]. Pits however have been observed to develop to a certain
size in the early stages of fatigue cycling and then show little further apparent
growth. It has been observed that short cracks initiate at the edges of these pits.
Figures 6.7(a) and 6.7(b) show two typical examples of cracks emerging from the

edge of pits in the early stage of tests.

The number of multiple cracks observed during tests, as shown in Figures 6.8(a)

and 6.8(b), was found to be dependent on the applied cyclic test frequency. The
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relationship between the number of cracks and cyclic frequency is shown in Figure
6.9. From this figure it is apparent that the number of cracks increases sharply for
cyclic frequencies above 0.1 Hz. Below this, i.e., f < 0.1 Hz, there is no apparent
change in numbers of cracks. The experimental data presented in Figure 6.9 can
be approximated by two straight lines on a log —linear plot of frequency versus

number of cracks. A plot of Equations 6.4 and 6.5 are also shown in Figure 6.9.

n=INT[Ulog(f)] + 17 (/ > 0.1H2) (6.4)

n=4 (/ < 0.1Hz) (6.5)

The development of the main cracks, that is when a > 1mm, at various cyclic
frequencies are presented in Figure 6.10 to Figure 6.13. Nine main cracks were
observed on the surface of one specimen tested at 10 Hz. The majority of these
cracks were formed by the coalescence of randomly distributed individual sub-
cracks, see Figure 6.10. Similar results have been found at a cyclic frequency
of 1 Hz although the total number of cracks found was fewer than for tests at
10 Hz, see Figure 6.11. Similarly crack growth data obtained at the lower test
frequencies of 0.1 and 0.01 Hz is shown in Figure 6.12 and 6.13. These figures
show that crack coalescence events are fewer in number and only occur late in
terms of the lifetime of the test. It appears therefore that any enhancement in
crack growth rates for this material - environment system, attributable to crack

coalescence, occur only at higher cyclic frequencies.

In order to demonstrate the difference of crack growth behaviour under different
test frequencies data from the dominant cracks, for all the tests, are compared
in Figure 6.14. Here the ordinate denotes the dominant crack length ad and

the abscissa is the number of loading cycles. It is clear from this figure that,
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at progressively lower frequencies, cracks develop at an earlier stage in terms of
the number of applied cycles, consuming fewer cycles to reach a certain length.
Dominant crack growth rates determined from the data in Figure 6.14 are com-
pared in Figure 6.15. The main feature noted from this figure is that low test

frequencies produce high crack growth rates in both the MSC and PSC regimes.

6.3.3 Crack Coalescence

Crack coalescence events were observed during corrosion fatigue for tests con-
ducted at four test frequencies. Since relatively fewer cracks initiate at the lower
frequencies of 0.01 Hz and 0.1 Hz the effects of the interaction and coalescence
of multiple cracks, upon the crack growth behaviour and fatigue lifetime, appear

less significant within this frequency range.

The coalescence of corrosion fatigue cracks observed from specimen surfaces are

of the following two forms:

1. Two slightly misaligned cracks grow so that their closest tips pass beyond
one another for a small distance before turning and growing towards the

opposite crack, as shown in Figure 6.16.

2. New subcracks initiate between the closest tips of two adjacent cracks.
These cracks then grow rapidly to connect the two adjacent cracks, as shown

in Figure 6.17.

Clearly a detailed understanding of the mechanism of crack coalescence would
involve a solution of the local stress between the tips of two adjacent cracks, and

for short cracks, a knowledge of the effect of microstructure around the crack
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tips. Determination of the local stress conditions at each crack tip, as shown
in Figure 6.8(a), would be extremely difficult and it is considered that such a
detailed analysis of this problem is beyond the scope of the present study. It is

however acknowledged that further work is needed in this area.

6.4 Modelling of Frequency Effect on Short Crack

Growth In Seawater

In Chapter 5 a short crack growth model has been proposed for corrosion fatigue
loading at cyclic frequency of 0.1 Hz. In this model it was assumed that short
crack growth can be represented by the relationship da/dN = C(Arp)m, where
the plastic zone size, Arp can be calculated by adopting continuously distributed
dislocation theory and the coefficient C and exponent m are functions of both

the material and environment.

In order to consider the effects of loading frequency in this model, it is necessary
that the coefficient C and exponent m are expressed as functions of the cyclic
frequency, /, he., C = C(f) and m = m(f). Accordingly the short crack growth
model which accounts for the influence of loading frequency may be represented

by the following equation:
w» = C(/)(Ar,)<« (6.6)

In this section Equation 6.6 will be applied to quantify frequency effects on short
crack growth. The analysis presented here will mainly focus on PSC type cracks

due to the lack of data in the pit growth regime.

