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ABRSTRACT

2 linear elastic fracture mechanics approach has been applied to an
investigation of the fatigue crack propagation process in thvee different
metals (high strength aluminium alloy RR58, cast aluminium alloy LM30
and mild steel BS15). The effects on the rate of crack growth of such
parameters as the aﬁplitude and mean level of the stress intensity factor,
environment and loading frequencylhave been investigated. The experimental
study has been performed using contoured double cantilever beam specimens
(a constant stress intensity factor test piece) and covered the full sub-
critical range from threshold to fast fracture. Based on the experimental
data collected a semi-empirical model for the determination of the crack
growth rate is proposed. The specific form of this model egables its
representation in terms of such parameters as crack opening displacement,
crack extension force and their respective threshold and critical values.
The present model has been successfully applied to fatigue crack propagation
data for steels taken from the literature.

Stress corrosion cracking has been investigated in aluminium alloys
RR58 and LM30. The effects on the crack growth rate of the wetting method
and loading history have been assessed, and an equation developed to pre-
dict the loading history effect under a decreasing stress intensity factor
pattern,

An elastic-plastic study of fatigue crack growth under load cycling
has been carried out. The crack growth rate in BS15 mild steel was found
to be controlled by the range of the J contour integral in the loading
cycle which Qas calculated both experimentally and theoretically for the
contoured double cantilever beam geometry. The influence of unloaaing on
J is discussed. The J integral has also been calculated for monotonic load-
ing, and a critical ch value for crack propagatioﬁ obtained in two different

specimen geometries.
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CHAPTER ONE

THE FATIGUE FAILURE PHENOMENON IN

METALS AND THE ROLE OF FRACTURE MECHANICS

.
1.1 Definition

Metal fatigue is a failure phenomenon which has been recognised since
the middle of the nineteenth century. The first such failures had been
reported by that time and the word "fatigue" was then introduced to des-
cribe the progressive weakening of a test piece or component subjected to

cyclic loading.

1.2 Introduction

With the increasing demand for more efficient and economic components
and structures, the number of failures by fatigue has increased consider-
ably and is now by far the most common cause of failure of load-carrying
metallic parts operating at or close to room temperature. The fatigue
phenomenon arises from the initiation and steady propagation of very small
cracks undér conditions of fluctuating stress. The fatigue process is now

generally considered to be divided into a number of phases.

cyclic crack growth of propagation final

slip nucleation micro-crack of macro-crack failure

The first three phéses belong to the pre-crack life or crack ini£iation'
pericd. The propagation of the macro-crack belongs to the crack propegation
period. In unnotched specimens ox c0mponepts at low applied stress levels,
the crack initiation period may cover 80 to 90% of the fatigue life. On

the other hand in notched components, and at high applied stress levels, a

macro-crack may be visible for say 50% of the fatigue life.



In the next paragraphs a brief review of literature on the mechanisms of
crack initiation and the empirical laws of fatigue behaviour will be pre-
sented. The application of fracture mechanics to the fatigue crack propagation

stage will then be reviewed in more detail.

1.3 Crack Initiation

The onset of damage in a cyclically stressed metal occurs either
at the free surface or from an internal defect or flaw. The first con-
dition occurs in polycrystalline ductile metals since a grain having a
free surface will be able to deform plastically more easily than one
vhich is surrounded by other grains. If the specimen surfaces are prepared
for metallografic observation during a.fatigue test it can be seen that
early in the specimen life slip lines are formed, forming bands of para-
llel lines of various heights.

Ewing and Humphrey (1) recognized slip-line developmant on the sur-
face of a fatigue specimen as early as 1903. Fifty years later Thompson,
et al (2) observed what they called persistent slip bands (PSB) frém which
fatigue cracks grew. The intensive slip procesg occuring in the persistent
slip bands gives rise to the formation of intrusions and extrusions on
the specimen surfaces of various ductile metals, as recognised by Stubbingten
and Forsyth (3) on copper and nickel and Klesnil and Lukg;(4) on steels.
Crack initiation may also occur in other regions of strain localisation
and.is accompanied by changes in mechanical properties, lattice-defect con-
centfation and distribution, and may lead to other structural changes such
as polygonisation, recrystallisation etc.

Plﬁm5ridge'and Ryder (5) and érosskreutz (6) published to datg the
two more elaborate reviews in fatigue crack initiation. They conclude
that crack initiation process in pure, single phase materials differs

fromthat in polyphase materials. Hence in the first case slip band



initiation is very common, especially on the slip planes with the highest
resolved shear stress (6]}, The slip band has af its surface a notch-

peak geometry giving the charactefistic intrusion and extrusion aspect. The
slip bands are soft compared with the matrix and have a dislocation cell
structure (4), Cottrell (7] has shown tﬁat slip band extrusions are préduced
when the soft material in the slip bands is "squeezed out" at the surface
by the harder regions which surround it. In Lynch's work (8) a complete
diagrammatic summary of the most important features of slip band extrusicn
and intrusion can be seen. The details of slip band formation depend on
the material, stress, environment, etc. but some of the most important
factors will be mentioned next.

The soft layers are usually regions of microstructural change in-
duced by local cyclic shear. The cyclic stressing may remove strenghten-
ing components within the persistent slip bands and make them softer than
the surrounding matrix. In low-amplitude fatigue stressing (number of
cvecles to failure, Nf greater than 106) the cracks often initiate from
intrusions and propagate through the slip bands. According to Wood (9) the
process starts with subsurface pores which are surface-connected. Dover and
Jones (10) have observed that the crack-tip regions are very irregular,
consisting of a series of tubular holes extending to different depths into
the PSB. Cross-slip is required for the formation of the slip bands, but
it seems that it is also important that two slip systems should operate
in the primary slip plane (6). The dislocation mechanisms of slip band
crack initiation are not clear, despite the large amount of research on the
subject. A short review is presented in (6). The effect of the environment
in slip band formation and the initiation of fatigue cracks can be appre-
ciable, and will be referred to in paragraph 1.5.2.

At high strain amplitudes corresponding to the early part of the
S-N curve (Nf<lo5 cycles) the initiétion of fatigue cracks often occurs at

grain boundaries. 1In this regime the intrusion mechanism described in (8)



may be opperative, ﬁood_(QL proposed a mechanism to describe high strain
fatigue crack iniEiation.consisting of the formation of "micro-cracks",
These are created by the multiplication of cavities formed by the coalescence
of pores which appear early in the fatigue life (1/200th of the specimen
life) at grain subboundaries. It should be pointed out that this mechanism
is similar to the one described for low-amplitude fatigue, with the difference
that in low-amplitude fatigue,the pores are formed in the slip bands which
are concentrated in the grains, Uﬁder large strain amplitude the slip
bands £fill :the entire surface of a grain giving a uniform deform-
~ation. |

The crack initiation sites in single-phase materials have been briefly
mentioned. They are slip band and grain boundary initiation. In polyphase
materials such as aluminium alloy, titanium alloys and alloy steels, which
are commercially importaqt materials, the crack initiation mechanisms may
also be derived from slip band and twin boundary initiation. However two
important mechanisms are unigue to polyphase alloys and occur in a large
nurber of engineering materials. The first occurs mainly in high purity
Al-Cu and Al-Cu-Mg alloys. Forsyth (11) has observed that in these mat-
erials the PSB are thin layers in which re-sclution of precipitaties has
occurred. Lynch (12) noted that the repeated to-and-fro motion of dis-
locations in fatigue will probably reduce the average precipitate size so
that the second phase reverts into so0lid solution in the PSB, which contains
a high dislocation density and a slightly lower than normal density of
precipitaties already present before fatigue. The reversion of the préci—
pitate softens the material by creating a fine suﬁ—gfain structure. The fati-
gue cracks are then initiated by a mechanism of intrusion when the thin layers
are sucked in during tensile deformation and are not subsequently squeezed
out again during unloading and reversal of stress (8). |

The second mechanism is the most common for crack initiation in



engineering alloys. The crack initiates in the occasional particle which
intersects the surface. These particles may be undissolved second phases
(inclusions) and impurities, The cracks may initiate at the matrix-inclusion
intexrface or from a crack within an incX¥usion. 'Inclusion cracking was
observed by Pearsgn (13) in the aluminium alléys BS L65 and DTD 5050.
Grosskreutz and Shaw (14) reported that cracks initiated at inclusion
"clusters", zones of several undissoléed second-phase particles in which
phase boundaries can be‘distinguished. Hence inclusion cracking may occur
in the weak boundaries between these second-phase particles. The cracking
at the matrix—inclusion interface might be.due to interxrface debounding (14).
Crack initiation at inclusions has also been observed inmild steel by
Yokobori et al (15) and in steel 35CD and Al-alloy 26ST by Delange (16),

the latter using the plastic replica method.

As a final comment to the crack initiation problem it should be
pointed out that the detailed mechanisms for c¢rack initiation are not
completelyunderstood. However, the sites at which fatigue cracks initiate are
identifiable and favourable conditions for these sites are well defined.

It is clear that one single mechanism cannot explain the crack initiation
phenomenon. A promising approach has been followed in (9) in relating the
microstructural study Qf crack initiation to the different zones in the S-N
curve. The effect of inclusion size in the crack initiation period in
engineeering alloys is not yeﬁ completely understood. Quantitative theories
for predicting the crack initiation time for each major initiation mechanism
have not yet been put fqrward. Such a theory should take into account both

microscopic and macroscopic aspects of the fatigue crack initiation.