The values of C(f) and m (/) in Equation 6.6 were determined from the cor-
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responding experimental data for different cyclic test frequencies as shown in
Figures 6.14. The analytical procedure used to determine C (f) and m (f) is the
same as that described in Chapter 5, that is, (i) a calculationLthe plastic zone
size Arp corresponding to each crack length by adopting continuously distributed
dislocation theory; (ii) determination of C and m for each cyclic frequency by
performing a best fit regression analysis of the data set (da/dN, Arp). The values
of C(f) and m (/) obtained are given in Table 6.3 and also are plotted in Figure

6.18 and Figure 6.19.

Frequency (Hz) C m
0.01 2.704 xl0-4 1202
0.1 1.028 xI0-4 1.306
1 8.750 xIO0“5 1.266
10 2.818 x10-5 1.332

Table 6.3: C and m for different test frequencies

From Table 6.3 it can be seen that the value m (/) shows little dependence upon
the applied test frequency over the range of the frequencies investigated. The
value of m (f) can therefore be given as an average value as in Equation 6.7. This
is also shown in Figure 6.19.

m(f) = 1.276 (6.7)

In contrast to this the value of C(f) increases as the cyclic frequency decreases,
which indicates that the increase in the rate of short crack growth is proportional
to time. From Figure 6.18 it can be seen that the relationship between C (f)
and / exhibits a inverse linear function on this log —log plot. The equation

representing this relationship was obtained by using a least - squares regression
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analysis.

C{f) = 6.427 x 10-5/ -0-316 (6.8)

The frequency effect on short crack growth under the environmental and loading
conditions studied may be obtain by substituting C(f) and m (/) into Equation

6.6 as shown in Equation 6.9

%, = 6427 x 105 0Arp) 120 (6.9)

6.5 Discussion

For comparison of the short crack growth rates at different frequencies in air, crack
growth rates versus crack lengths at all the frequencies were replotted together
in Figure 6.20; 2nd order regression lines corresponding to each frequency have
also been determined and are shown in Figure 6.21. Although it is acknowledged
that short crack growth can not be fully modelled using a 2nd order regression
analysis it has been found to be useful in showing the main difference in short
crack growth at different frequencies. From these figures it can be seen that there
is no significant difference in the short crack growth rates between the frequencies
10, 1 and 0.1 Hz. However the initial crack growth rate at / = 0.01 Hz is faster
when compared to those at other frequencies for cracks length upto 100 fim. After
the initial stage, the main difference between crack growth behaviour at 0.01 Hz
and at other frequencies is the anomalous growth rate changes caused by crack
coalescence. If the crack coalescence, causing a jump’ in the crack growth rate,
is excluded, the expected crack growth rate at this frequency will be similar to

those at other frequencies.

Fatigue lifetime results as shown in Figure 6.2, indicate that fatigue lifetime in air
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exhibits a slight decrease at very low frequency ( f —0.01 in current test ). There
are two factors which may contribute to this behaviour. Firstly the early stages
of short crack growth may be related to crack initiation sites, i.e. cracks initiate
at persistent slip bands which appear to accelerate the initial microcrack growth
rate. Secondly, the corrosive effect of the atmosphere should not be ignored at
such low frequencies as 0.01 Hz. Surface corrosion was observed on the specimen
and multiple cracks were initiated at these sites during the fatigue test, see Figure
6.22. These randomly distributed short cracks then coalesced with each other, as

shown in Figure 6.4, eventually causing premature failure.

Comparison of the seawater crack growth rates (Figures 6.23(a) - 6.23(d)), de-
termined from the =~ —N data sets, with that of the in-air data shows that the
seawater data exhibits higher crack growth rates when compared to those in air.
It should be noted that the minimum crack growth rates in air are much lower
than those in seawater, up to two order of magnitude lower, which suggests that
the corrosion fatigue crack growth mechanism proposed in [16] [17], i.e. conjoint
action of chemical and mechanical processes to overcome the strength of the mi-
crostructural barrier may be operative during the initial stages in the present

tests.

6.6 Summary

1. Frequency has little effect on the air fatigue lifetime in the range 10 to 0.1

Hz. A slight reduction of fatigue lifetime was found at 0.01 Hz.

2. For air fatigue tests short cracks show very similar growth behaviour at
frequencies 10, 1 and 0.1Hz. There appears therefore to be little or no

frequency effects on the short crack growth behaviour in the frequency range

94



10 Hz - 0.1 Hz.

. At a frequency of 0.01 Hz initial short crack growth rates are faster when
compared to growth rates at other frequencies. This is considered as a pos-

sible reason for the reduction in fatigue lifetime observed at this frequency.