1.4 Empirical Laws of Fatigue Behaviour

1.4.1 The S-N Curve

Over a hundred years ago Wohler (17) published the results of his



classical experiments on fatigue, He carried out the fixst fatigue tests

on metallic specimens in which the magnitude of the applied loads could
actually be measured. He concluded that the range of applied stress de-
termined the life or fatigue strength of the specimen, and his results were
plotted as range of applied stress, S against number of cycles to failure,
Nf. Th;s well known.S—N curve is still one of the basic tools for fatigue
design and interpretation of data. Since the Wﬁhlér days comprehensive
collections of data on fatigue stréngths of many metals and alloys have been
assembled (e.g. by Cazaud (18) and Forrest (19)).

There are two basic types of S-N curves. All materials show failure
at a larger number of applied load cycles as stress amplitude is reduced,
but for materials such as mild steel there is a stress below which fati-
gue failure never occurs. This stress is called the fatigue limit. The S-N
curves for. other materials continue to fall indefinitely and so an arbitrary
life of lO8 cycles is chosen for their comparison. Wilson (20) has proposed
that the presence of a fatigue limit may be due to the capability of the
material to strain-age. Hence this behaviour is expected to occur in low
carbon, low alloy steels and in a few aluminium alloys.

The ratio between the fatigue limits and the ultimate tensile stress,
OUTS was the first empirical measure of fatigue behaviour. It gives only a
roﬁgh correlation and it is called the fatigué ratio. The fatigque ratio
for steels lies in'the range of 0.4 to 0.6 and for aluminium alloys 0.25 to
0.5. Since the amount of scatter is_usually large the lower, conservative
figure; should be taken.

Many aftempts hhave been made to express tihe shape of the S-N curve
in é mathgmétical form. One of the earliest equations is the Basguin

relation (21).

Yy = co '
0& Nf const. . o (.1

where iOé is the stress range(zero mean load) and Y is a constant. The



sbove equation is applicable only to elastic macroscopic behaviour and
within the steeply falling initial region of the S-N curve. Frost (22)
compiled other more recent and elaborate equations for elastic loading

conditions, capable of predicting the entire S-N curve.

1.4.2 The Effect of Mean Stress

If the mean stress On applied to a specimen in addition to a given
alternating stress varies from zero, the stress amplitude o, tc cause
failure in Nf cycles varies with it. Goodman (23) derived one of the

earliest equations to predict the mean stress effect.

Om o
= gell - - (1.2)
(- o)
% Yurs
where Of is the fatigue limit or the fatigue strength at 108 cycles. The

above equation gives a linear relationship between g, and Om. The Gerber

parabola (24) is another well known relation

Om )2)

a. = g1 - ( (1.3)
a f( OﬁTS

A more conservative design approach has been suggested by Soderberg. ‘The
maximumpossible value of mean stress was taken as the yield stress, UYS, of
the material. The Coderberg eqﬁation substitutes Uys for OUTS in equation

(1.2). All the above relations can be written in a dimensionless form as

woel)

with n¥l for the Goodman equation, n = 2 for the Gerber equation and

Op = Oys in the Soderberg modification. The above relation is often re-

ferred to as the R-M relation since it shows the relétionship between the
safe range of stress R and the mean stress M. More'recent relationships

predicting the mean stress effect may be found in the Heywood (25) work con °

fatigue design.



Data obtained on wrought éuctile metallic alloys (steels, aluminium
alloys, brass etc.) subjected to tensile mean stresses fall between the
Goodman and Gerber lines (19). The relative merité of the above equations
in predicting the trends in the experimeﬁtal data are extensively dis-

cussed in (19) and (22).

1.4.3 Fatigue Under Varying Stress Amplitude; Cumulative Damage

The laws presented in the érevious paragraphs refer to fatigue under
constant stress amplitude; In practice most compoﬁents are subjected in
service to cyclic loadings af varying amplitude with the variation in stress
level followingeither a regulér or random pattern. A method for predicting
life under such conditions is necessary. Fatigue under varying stress
amplitude is known as cumulative damage.

The simplest empirical law for predicting cumulative damage is Miner's
rule (26). Miner suggested that if cyclic stressing occurs at a series of

stress amplitudes 0417 Oa27 Oy .. which correspond to failure lifes of

3
Nfl’ Nf2’ Nf3.... and the actual number of cycles at Oypr Ogpr  Ogaerc-- is
Nl' N2, N3 ..... thenthe damage will accumulate in such a way that

N N N N,

Nl +ﬁg +E§ b oL = >;___; =1 (1.5)

f1 £2 £3 R 1

However the results of cumulative damage tests often do not follow the linear
damage law even in simple two level step tests.

- The Miner rule used with correct forms of data and some engineering
judgement may give a conservative design. The inaccuracy of this rule led
to other methods for predicting life under varying stress amplitudes, including
random loading. Much detailed design and research work is carried in these
areas (22) which involve programme loading to simuléte.service conditions.

The random loadingis analysed using probability distributions.



1.4,4 Influence of Stress Concentrations

The presence of a stress concentration such as a fillet, a hole or
an external groove or notch changes the fatigue behaviour of a specimen
or component, For the samé material and testin§ conditions the S-N curve
for a hotched specimen normally lies below that for a plain specimen.

The ratio of the plain fatigue limit to the corresponding_nptched fatigue

limit is called the fatigue-strength reduction factor, K The conventional

£
notched fatigue limits of some materials are greater than, and for others

equal to or less than the corresponding plain fatigue limits divided by the
elastic stress concentration factor Kt' Values of Kt for a wide variety of

notch profiles loaded in tension, bending and tension were collected by

Peterson (27). A notch sensitivity factor q was defined as

(1.6)

when K_. = K

£ e d = 1 and the material is said to be fully notch sensitive;

if Kf =1, 4= 0 and the material is said to be fully notch insensitive.

It has been suggested that q is a material constant, but from the
experimentél data in the literature it is clear that q depends on the mat-
eriai, specimen size and notch geometry.

Some other paraﬁeters must be taken into account when studying the
stress concentration effect on fatigue behaviour. For example the material
at a notch root may be subjected to a biaxial stress system eQen in a
uniaxially loaded specimen. The effect of the stress gradient at the notch
root is also important; The theoretical elas£ic stress distribution around
‘a notch implies that the maximum stress occurs only at a point or liﬁe on
the notch surface. For real materials this is not true because the sub-
division of the material can not be carried out indefinitely. Neuber (28)

has proposed an elementary structural unit measured from the notch root

on the plane of minimum cross-sectional area where the average cyclic stress
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must exceed the plain fatigue limit of the material hefore cracking can

occur. A relationship between Kf and Kt was derived and by comparison

with zero-mean-load fatigue data the sizes of the structural units were

established for different materials,

.~

Another important factor is the plasticity effect. If plastic de-
formation occurs at the notch root, as it may with a sharp root radiué,
the elastic stress concentration analysis.is no longer applicable. The
effect of plastic deformation in notches will be briefly discussed in the
paragraph concerned with low-cycle fatigue.

Ffost and Greenan (29 observed non-propagatingcracks in wholly
elastic notched specimens in a wide variety of materials. Frost (30)
presented results for reversed direct-stress fatigue tests on notched
specimens of different materials and for differentAvalues of Kt. These

]
showed that below a certain‘Kt value the nominal stress for crack initiation
is higher than the minimum propagation stress, and hence cracks will grow

until\complete failure. BAbove this K, value the minimum propagation stress

t
remains constant and jindependent of K., and the stress necessary to initiate
a nqn—propagating crack is lower than the crack propagation stress, and
higher thanthe plain fatigue limit divided by K£. Frost's criteria for
crack propagation innotched plates containing edge cracks (29) is such
that the crack will grow if oa3a> Co, where a is the edge crack length
and Co is a constant.. If oé3a‘<Co the crack will not Propagate. Frost
and Greenan (31) verified that the constant Co depended on the material
and on the applied mean stress, reaching a minimum value above a certain value
of Om/Qé.
Recent work by Clark (32) and Barson and McNicol (33) conducted
on notched steel specimens with different notch root radii showed the appli-

cability of linear elastic fracture mechanics (LEFM) concepts (Appendix A) to

the crack initiation problem. The number of cycles required for crack initi-
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ation was related to the ratio AK/Vp " (32) where AK is the range of the
stress intensity factor in the loading cycle (Appéndix A} and p is the
radius of curvature aﬁ thenotch root. For crack initiation to occur both
AK//b and the maximum stress at the notch root Ohax must exceed a certain
value (32,33). However the correlation with Omax seems rather fortuitous
because Oﬁax was obtained from a linear elastic st?ess analysis and the "

calculated Oﬁax greatly exceeded the yield stress of the material.

1.4.5 Influence of Complex Stress Systems

So far, discussion of the fatigue limit (or strength at long en-

durances) phenomenonhas been restricted to specimens subjected to uni-
axial cyclic-loading. In many practical applications' the components are

stressed under biaxial stress systems such as combined bending and torsion,

Faga

biaxial tension, biaxial bending, etc.

.

Most data relating to combined stresses have been obtained for com—
bined bending and torsion. None of the usual theories of failure under
combined stresses (Von Mises, maximum sheai stress etc.) were found to re-
present all the results. The experimental results (19) could be represented
by an ellipse gradient having as end points the fatique limits in pure

torsion and pure bending. The ellipse equation was

g 2 . 0,2 )
_.b.__. + _.t__. = ]_ (1.7)

Oep?  Ope?

where'_Ofb and O are the fatigue limits in pure bending and torsion

ft

respectively, and O and Gt are the stress ranges due to bending and torsion

respectivelyat the fatigue limit under combined stress loading. TFor brittle

and notched specimens an ellipse arc given by

0.2 0.2 g, o, o, '
t +b2(jfb—1)+—-}?*2~~§9)=1 (1.8)
£t Otb st
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described the results better,
The effect of combined stresses on notched specimens ismore compli-
. ’

cated and less work has been published in this field. Some references may

be found in (22}. -

1.4.6 Low-cycle Fatigue

The empirical laws for the fatigue limit or fatigue strength at
long endurances haQe béen presented in the previous sections. However some
componenfs may be designed for a finite life. This is particularly relevant
when-the frequency of load application is relatively small. Thus a know-
ledge of the life that may be expected from'a>specimen tested at a stress
level greater than the fatigue limit is necessary. The region covering lives
of components or specimens of up to about lO5 cycles is known as low-
endurance or low-cycle fatigue.

When a specimen is tested at stress levels above the fatigue limit
gross plastic deformation usually occurs. A low-cycle fatigue failure
may be achieved either with cycles of cons£ant strain amplitude {(strain-

cycling) orwith cycles of constant load amplitude (load—cYcling).

(A) Strain Cycling

Constaﬁt stfain amplitude tests may be performed either keeping the
total strain range or the plastic strain range constant.
--Benham (34) carried out early'work in constant total strain améli—
tude tests on’a wideArange of materials and showed that thé results can be
repiesentéd.by an equation of the type

m .
Ae N = C! _ (1.9)

where Aet is the total strain range, and C' and m, are material constants.
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Manson (35) has shown that ﬁhe resistance of a metal to total strain
cycling can be considered as the summation of its plastic and elastic
strain resistance, Thus

Aet = ,A,.EP + Aee | ‘ (1.10}
where AEP and AEe are the plastic and elastic strain ranges respectively.
Since cyclic plastic strain is largely responsible for fatigue damage, the
study of this variable will lead to a more'important data correlation
than the use of the total strain amplitude - despite the fact thatfor
design purposes only the latter may be known.

Constant plastic strain amplitude défa may be obtained either directly,

from tests in which the hysteresis loop width is maintained constant, or
from strain range tests, by subtracting the elastic strain range from the

total straipn range. Coffin (36) found that the plastic strain amplitude

in the form

Ae /2 was related to N
P f

Asp/2= £ (2Nf)c S (1.11)

'
£
where 8%, the fatique duqtility.coefficient, is the plastic strain inter-
cept at the first reversal (2Nf = 1), and ¢, the fatigue ductility ex-
ponent, is the.slope of the logarithmic plastic strain amplitude-life plot.
Ef' may be related with the monotonic fracture ductility E%. Landgraf (37)
has obtained some correlations among these variables. For the majority of
metalsE%' = E% is a reasonably good approximation and the value of ¢ ranges
from -0.5 to -0.8 (37}.

The fesponse of metals when subjected to constant cyclic plastic
strains may vary. Thus, generally in annealed metals the stress range
initially increases with time, while some cold~worked materials may exhibit
tﬁe opposite behaviour. The first phenomenon is called cyclic work-hard—
ening and the second cyclic work-softening. After some time, however,

a stable hysteresis loop is formed until crack initiation occurs. If the

tips of stable hysteresis loops for specimens tested at different strain
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amplitudes are connected, a cuxye called the cyclic stress-strain

curve is obtained., For cyclic Qork-hardening materials the cyclic stresé—
strain curves lie above, and for cyclic work-softening materials below the
monotonic stress-strain curves.

. r

Morrow (38) expressed the cyclic stress-strain curve by a relationship

of the form n'
ca = K" (AEP/Z) - : (1.12)

where K' and n' are the cyclic strencth coefficient and cyclic strain hard-
ening exponent respectively. Through an energy argument it is possible to
relate n!' with the slope of the logarithmic stress amplitude-life plot.
and with the fatigue ductility expohent (38{. The same author attempted
to relate the cyclic plastic strain energy to the fatigue damage process.
The plastic strain energy per cycie and the total plastic strain energy were
calculated ﬁrom the cyclic stress-strain equation and related with the
fatigue life. Early work by Benham (39) and Benhan and Ford (40) has shown
that for several materials a fundamental relationship exists between the
total energy to fracture apd the number of cycles to fracture.

In reversed strain cycling both the'initial mean stress and the
mean strain are zero and remain so throughout the test. However, if the
initial mean strain is not zero and the specimen is subjected to a constant
amplitude of alternating strain about a non-zero constant mean strain, a
phenomenon of cycle-dependent stress relaxation occurs. This consists
of the progressive decrease in mean stress with the number of load cycles.
Mérrow and Sinclair (41) have observed experimentally this relaxation of
mean'stress, which decreased as the strain amplitude about a constant.mean
strgin‘was ;educed. Assuming a stress-strain relationshié they predicted the
mean stress relaxation as a fﬁnction'of the strain amplitude and the nunmher

of cycles.



(Bl Load Cycling

During load cycling large plastic strains may accumulate indefinitely.
This phenomenon of plastic strain accumulation is usually described as
cyclic creep, and several trends in the macroscopic behaviour rave been re-
cognized., This cyclic créép behaviour Qill be Leviewed in some detail,
since it was observed and computed in the elastic-plastic load-cycling
fatigue crack propagation tests carried out in the present work (Chapter ).
Two important conclusions can be drawn from the relevant literature:
l. When prismatic members are subjected to periodic, uniaxial longitudinal
stress g, they exhibit an increment of permanent axial extensional strain in

each cycle (38,40). Feltner and Sinclair (42) have observed that the

rate of accumulation increases with thevstress amplitude as well as with
mean stress. Cyclic creep occurs during the entire life of the specimen
and causes a necked-out typé of fracture similar to a monotonic tensile
failure in a ductile metal.
2. When the accumulated cyclic creep strain is plotted as a function of
the number of cycles for different stress levels above the yield voint,
curves similar in shape to ordinary creep curves are obtained (39,40,42,43).
After the initial extension (a short primary stage) during which the specimen
hardens rapidly, the cyclic creep rate diminishes to attain a constant value
(the secondary stage), and then rises abruptly towards fracture (tertiary
stage) (39,40,42).

The secondary cyclic creep covers 80-90% of the specimen life and
several relationships have been derived to correlate experimental data. The
most successful (42) is a power law relatinc the cyclic creep strain €ec with

the applied stress g, in the form

m
Ecc__ ClNo ' (lilB)

where Cl and m are constants to be determined experimentally, If the mean

stress is compressive the cyclic creep may be negative (43) and even with
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zero mean stress slight cyclic creep occuxs (39}, UWhen cyclic creep

tests are conducted between zero and a maximum nominal stress range the
peak value of true stress rises as tlie specimen extends due to its
reduction in area. This effect can result in an apparent rapid increase
in the rate of cyclic creep. Radon et al (44)vused a true stress limit
andreported that the cyclic creep rate decreased and remained constant.
Oldroyd and Radon (45) found that the cyclic creep/cycle reached a maximum
when the nominal mean stress was 20% of the stress range.

The field of cyclic creep has received comparatiQely little theoreti-
cal attention. Mulgahy (46) derived a plasticity model for cyclic creep
under hompgeneéus plastic deformation but ﬁo attempt was made to relate
it with experimental data.

A comparison between load and strain cycling conditions was made
in (39,40). After the‘steady cyclic condition had been attained (work-
hardening or softening occured)and without cyclic creep effects, close
agreement was found between the stress and total energy to fracture against
number of cycles curves in load cycling and strain cycling. One is 1led to
conclude that each metal might ﬁave a particular cyclic condition achieved

whatever the mode of cycling (40).

(C) The Effect of Notches

The influence of stress concentrations or notches on the fatique limit
has been reviewed in paragraph 1.4.4. 1In low-cycle fatigue plastic de-
formation often occurs either at the notch root or in the wholg specimen.

If the notch is sharp the life of the specimen is almost totally spent in

créck propagation and will depend on the crack growth rate and the specimen
dimensions. .Here a fracture mechanics analysis is more appropriate as will
be seen later. For cases in which the great majority of the life is spent
in crack initiation, the Neuber relationship (47) between stress and strain

concentration factors was applied By Topper et al (48) for the determination
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of fatigue life of notched specimens, Ihey concluded that
X °35 be® = AoleE (1.14)

where'ZE.and Ae are the nominal stress and strain ranges, Ag and Le are the
local stress and strain ranges at the notch root and E is the Young's Modulus.
_Using Eq.{l.l4]it is possible to predict the fatigue life of notched speci-
mens using data from smooth specimens of the same material. Wetzel (49)
simulated the notch root stresses and strains in a notched specimen by
tests on an unnotched spécimen.