. Multiple short cracks were observed on the surface of specimens tested at
0.01 Hz. Crack coalescence which occurred during such tests is considered
to be responsible for the large changes in crack length and crack growth rate.
This mechanism is considered as an additional factor causing a reduction

in fatigue lifetime at this frequency.

. The fatigue strength of Q2N steel in seawater is strongly dependent upon
cyclic frequency, ¢.e., the fatigue lifetime decreases significantly on reduction

of the applied cyclic test frequency.

. Multiple short fatigue cracks were observed on all seawater tests. The
relationship between the number of total cracks n and the cyclic frequency

/ can be approximated by:

n = INT[Ulog(f)\ + 17 (/ > 0.1H2)

n=4 (/ < 0.1Hz)

. Crack coalescence which occurred during corrosion fatigue exhibited the

following two forms:

(a) two slightly misaligned cracks grow so that their closest tips pass be-
yond one another for a small distance before turning and growing to-

wards the opposite crack.

(b) new subcracks initiate between the closest tips of two adjacent cracks.

These subcracks then grow rapidly to connect the two adjacent cracks.
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8. The dominant short crack growth rates of this steel in seawater exhibit a
large scatter, however it can be found that the dominant crack growth rate
at a lower frequency is discernably faster than that at a higher frequency. A

short crack growth model reflecting the influence of loading frequency can

be represented by following equation:

A = 6.427 x 10-5 - 0016(Arp)12/6
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Fig.6.8 Specimen surfaces showing multiple corrosion fatigue
crack development, Aa =1200 MPa.
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Fig.6.17 Typical example of crack coalescence achieved by the initiation and

growth of new cracks between the tips of two adjacent cracks, f — 1 Hz.



Fig.6.18 Crack growth parameter C(f) as a function of testing frequency

for tests conducted in seawater.
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Fig.6.19 Crack growth parameter m (/) as a function of testing frequency

for tests conducted in seawater.
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Fig.6.21 2nd order regression lines for in-air short crack growth data obtained

at different test frequencies.
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Chapter 7

Conclusions and Possible Future

Work

7.1 Introduction

Research on short fatigue cracks is becoming increasingly important as technolog-
ical advances in manufacturing and surface engineering techniques are made and
defect detection procedures improve such that smaller initial flaw sizes in critical
components may be detected. An essential part of the research associated with
that of short fatigue cracks is that of the development of short crack growth mod-
els which enable fatigue lifetime to be estimated with high levels of confidence.
Furthermore it is necessary to understand the effects of operating environments
and loading parameters on crack development in order to utilise laboratory data
in real engineering applications. The first part of this chapter summarizes the
progress made in this study towards achieving the above objectives, the final

section of this chapter offers some recommendations for future work.
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7.2 Conclusions

7.2.1 Air Fatigue Crack Growth Results

A series of in-air fatigue tests have been carried out during this study. Ob-
servations of the initial development of defects have revealed several main fea-
tures of short crack growth. These included the initiation of short cracks at
non-metallic inclusions, microstructural short crack (MSC) growth along crystal-
lographic planes, physical small crack (PSC) growth cutting across martensite
laths and crack growth retardation during the transition from the MSC regime to
the PSC regime. Analysis of crack growth data in terms of stress intensity factor
AK reveals that the initial growth rates of short cracks are faster than those of
long cracks at all stress levels. Short cracks are seen to grow at a stress intensity
factor range well below the threshold value for a long crack. These characteristics
of short crack propagation provide essential information for modelling of short

crack growth as discussed in Chapter 4.

7.2.2 Modelling of Short Crack Growth in Air

In order to establish a short crack growth model reflecting the characteristics of
short crack growth in the microstructurally short crack (MSC) and the physically
small crack (PSC) regimes the plastic zone emanating from the tip of crack is
modelled for three cases: (A) a plastic zone that does not reach the PSC regime;
(B) a plastic zone partially developed within the PSC regime and (C) a plastic
zone entirely developed within the PSC regime. The theory of continuously dis-

tributed dislocations was applied to calculate the plastic zone size Arp for each
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case.

The cyclic plastic zone size, Arp, may be used eis a control parameter for assessing
short crack growth. The short crack growth model obtained for Q2N steel can be

expressed as:

~ = 2948 x i0O*(Arpj'J17d MSC growth

A = 7.112 x 104(Ar,)OM2 PSC growth

Over a wide range of stress levels good agreement is observed between the present

crack growth model and the experimental data.