Wundt (50) published an extensive literature review on the effect
of notches on low-cycle fatigue. It consiéers the application of the
Neuber relationship to low-cycle fatigue, and the Stowell-Hardrath-Ohman
equation (51) with its applications for the determination of the load stress-
strain curves at the notch root and the stress and strain distributions
with the number of cycles. Data on the fatigue strength reduction factors
on a strain basis and in bending isvalso presented. Some criticism has
been made in relation to the application of the Neuber and Stowell methods
to predict the behaviour of notched specimens from plain specimens. For
example data obtained by Bell (52) has‘shown that none of the prediction
methods were satisfactory. Recgnt work by Mowbray et al (53) seems to
indicate that finite element elastic-plastic analysis can accurately éom—
pute the notch root strains. Good agreement was found between these
computed strains and the experimental values. The Stowell and Neuber
‘formulae were found to overpredict notch root strains at stress levels
beyond the initial plastic range. The finite element techniqué may provide

the solution of the stress and strain distributions at the notch root dur-

ing the fatigue life.

1.5 The Effect of Environment on Fatigue Strength

1.5.1 Phenomenological Trends

The environmental effect on the fatigue strength of specimens and
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components is generally known as corrosion fatigue. The phrase implies

that the presence of an environment that will chemically attack the material
is necessary. In general terms for the same stress amplitude the fatigue
strength for a specimen tested in an aggressive environment (vater, salt
solution etc.) is lower tﬁgn that measuéed in air. Since the corrosion
fatigue strength decreases continuously with increasing endurance it is
often difficult to establish a corrosion fatigue limit. It is more reliable
to quote the fatigue strength at a particular endurance. Because corrosive
attack is a time dependent phenomenon, the corrosion fatigue strength at a
~given endurance tends to increase with the testing speed.
The first extensive review on corrosion fatigue was due to Gough (54)

in 1932 and the first corrosion fatigue observations were reported by
Haigh (55) as early as 1917. Generally metals which have high resistance to
chemical attack from a particular corrosive environment exhibit higher coxr-
rosion fatigue strengths than those metals having a lower corrosion resis-
tance, The combined actions of stress and corrosive attack enable a micro-
crack to develop at a lower stress level than in a test in air. 1In a cox-
rosion fatigue test a much greater proportion of the total life is occupied
by macrocrack growth than in a comparative test in air. Indeed it has been
experimentally observed that specimens with a larger cross-—-section have
greater fatigue strengths (56). The environmental influence on macrocrack
growth will be reviewed later (Paragraph 1.7.5).

- The effect of a corrosive environment on fatigue strength is most
severe when the specimen is being cyclically stressed with free access
from the atmosphere to. the specimen surface due to the presence of
oxygen. Thus if the corrosive fluid (e.g. salt solutibn) is dripped

slowly on the specimen surface, the fatigue strength 1is lower than
if the specimen 1is completely immersed in the fluid (54).
The dripping technique was used in the present work because it represents the

most destructive conditions.Duquette (57) reviewed the effects of the salt
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concentration and temperature on the fatigue strength. The damage tends

to increase with the concentration and decrease with temperature,

In sharply notched specimens the cracks form rapidly at the notch
root and the specimen 1ifé depends laréely on éﬁe rate of crack growth.
Some corrosion fatigge data from notched specimens in brine is presented

in (22) and shows a marked decrease in the fatigue strength when coméared

with tests in air.

1.5.2 The Mechanism of Corrosion Fatigue

The exact mechanisms of corrosion fatigue are not clear since most
proposed models fail to account for all the experimental observations re-
ported. It is possible that no single mechanism is responsible for the
corrosion fatigue behaviour of all metal/environment systems. Fracture
mechanics may be used to describe crack growth in corrosive environmeﬁts,
and was successfully used in the présent work to analyse fatigue crack growth
data in different metals exposed to a 3.5% NaCl solution. Before the frac-
ture mechanics techniques were available the mechanism or mechanisms of

corrosion fatigue were studied by the conventional S-N test.

EBEarly investigators of corrosion fatigue such as McAdam (58) assumed
that the cracks were initiated in the bases of large hemispherical pits at
the metal surface created by the corrosion process. Cyclic stressing accele-
rates the corrosion pitting and causes the deveiopment of crevices or
fissures. McAdam's conclusions were based on-the physical examination of
broken specimens. However, Duquette (59) argued that the formation bf pits
is not a requirement for corrésion fatigué.- Instead a crack initiation mech-
anism based on preferential local dissolution of the metal at emerging

slip steps was proposed. The dissolution unlocks otherwise blocked slip
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processes, accelerating the extrusion-intrusion phenomenon (see 1,3) which
results in premature créck nucleation and growth,. Cracﬁ propagation is
accelerated by the corrosion created no;ch_and by the preferential dissol-
ution at the base of the growing crack. This mechanism was fcund to be
operati&e in low carbon sﬁéels. Stubbington and Forsyth (60) performed
rotating bending tests in salt spray on both high purity and commercial
Al-Zn-Mgalloys and showed that corrosion fatigﬁe cracking was a transcrys-
talline phenomenon. In the high—pﬁrity alloy, cracks developed from corrosion
pits within the grains, while the transcrystalline cracks were initiated
from intérgranular pits in the Al-Zn-Mg alloy. Evans (61l) in an electro-
cpemical theory considers the corrosive attack of a specimen in a wet en-
vironment as an electrochemicél process in wﬁich_certain areas are anodic
with respect to others. The whole surface consists therefore of a series
of anodes aﬁd cathodes. This division might arise from electrochemical
attack at plastically deformed areas in which the non-deformed metal acts as
cathode. VBased on this theory Whitwham and Evans (62) concluded that the
failure process occurs when very fine cracks advanced by a combination of
electrochemical-mechanical action. Surface film rupture was proposed by
Dugquette (57) as the principal mechanism of corrosion fatigue failure. A
review of surface film rupture theories may be found in (57), togethex with
theories that support the idea that the corrosion fatigue phenomenon is
caused by a ldwering of the surface energy of the metal due to absorption
by the environment, especially of hydrogen, and the corresponding multi-

plication of pre-existing microcracks.

1.6 The Crack Propagation Process in Metals

1.6.1 Introduction

In paragraphs 1.2 to 1.5 crack initiation processes, empirical laws
of fatigue behaviour and environmental influences on fatigue strength were

briefly reviewed. We now reach the stage at which a surface microcrack has
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formed and is penetrating the material , It is able to increase its size
and grow as a macrécrack, that is, its growth behaviour is dictated by
the amount that it opens and cloées dﬁring the fatigue cycle.

Until recent years Ehe fatigue crack propagation phenomenon haé
received little attention from scientists and engineers working in the fatigue
field. The assessment of design stresses was largely based on the plain
fatigue limit of the material obtained in the conventional S-N test.
(Paragraphs 1.3 - 1.5). The purpose of this design approach was to prevent
the initiation of any cracks. With the need to produce components of com-
plex shape operating under conditions not precisely defined, tégether with
the need for smaller dimensions and lower weight (as in the aircraft
industry), has led to the possibility of crack formation in regions of
stress disqontinuity. The necessity to assume the existance of cracked
menbers in engineering structures is now generally accepted. This know-
ledge of the crack growth rate characteristics ofvthe material has become
important in the design of high performance structures and components. Fatigue
crack growth rate data may be used not only for material selection but also
to determine inspection intervals.. The design goal is to achieve low rates
of crack propagation and a high residual static strength in the structure
when a crack is present.

In the past twenty years or so the problem of brittle fracture has
been studied extensively. Brittle fracture generally occurs in high strength
materials (e.g. high strength aluminium alloys and steels), originating
at cracks or flaws under nominal stresses below the yield stress of the
material. Brittle fracture may also occur in more ductile metals at very
;ow temperatures and/or very thick sections. The linear elastic fracture
mechanics (LEFM) approach was developed to study the brittle fracture prob-
lem. The stress intensity factor, K, concept was derived to describe the
stress field at the crack tip; whep K reaches a critical value KC the crack

extends, often catastropically. If fracture occurs with large plastic de-
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formations LEFM is no longer valid. The fracture behaviour under elastic-
plastic condition; can, however, be explained in terms of the J contour in-
tegral and crack opening displacement (COD).

In view of its success in dealing with the static fracturé problem
it is logical to use Fracture Mechanics to analyse fatigue crack growth
data. A review of the relevant definitiéns, concepts and equations of

Fracture Mechanics is presented in Appendix A.

1.6.2 Mechanisms of Crack Propagation

It is now known that crack propagation in fatigue starts from the
specimen surface and takes place in two stagés (11) . The first stage
(Stage I) is characterized by propagation of the crack in a slip band. The
crack grows along the slip plane with the highest resolved shear stress
( ® 45 deg. to the stress axis) and it normally penetrétes only a few tenths
of milimeter into the specimen. At a critical crack length the crack turns
and propagates along a plane at 20 deg. to the stress axis. This tensile
mode is calleé Stage II propagation, and the change in the crack direction
occurs when the local stress concentration at the crack tip reaches a critical
vaiue. The lower the stress or strain amplitude the more extensive
is the Stage I process and the deeper Stage I cracks penetrate. Fatigue
cracks initiating at second-phase particles, incl;sions'or twin-boundaries
also follow the Stage I-II pattern, but the extent of Stage I is usually less.
When a crack grows from a notch it usually starts its growth as a Stage II
crack.

Because Stage II cracking is more extensive than Stage I, much more
Qork has been done in the tensile mode and the microstructural mechanisms
of Stage II are clearer. Laird (63) has suggested that the mechanism of pro-
pagation in Stage I is essentially the same as in Stage II, with the softness

of the slip bands providing an easy path for crack propagation at 45 deg. to
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the stress axis.

In Stage II crack Qropagation the mechanisms are related to the most
pronounced microfracture modes:

1) Ductile striation formation

2) Brittle striation formation

3) Intergranular fracture

4) Clevage-like fracture

5) Stepwise growth

6) Rippled facet fracture

St;iatioqshave been observed by many metallurgical researqhers on
fatigue crack propagation ({63-65) using optical and scanning eléctron micro-
scopes. Bowles (66) investigated the metal physiés aspects of the structure
associated with the fatigue crack tip with the transmission electron micro-
scope to detect the local dislocation diétribution.

The general characteristics and mechanism of formation of ductile
striations have been studied in great detail (63). The mechanism
may be as schematically indicated in Fig. 1. In this mechanism crack
growth in each cycle occurs as the result of a repetitive process of
crack tip blunting followed by resharpening. Crack tip blunting occurs
when the load is increasing and resharpening in the unloading stage.
Each load excursion is responsible for one striation and the
striation spacing increases when both the maximum, 'Kma R and the
fange, AK, of the applied stress intensity factor increase. The
ductile striation is characteristic of ductile metals under medium to
large fatigﬁe load amplitudes. It has, however, been observed-in’hiéh.strength
aluminium alloys as reported by Fenney et al(67). In their extensive study
they observed ductile striation formation in aluminium alloys 2024-T3 and
7878-T6 tested in 3.5% NaCl, at high AK values. Moreover in 2024-T3 the
ductile striation formation was the predominant fracture process
at high AK levels in four different environments (dry air, wet air,

distilled water and 3.5% NaCl solution). The ductile striations
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formed in 7178-T6 in 3.5% NaCl were characterized by a small
height-to-spacing ratio, suggesting that their formation was strongly-
enhanced by the environment and accompanied by reduced plastic deformation.

The distinction between ductile and brittle striations was first
made in (11). Brittle striations are characteristically brittle in appear-
ance, less regular in spacing than ductile striations and are formed in.
association with river markings on very flat facet; parallel to{lOO}planes,
and thus contain an element of cleavage. Ductile striations usually form
on plateaus parallel to the general fracturé plane and perpendicular to the
axis of maximum tensile stress (63). The mechanism of brittle striation
formation is not fully understood and is igfluenced by the chemical composi-
tion of the matrix.

Intergranular fracture is a.microfractﬁre mode in which the fracture
has been observed to propagate along grain boundaries. Lattice ir?egularities
at and near grain boundaries will, in general, have a tendency to make these
boundaries weaker than the grain interiors. In addition, grain boundaries
are often favourable sites for the segregation of various impurities or alloy-
ing elements to form either composition gfadiént zones or precipitate parti-
cles of secondary phases. If the constituent particles are ﬁumeroué enough
or large enough and possess properties that are sufficiently different from
the grain interiors, fracture may nucleate and propagate along the grain
boundaries to produce intergranular fractures. Intergranular fracture is th;
common microfracture mode for-stress corrosion cracking of high strenéth alu-
minium Qlloys.

- The multiplicity of slip systems, high dislocation density, and ease
of cross slip are strong reasons against the occurence of cleavage fracture
in £CC materials (63). Forsyth (ll)'has proposed that fatigue crack pro-
pagation always contains an element of-cleavage.

Stepwise growth is a microfracture mode in which steps are present

on the fracture surface, with extremely fine markings running almost perpen-
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dicular to each step (11). It is possibie that these markings are fine
striations and that the steps represent different levels along which the
érack propagates. The exact mechanism of stepwise growth is not fully undex-
stood.

Rippled facet fractUre is a process attributed to wavy slip pro-

~

duced by a sliding-off process, i.e. rupture by alternating shear. Since

the absence of oxidation is essential to this reversed slip process this

type of fracture is observed in specimens tested in desiccated argon (67).

1.7 Fracture Mechanics Approach to Fatigue Crack Propagation

1.7.1 Introduction -

The successful application. of LEFM ahélysis in the descrip£ion of the
brittle fracture behaviour of metals under monotonically increasing loads
has led to a logical extension of the same analysis to the study of slow
crack growth under both static and fatigue lcads, commonly termed subcritical
crack growth. Subcritical crack growth covers all processes in which a crack
slowly propagates at a K level below the ;ritical value Kc correspond?ng
to unstable and catastrophic failure. These may be stress corrosion crack-
ing (SCC), creep cracking, fatigue crack propagation or any combination of
these phenomena. The fracture mechanics approach to SCC in high strength alu—
_minium alloys will be reviewed in Chapter 3. Here only the fracture mechanics
approach to fatigﬁe crack propagation will be considered.

It is known that the stress intensity factor K, or the strain energy
release rate G, govern the intensity or magnitude of the stress field around
the c?ack tip (Appendix A). Since crack extension occurs in this highly
étfessed région it is reasonable to assume that the intensiﬁy of.the crack
tip stress field as represented by K should contrcl the rate of crack ex-
tension. The cyclic crack groﬁth rate da/dN may be a function of the range

of the stress intensity factor, AK, in the loading cycle. AK is given by
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AR = K=~ Ko . (1.15)
and
= . = . 1.16b
K oox = Trax ¥ /1?5 (1.16a) K, =0 . Y Yyra G )

where Kmax and Umax are the maximum stress intensity factor and the maxi-
mum gross stress respectively and Kmin and O in are the minimum values
of the above variables in the loading cycle. Equations (1.16a) and (1.16b)
are thqueneral equations for the stress intensity factor under mode I
conditions (Appendix A) where a is the crack length and Y is a dimensionless
factor, a function of the crack -length and specimen geometry. |

da/dN will of course be dependent on many othef vaiiables, such as
environment, frequency, mean stress, loading history etc. The applicability
of LEFM to the fatigue crack propagation problem is limited by the
amount of plastic deformation in the specimen. The specimen ;hould be under
linear elastic stresses aﬁd strains apart from the small plastic zone |
at the crack tip. However there is now some evidence, supported by the
present work, that non-linear fracture mechanics (J contour integral) can be
successfully used to analyse fatigue crack growth data under elastic-plastic

conditions.

1.7.2 Fatigue Crack Growth Theories

Fatigue cracﬁ growth theories are now guite numerous. A comprehensive
. description of the more relevant ones is presented in (22). Early theories
did not use fracture mechanics analysis.

The first crack propagation law to draw wide attention was that of
Head (68). He employed a mechanical model which considered rigid-plastic

work-hardening elements ahead of a crack tip and elastic elements over the

- remainder of theinfinite sheet. The final equation obtained was
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where C, is a constant and w. is the size of the plastic zone near the

2 o]

crack tip (assumed constant during crack propagation). Head's law was

later corrected by Paris (69) as

2
“da €42

-2 (1.18)
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where C3 is a constant.

Frost and Dugdale (70) derived an equation using dimensional analysis.,

The result was

== (1.19)

where C4 is a constant.

The theory of McEvily and Illg (71) assumed the crack growth

rate to be a function of the local stress %5 and the stress Onet’

|
I
y
a
I

N o F(Ktcnet) (1.20)

The function F was obtained empirically and the final value of da/dN was

da _ 34
1oglo W 0.00509 KO ot 5.472 RV (1.21)
t net

Liu (72) has restated Frost and Dugdale's  (70) dimensional analysis

and obtained the equation

= = C. .0, a : (1.22)
where C5 is a constant.
The first crack propagation law to incorporate the stress intensity
factor was the well known Paris' law (69).

da ) :
aﬁ-— C6(AK) (1.23)
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;here C6 and'in2 are constants, It should be pointed out that using the
definition of the stress intensity factor (Eqs.(l.lGa,b)and Eq. AS5-Appendix A)
all the above mentioned laws can be reduced to the Paris' law by chdosing
appropriate values of the.constants; The validity and limitations of the
Paris' law will be discussed later,

Dislocation theories have been put forward. One example is that
due to Weertman (73),vgiving a proportionality factor between da/dAN and
nr 2.

Energy theories involve the computation of the energy associated
with the plastic zone size. Rice (74) staéed that the separation of the
crack surfaces eccurs when the total absorbed hysferesis energy U per unit
of newly created surface area equals a postulated critical value UC.
da/dN is then obtained and is again proportional to (AK)4 as in the dis-
location theory. The Griffith model (Appendix A) was used by Gallina et al
(75) to derive a model of crack propagation. As a crude approximation, all
the energy lost per cycle was considered to be expended in increasing the
crack size. The energy agreement will be considered again in the dis-
cussion of the effect of mean stress en fatigue creck propagation. -

Lehr (76) and Schwalbe (77} theories have assumed that crack pro-
pagation is caused by cumulative damage due to strain cycling of the ﬁat—
erial at the crack tip (76) or that acharacteristic plastic displacement
neer the crack tip is equal to the>crack propagation during each load
'cycle (77). In both Refs. (76) and (77) it was found tha£ da/AN was
dependent on (AK)2.

Frost and Dixon (78) and Tomkins (79) also obtainea a dependence oh:
(AK)2 in which the crack growth was considered to be a geometrical conse-
quence of crack tip deformation, setting the incremental crack.growth per

cycle equal to the crack opening displacement (COD] (Appendix A), In

Schwalbe's work (77) work-hardening-in the plastic zone was taken into
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acéount, while in (73-76, 78,79) an ideal plastic material was considered.