7.2.3 Corrosion Fatigue Lifetime and Crack Growth Re-

sults

The corrosion fatigue endurance curve (S —N) obtained from tests conducted
in seawater shows that the fatigue strength of Q2N steel is strongly influenced
by the presence of a corrosive environment, i.e., fatigue lifetime decreases signif-
icantly and the in-air fatigue limit was eliminated in the presence of seawater.
Observations of the surface of corrosion - fatigue specimens provide evidence of
the formation of corrosion pits from which short cracks develop. Short fatigue

crack growth rates are significantly enhanced in the presence of seawater.

The minimum crack growth rates, observed from air fatigue tests, are much lower
than those equivalent tests in seawater suggesting a corrosion fatigue crack growth
mechanism consistent with the conjoint action of chemical and mechanical pro-

cesses operating to overcome the resistance of the microstructural barrier.
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7.2.4 Modelling of Corrosion Pitting and Short Crack

Growth

Analysis of surface replicas obtained from corrosion fatigue test shows that cor-
rosion pit growth appears to be the dominant defect growth process occurring
during the initial stages of the corrosion fatigue lifetime. This type of defect
growth is assumed to occur until the defect is of a size that it may be considered

to be a physically small crack.

The corrosion pit growth and short crack growth for this material/environment
system were modeled in terms of the time ratio of t/tj and the size of the cyclic
plastic zone at the crack tip respectively. Here t and tj represent time and the

time corresponding to the final fatigue failure.

Based on the model described above fatigue lifetime has been estimated. From
the results of this modelling an acceptable estimation of corrosion fatigue lifetime

is obtained.

7.2.5 Influence of Test Frequency on Fatigue Behaviour

Fatigue tests covering the loading frequency range of 0.01 to 10Hz have been
conducted under both air and seawater conditions. The information obtained
from this series of tests shows that in air frequency has little effect on the fatigue
strength of this material although a slight reduction in fatigue lifetime was noted
at the lowest frequency of 0.01 Hz. However the fatigue strength of this steel
in seawater is strongly dependent on cyclic frequency, i.e., the fatigue lifetime-

decreases significantly on lowering of the applied cyclic frequency.
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As test frequency increases multiple short fatigue cracks are observed for the
seawater tests. During the development and growth of these multiple cracks
two forms of crack coalescence were observed, that is, (a) two slightly misaligned
cracks grow so that their closest tips pass beyond one another for a small distance
before turning and growing towards the opposite crack; (b) new subcracks initiate
between the closest tips of two adjacent cracks and then grow rapidly to connect

the two adjacent cracks.

A short crack growth model reflecting the influence of loading frequency has
been proposed to estimate frequency effects on the short crack growth of Q2N in

seawater.

7.3 Recommendations for Future Work

Several interesting points were derived from this study and recommendations for

future work are summarized below.

Surface Finish
In the current study models of short crack growth in both air and seawater
have been proposed based on the analysis of the experimental data obtained
from highly polished specimens. However, many engineering components do
not have a high standard of surface finish and the microstructural-dependent
short crack growth behaviour associated with different surface finishes is still
not fully understood. Further studies are required to quantify the effect of

surface finish on initial defect development.
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Loading Parameters
Loading modes such as push - pull, bending and torsion are known to have
a large effect on short crack growth behaviour. Both experimental work and
theoretical analysis are needed to develop a appropriate equivalent stress
model in order to correlate the current model, based on bending tests, to

other loading conditions.

Welding Effects
The material tested in this study, that is Q2N, is largely used in marine
applications such as submarine hulls and warship hulls. A large major-
ity of these structures are found in the welded conditions. Fatigue crack
initiation and growth is likely to occur at such welded joints owing to (i)
welding-induced tensile residual stresses remaining after the welding pro-
cesses and (ii) the influence of the welding process on the adjacent parent
microstructure. Fatigue tests on welded joints or simulated heat affected
zone type microstructure would provide useful data which may be used to

extend the current results to these realistic applications.

Frequency Effects
Frequency effects on short crack growth behaviour have been studied in
both air and seawater conditions. However results obtained to date are
limited at one relative high stress level. Further work is needed to gain
an understanding of frequency effects at different load levels and hence

lifetimes.

Crack Coalescence
It is well recognised that corrosion fatigue loading gives rise to multiple
cracking and the development and subsequent coalescence of multiple cracks
can significantly effect the lifetime of a component. In this respect the

current work on short crack coalescence is worthy of extension. Such work
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would aim to develop a new model which incorporates both continued crack
nucleation and propagation with increasing number of cycles and crack
coalescence. Specific criteria for coalescence events which contribute the
formation of a major failure crack would form a necessary part of this

revised model.
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