1.7.3 Phenomenqlbgical Analysis of the Fatigue Crack Propagation Curve

The most common technique for the experimental analysis of the
fatigue crack propagation process is to plot da/dN against AK. Hahn and
Simon (80) carried out a compilation of 22 different investigations of
cyclic crack growth in high strength aluminium alloys. In steels exten-
sive work was produced by Frost et al (8l) and Crocker and Lange (82),
apart from much other published data which will be analysed later in more
detail. |

" Most of the crack propagation curves presented in the literature
show three different regions of crack bropagation as exemplified in Fig. 2.
In Region I, for many materials, it has been shown that there exists a cri-

below which crack propagation does

tical range of stress intensity AKth

not occur, or occurs extreme;y slowly (c'la/dN<lO—7 mm /cycle). In this
region da/dN depends strongly on AK. Region II is the intermediate region
in which Paris' law seems to aﬁply with da/dN depending on some power of
AKX of the order 2 to 10.. In Region III da/dN is égain strongly dépend—
ent on AKX as Kmax approaches the fracture toughnéss, KC. The curve shown

in Fig. 2 corresponds to a high-strength alloy in which subcritical crack

. growth occurs at K levels below, K. and hence LEFM analysis is wvalid.

It.is known that for ductile metals fatigue crack propagation can occur with
large plastic deformations. Fatigue crack growth under extensive plastic
deformation is reviewed in 1.7,9;

The fatigue crack propagation curve may be affected by the hean stress,
threshold pé@aviour,loading frequency, environment, and specimen thickness.-
The effect of these parameters on the crack propagation process will be re-

viewed in the next paragraphs.
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1.7,4 The Effect of Mean Stress on Fatigue Crack Propagation - Crack

Growth Laws

The fatigue crack growth theories presented in section 1.7.2 do
not take into account the mean stress effect, threshold behaviour or
the increase in crack growth rate as K;ax approaches K.. When these
trends‘began to be expérimentally observed crack growth laws pfedicting
the above phenomena started to appear in the literéture. Two recent ex-
tensive reviews on the subject are‘now available: Maddox's literature
review on the effect of mean stress on fatigue crack propagation (83) and
the compilation work carried out by the ASTM TASK force E 24.04 (B4).
In this paragraph only the more relevant "laws“ will be presented, and
will be divided into two categoriés; semi-empirical, those using funda-
mental parameters to produce relationships which fit experimental data, and

theoretical.

() Semi-empirical Relationships

The Forman equation (85) was developed to consider the acceleration

of crack growth rate in Region III (Fig. 2). The Forman eguation has the

form
P
1
da _ __.____c7(AK) (1.24)
dN K (1-R)-AK ’
len Kmin
where R is the stress ratio 5 =X '
' max - omax

and C7 and p, are constants. The above equation has been extensively com-
pared with crack growth rate data obtained by Hudson (86,87).
Erdogah and Ratwani (88) extended Forman's equation to consider

Reéion I behaviour. The resulting equation was

Py Pj
da C8 (,l+81), (AKjAKth),

Ga _ . _ ) (1.25)
dn }\c(l+Bl)AK .
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where>51 =-{Kméx + KﬁiAY/AK' and ¢8' P, and p, are constants.

Pearson (89) investigated the effect of mean stress using thick

- specimens. The value of ch (Appendix A) was applied instead of Kc.
Pearson modified Eq. 1.24 to give
p
4
da Co (AK) (1.26)
aN 1/2

Bl—R) ch—AK

where C9 and p, are constants. Equation 1.26 drew attention to the fact
that ch (or Kc) may be ‘a significant variable in fatigue crack propagation.
Recently Chu (90) has developed two-equations to describe the stress

ratio effect and predict the fatigue crack growth rate in the entire sub-

critical range from AKth to Kc. The equations are

- p

da  CioK > - K, "0 _

da _ (1.27a)
aN [(l—R)K - AK =7

C
and
4a  Cpoltx - b, 378
da _ - . | (1.27b)

daN [(l—R)Kc - Al(]qo

where Clo’ps’é6’p7’98 and q  are constants.

Elber (%1) has shown that a fatigue crack_cén be closed at its tip
for a fraction of the loading amplitude. .The stresses necessary for crack
opening were cbtained experimentally (91) and it was assumed that crack
propagation can only occur when the craek is fully open. The crack closure
phengmenonwas attributed to the presence of compressive residual stresses
as a fesult of the zone of tensile yielding (plastic zone) at the crack
tip, left in the wake of the propagating crack. Elber measured crack
closureseressesfor different applied mean stresses and found that the pro-
portion of the stress range during Which the crack was open, U, was a linear
-function of R:

U,= B, + B_R (1.28)
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where B. and B, are material constants, Thus an effective stress inten-

1 2

sity factor AKef was defined as

AK

og = UAK | (1.29)

N

and the crack growth rate expressed as

B q; 4
da/dN = B3(AKef) = BB(%K) (1.30)

where B3 and q, are constants. Since {,increases with the stress ratio

Eg. 1.30) is able to explain the increase in crack growth rate with the

stress ratio. Elber found data in the litgrature to support his analysis.
The crack closure approach was also used to explain the experimental

results obtained by Katcher and Kaplan (92), especially the existence of

an R value called Rcut above which da/dN vefsus AK data does not shift

to faster rates with increasing stress ratios. The Rcut is the R value

above which the crack is always open (q3= 1) . Hence for AK>AK£h and

R >Rcut!AKef is the same irrespective of R and da/dN will no longer depend

on R. Using a finite element analysis of an elastic-perfectly plastic

material Newman (93) has computed the crack opening stresses under constant

amplitude loading and found that agreement with Elber's results (91) was

good. The importance of Newman's work (93) should be pointed out since

it represents one of the first attempts to apply the finite element analysis

to fatigue crack growth. Further research in this area might lead to the

exact computation of the stresses and strains at the tip of the propagating

crack. It is,however, difficult to believe that a program derived for an

elastic—perfecﬁly plastic material could give agreement with expérimental

results obtained in a real work-hardening material.

| All the equati;ns described so far were derivéd mainly to fit crack

growth data in high strength aluminium alloys which are highly sensitive

to mean stress,

For steels, in general, fatigue crack propagation is not so sensitive
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to mean stress, althqugh there has been some controversy in the literature
about this point., It seems that high strength steels are more mean

stress dependent than mild steeis (82) but some mild and low alloy steels

showed a comparatiﬁely strong mean stress influence (94-99). This effect
will be discussed in more detail in Chapter 2. Barsom (100) has derived

an equation to fit crack growth data in steels
da/aN = D,AG - (1.31)

where Dl is a constant and AG is the range of the crack extension force
G(Appendix A) in the loading cycle. Further equations predicting the mean
stress influenqe on steels were obtained by Priddle (97) and Klesnil and
iukas (98) . Other simple functional equations and multiparameter equations
predicting the signoidal shape of the crack propagation rate curve may
be found in (84).

In this department work by Arad et al (101) showed that the equation

da

L 2
an BA - 6(Kma

L - xiinﬁll = g(zgxxxm)nl (1.32)

where g and n, are constants, could be applied with considerable success

in the analysis of Region II crack propagation data in high_strength alumini-
ur-alloys and steels (101). The data was taken from Ref. (87), in the

high strength aluminium-alloys 2024-T3 and 7075-T6, producing a better

plot than the Forman equation. The steel data analysed was taken from

(82) and (95).

(B) Theoretical Analyses .

The fatigue crack growth £heories based on the energy approach pre-
sented in paragraph 1.7.2 do not predict any influence of mean stress.
ﬁowever some recent theoretical analyses are available in which this
influence is considered. Thus Cherepanov and Halmanov (102) derived a

crack propagation equation for an ideal elastic-plastic body using dimension-



analysis in the energy equation of crack propagation, This has two terms;
the irreversible deformation work done by the pfastic zone as it displaces
in the direction of the crack extension as a rigid unit, and the irreversible
de formation work due to the expansion of the plastic region during loading.

The latter is not a function of crack length. The resulting expression

for da/dN was

2/ (1.33)

where Cll is a constant.

Paris (103) adopted an energy approach for crack propagation. This was
baséd on the assumption that the rate of chanée of elastic energy during
fracture equals the rate of absorption of energy as plastic deformation. He
suggested later (104} that the concept of an ;lternating plastic zone,
cycling between compressive and tensile yield ana proportional in size to
(AK/2oys)2’ within a larger pulsatiné plastic zone created in the first cycle
and proportional to (Kmax/gys)2' was the relevant parameter for crack propag-
ation. The Paris theory then predicts no influence of mean stress on the
fatigue crack propagation rate, which is clearly not supported by the experi-
meﬁtai data.

Each of the two pléstic zones mentioned above was considered by Raju(105)
as being split up into two parts wiﬁh a neutral curve (106) on which the stress
conditions do not vary with crack extension. TFig. 3 shows the four crack
tip plastic zones considered. Zones A and D are within the pulsating plastic
zone, whereas zones B aﬁd C are within the alternating plastic zone. Since |
reversed yielding occurs only in .the alternating plastic zone a hystefesis
stress-strain loop will only be obtained in zones B and C. The change in energy
due to plastic deformation per cycle of crack extension was calculated, and

it was found that in rones B and C it did not depend on da/dN since the energy

increase in zone B was approximately the sawe as the decrease in zone C. 1In
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zones A and D no hysteresis occurs and the energy change depends on
da/dN; R and material constants, The equation of energy balance gives the

crack growth rate as

'C12(l R), 2Kma

x - - .
el (1.34)
dn K 2 _ KZ .

[ max

where C12 and q, are constants,
Erdogan (107) considered the crack prppagation in terms of dislocat-

ion movement within the plastic zone and introduced the alternatihg and

the pulsating plastic zones considered above. The equation cbtained was

da _ . 20, pc202 |
an = C1o%pax L &K - _ (1.35)

O_ and C!_ are constants. Roberts and Kibler (108) introduced

a
where 10% 12

into equation (1.35) the increase in crack growth rate as Kmax approaches Kc.

The modified equation was

3
C13(1+B’? AR

da/dN = W—- (1.36)

where C13 is a constant and B1is defined in Eq. (1.25}).

Walker (109) introduced the effective range of the stress intensity
m

factor /K concept in the form &K = (1-R) 3 Kmax' where my is a constant.
Then

da -

an f(AK) » (1.37) |

Kraft's tensile ligament instability model (TLIM) (110, 111) assumes
that the instability necessary for fatigue crack prropagation is eaused by -
the separation of microstructural.tensile ligaments at thé tip of the crack.
The equation for da/dN is rather extensive and may be found in (110).

None of the crack growth laws derived by theoretical analyses prédict
the threshold behaviour, which should be incorporated in any relationship

intending to describe the experimental data. From the material point of view
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Frost (112) suggested that materials such as mild steel or Cu having a

definite yield point should not be sensitive to mean stress while materials
such as aluminium alloys ahdvhigh-strength‘steels without a yield point

would be. However much exéérimental data obtained on mild and low allow

steels (94-99) shows a strong mean stress effect. Ritchie and Knott (113)

also found mean stress sensitivity in steel when the fracture mechanism chénges

from normal ductile striations to either void-coalescence or intergranular

fracture.

1.7.5 The Effect of Environment on Fatigue Crack Propagation

Fatigue crack-growth can be étrongly affected by the test environment.
The nature and magnitude of the effect depend on the particular material-
‘environment system. Experimental information is most complete in the alu-
minium-water system. In this system the pattern of behaviour of the fatigue
crack growth curve is as illustrated schematically in Fig. 2. The apparent
threshold for crack growth is reduced by the éfesence of the environment,
and the rate of fatigue'crack growth is usually acceleratgd at any given K
Value. As K approaches KC or ch the enéironmental influences are diminished
as a result of either the rate limited nature of transport processes or
other mechanical-chemical interaction. The effects of corrosive environment
on fatigue crack growfh are most fully developed at léw values of the stress
iﬁtensity factor wheremore time is spent on testing. At very high values of
AKX fast crack growth rates do not ailow time for corrosive attack to ihtervene
and the crack growth rate is tﬁen not significantly influenéed by the envir-
onment,

In high strength Al-alloys Krupp et al (114) héve grouped environments

by their severity as follows; vécuum: no effect; éry'gases, wet gases,

vater and salt solution: increasing effects of environment.
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Speidel et al (lle observed that corrosion fatigue cracks can
propagate either intergranularly or tréqsgranularly depending on the orien-
tation of the principal stress axis with respect to the prefer :ed orientation
of the grain boﬁndaries. W;ought commercial high-strength Al-alloys gen-
erally have an elongated grain structure, the degree of orientation and
its direction depending on the processing variables. 1In plate-material, the
~grain boundaries are preferentiallj orientated parallel to the plane of

the plate, i.e, the plane which contains the longitudinal, L, and the
transverse, T, directions as seen in Fig. 4. Stréss corrosion cracks in

high strength Al-alloys exposedto agueous solutions always grow along grain
boundaries (116). A meaningful comparison of stfess corrosion cracking

and corrosion fatigue is therefore only possible if both types of test are
performed sé that the maﬁerial is stressed in the short transverse direction
(S direction) and the crack grows along the rolling or longitudinal dirasction.

Referring to Fig. 2 three different regions may be considered in the
environmental fatigue crack grow;h rate curve. For the particular case of
aluminium alloys in salt solutions, which is of mos; concern in the present
work, in Region I crack growth the da/dN versus AK curve is almost para-
llel to the crack growth rate axis, and there is a limiting stress intensity
AKth below which the corrosion fatigue crack growth rate is negligible.

" In Region II, crack growth is usually accelerated while in Region III crack
growth rate is not significantly influenced by the environment. A possible
explanation for this behaviour has been put forward above.

The acceleration of fatigue cracks in high strength aluminium alloys
exposed Uaaqugous solutions has been the shbfect of mény studies, and a
nﬁmber of hypotheses have been proposed to e¥plain their behaviour. Among
the‘phenomena responsible for this behaviour are anodic dissolution, speci-
fic absorption, hydrogen embrittiement, surface layer stresses etc. At

the present stage very little is known about the microstructural mechanism
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of corrosion fatigue crack propagétion; An electrochemical model has been
derived in (115) but the relationship da/dN against AK was not found.
Cherepanov and Halmanov (117] foundout that for high strength steels the
mechanism of hydrogen embrittlement is the most plausible. Hartman (118)
and Bradshaw and Wheeler (119}, from their data on fatigue crack propa-
~gation in a series‘of aluminium alloys, suggested ﬁhat the acceleration
in the rate of fatigue crack growth with respect to a vacuum reference
environment was caused by the superposition onto the applied stress field
of stresses produced by high pressure hydrdgen, driven into the crack tip
" xegion by the reéction of water with the frgshly created aluminium crack
surfaces. Wei (120) examined the effect of water'aﬁd its constituents on
the rate of crack growth in the high strength aluminium alloy 7075-T651 and
confirmedthe fiﬁdings in (118,119). Water accelerated the rate of fatigue
crack growthby a factor of 10 in relation to é dry argon environment, over
a range of temperatues from 25°%C to 90°C. Wei (120} found as well that
fatigue crack propagation'was controlled by é fhermally activated process,
with the apparent activation energy being strongly dependent on /K.
Reviews of thg environmental fatigue crack propagation phenomenon
were made by Wei (121) and McEvily and Wei (122). They concluded that
despite the differences in fatigue crack growth the response of all of the
~aluminium alloys investigated appears to be similar. The accleration of
gfowth rate in Region II depends on the test frequency (112). The frequency
effect means that with lower frequeﬁcies the increase in crack growth £ate
wopld be greaéer than for higher frequencies, due to the increased testing
timé involvédi The reduction in environment sensitivity at higher K levels
(Region III)} was explained (122) by a reduction in tﬁe effectiveness of the
pressure mechanism of hydrogen embrittlemént coupled with the plane strain

to plane stress transition usually occuring in thin sheet specimens. This
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transition phenomenon will be explained in more detail in paragraph 1.2.7,
For the aluminium alloys 2024-T3 and 7075-T6 tested in a 3.5% NaCl solution,
the onset. of the transition corresponded to the K level at which the
fatigue crack growth rate curves in air ;nd in 5.5% NaCl become coincident(114).
However in thicker specimens for which the transition from plane strain to
plane stress is generally not verified the reduction in environmental sen-
sitivity in Regioﬂ IXI still occurs,

Fatigue cfack'growth data in high_strength steels in water or salt
solutions is more limited. The data available indicate that dependence

on test frequency is very strong, as derived by Barsom (123), who expressed

the crack growth rate as

= D(t)AG (1.38)

D(t) is a function varying inversely with the frequency, attaining a constant
minimum value for the frequency levél at which fatigue crack growth is suffi-
ciently fast to be unaffected by the environment., Spitzig et al (124)

found no increase in crack propagation rate in a water vapour environment, pro-
bably due to crack tip blunting. Some experimental work investigating
corrosion fatigue crack propagation in mild and low alloy steels has been
reported by Jerram and Priddle (125) and Pook and Greenan (126). Oxidétion

at the crack tip leading to a slowing down or eventually cessation of

track growth may occur under specific conditions (125), but-the mechanics

of crack propagation in corrosion fatigue of mild steel are not fully under-

stood.

1.7.6 ~ Superposition Models for Environmental Fatigue Crack Propagation

Studies by Wei and Landes (127) have led to the suggestion of a simple
quantitative method for estimating the effect of aggressive environments on

fatigue crack growth in some ultra-high streﬁgth steels. This suggestion
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was based on an accumulation of experimental evidence and fractographic
observations, which seems to indicate that the mechanism for enhance-
ment of fatigue crack growth iis the same as that for crack growth
under sustained loads (SCC). In tﬁé Wei and Landes

model (127) the rate of fdﬁigue crack érowth.ih an aggressive environment
is considered to be the sum of the rate of fatiguevcrackvgrowth in an
inert reference environment and an environmental component. The latter
is to be computed from the load-profile and static load crack growth data
obtained in an identical aggressiﬁe environment. The following expression

has been derived for this approach

Az, - _ Aa da
e = Gy +/dt K(t)dt (1.39)

A . . . . .
where (Egﬁc is the rate of fatigue crack growth in an aggressive environ-

ment, (%%)f is the rate of fatigue crack growth in an inert environment
and the integral term is the environmental component computed from SCC.
data obtained in the same aggressive environment. Such an approach is
applicable when the threshold wvalue of K in stress corrosion cracking KISCC

is higher than AKt

h in the aggressive environment.

The Wei and Landes superposition model has been applied with consid-
erable success by Bucci (128) and Paris et al (129). However, fatigue

crack growth may occur at stress intensities below K both in high strength

IsCc

steels (123) and aluminium alloys in salt solutions (115) whereas from the
superposition "model no such influence of environment would be assumed possi-—
ble. Moreover in aluminium alloys in salt solutions the accerlation of

crack growth can occur abcve, around or below K (115). This clearly

IsccC
indicates that SCC and corrosion fatigue in Region II are different pheno-
mena. Since Region II crack growth is independent of SCC, corrosion fatigue
crack growth rates can not be quantitatively estimated by the shperposition

referred to above. But it appears that in Region III in some materials the

corrosion fatigue crack growth rate consists of the two additive components
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of the Wel and Landes superposition model, 1In this case the onset
of Region III in the g%- versus AK curve should always occur at stress

intensities higher than K = and it is necessary that the SCC growth rate
IsccC ’

be comparable or higher tHan the fatigdé crack growth rates., Nicholson (130)

found that the superposition model was not applicable to fatigue crack growth

data for a hijgh strength steel in a sodium chloride solution.

Gerberich et al (131) deriyed a model based on that of Wei and Landes
but instead of using the integral term in the stress corrosion component
the mean value theorem was used to assess the average stress intensity
in any one cycle. The model involves two other basic assumptions; the

minimum stress intensity factor can be greater or less than KISCC' andzﬁKth <

which is usﬁally verified. Assuming that Kmin:>AK the stress

KISCC th

corrosioncontribution on the fatigue crack growth rate is given by

K
max
da 1
‘a'scc = Fx__wx ) S TR (1.40)
max min - K ,
min

where f is the frequency of the lcading cycle and F(K) is the stress corrosion
crack growth rate. F(K) was determined separately and it was found that
the crack growth rate was a thermally activated process with one unique

activation energy that was independent of K. If K , > AK Eg. (1.40)

min th
becomes
: K - AK Kmax
da 1 max th
(EE)SCC =3 0———7ﬁ€—-—*ﬁ f F(K) dK (1.41)
Ath

When the model was applied agreement was found for the aluminium alloy
7178-T6,

From the above discussion it may be seen that the supperposition model
'has severe limitation;. The agreement obtgined in some cases might be
considered as fortuitous since there is as ye£ no evidence suggesting that

the stress conditions at the crack tip, the fracture mode and the environmental

influence are the same under static and dynamic conditions.
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1.7.7 The Threshold for Fatigue Crack Propagation

The existance of non-propagating cracks has been ;eferred to before
in paragraph 1.4.4 and in Refs, (29-31). Frost's expression 02a>»co
was one of the first relationships proposing a criterion for crack pro-
pagation., Later the sqme.author (8l) reanalysed the non-propagating crack
~growth data contained in Refs. (29-3l1) and others in terms of AK, and ob-

tained values of AKt at different stress ratios for a wide range of

h
materials. Then in the last five years a great deal of data has been
cbtained for extremely slow fatiéue crack‘propégation (da/avi < lO-8cm/cycle)
and the existence of a threshold for crack propagation is now well estab-~
lished for a wide'range of materials, loading conditions and environments.
As pointed out before, theoretically derived fatigue crack propagation
models do not usually account for the threshold condition. A recent ex-

ception is provided by the work of Weiss (132) who derived a model on

the basic assumption that da/dN is to.extend over a distance over which the

normal stress or strain exceeds a certain critical value Gf or ef. The
equation for da/aN is
g *
da a, n+l
= = a(—) — - B .
an a(0 )] m fla,w) (1.42)

f
where n is the strain hardening exponent, p* is the Neuber (28) micro-
support effect constant, w ié the specimen width and f(a;w) is a dimension-
less correction factor for the finite width of the specimens. For then

limiting threshold condition the equation for AK_, was derived in (132)

th

as

: 37 2 _
AKth_- 5 (0.1E)"p* (R = Q) . (1.43)

AKtﬁ values obtained from Eq. (1.43) showed good agreement with extensive

experimental AKth values, However the above equation does not predict
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any effect of the stress ratio on AKthf

The effects of the load ratio and frequency on the magnitude of AKth

have been studied by Schmidt and Paris (133) for 2024-T3 alurinium alloy.

It was found that AK deéreased with increasing frequency above 300 Hz

th

and with increasing stress ratio, reaching a constant value for R values

~greater than a critical value RC The trend in variation of AKt with

1° h

R was explained by crack closure phenomena (91). 1In mild steels and low
alloy steels data taken from Refs. 94-99 and analysed by Jerram and Priddle
(134) showed that AKth decreased linearly with R, but no limiting value
seemed to be reached. Harrispn (135) reanalysed data taken from several
éapers by Frost (e.g. refs. 29-31) and found that for R = O the AKth value

4

was normally greater than 1.5 x 10 ¥ x E(/in). Grandt and Gallagher (136}

analysed threshold data for several aluminium alloys and steels and des-

cribed the results for O0< R< 0.8 with the equation.

2
ARy = (AR ) o o (1-R7) (1.44)

A more general equation has beén put forward in (98)

¥
(AK ) g o W-RY T (1.45)

AX th! r=

th

where Ni is a material parameter. Cooke et al (137) obtained threshoid data
for EN24 steel and found that in a vacuum the value of Y1 in equation

(1.45) was 0 while fér aif.it was 0.5. Thus there was no dependence on

R in vacuum.

AKth may be affected by the environment, decreasing for aluminium alloys

is

in an aggressive environment. However, if crack blunting occurs AKth

not signifiéantly affected by the environment. In steels Bucci et al (138) -

did not observe any reduction in AKX from air to a distilled water envir-

th

onment.,
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1.7,8 The Effect of Several Other Parameters on Fatigue Crack Propagation
(a) The Loading Frequency

The variation of cragk_growth rate with frequency is partly due to
the environment., Thus te;ts in aluminium ailoys performed by Bradshaw and
Wheeler (139) showed no frequency effect in a vacuum for the materials tested.
For other environments, including air, crack growth rate tends to increase
with decreasing frequency as discussed in paragraph 1.7.5 and in the
literature (114,121-123,127,128). Recent work by Yokobori and Sato (140Q)
showed ﬁhat in 2024-T3 gluminium alloy and SM-50 steel, goth tested in

air at room temperature, the crack growth rate and the striation spacing?’

decreased with increasing frequency f according to the equations

q -q q -q
da _ 3 4 _ 5 1) -
W - Cia (AR) “(£) (1.46a) and s = ClS(AK) (£) (1.45b)

where Cl4,q3,q4,C15,q5 and q6 are constants.

(B) The Specimen Thickness

VThe effect of specimen thickness (or more appropriately the ratio
between thickness and some multiple of the crack tip plastic zone size)
on fatigue crack growth is complicated. Fatigue behaviour is influenced
by variations in the fracture toughness Kc’ and in the plane strain plane
stress transition.

Previous investigations by Plumbridge (141l) and Frost (142) have
demonstrated that higher crack growth rates are obtained with thicker_
specimens. Usually in plate specimens a phenomenon known as crack rotation
occurs, The crack starts to‘propagéte under plane strain condition but
approaching the specimen free end it rotates 45° in relation to the £ensile

axis and specimen thickness, creating plane stress conditions. The rotat-
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ion of the fracture plaﬁe occurs when the ratio plastic zone size/specimen
thickness attains é critical value between 0.5 and 1. (141) which for
high strength aluminium alloys corresponds to specimen thicknesses in
the range 1-4 mm. Ofteq'the acceleration in fatigue crack growth
rate occurs before the transition. In Appendix A the plastic zone size in
a sheet specimen is shown schematicaily. The state of stréss and the plastic
zone change from plane strain énd a small zone at the centre to plane
stress and a large zone at the .surface. The central portion of the crack
point, that part in plane strain, increases in size as the thickness in-
creases, and this increased plane strdin pléstic zone accounts‘for the
faster crack growth rate in thicker specimens.

Specimens provided with side grooves show no plane strain-plane

stress transition.

(C) Compressive Loading

Comparatively little experimental work has been carried but under
load waves introducing compressive loading. Data obtained by Gurney (143)
in mild steel subjected to alternating tension (R = -1) showed that part
of the compressiQe portion of the alternating cycle appeared to be effect-
ive in propagating the crack. For one low alloy steel and two high strength
steels (82) the rate of crack propagation for R = -1 was 50% higher than
that for R = 0; that is, the-compressive portion of the applied stress
cycle conﬁributed to crack propagation. More recent work by Sullivan and
Crooker (144) in a high strength steel covered stress ratios from 0;75
to -2. It was found that compressive portion of the tension-compression
gycle contributed to crack growth to a lesser degree than did the tensile

portion. The fatigue crack growth for 0.75<R< -2 was expressed as

: 1-b_R A
da _ (P18} ag
= Cle e K , (1.47)
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and C are constants,

where bl' dg %

In high strength aluminium alloys the only experimental work con--
ducted to date in which.compressiVe loading has been applied has been per-
formed by Illg and McEvily" (145} on the aluminium alloys 2024-T3 and 7075-T6,
It was found that the compressive part of the cycle did not contribute to
fatigue crack growth. Future work should continue on other materials to

obtain a more complete picture of the effect of compressive loading.

(D} The Loading History

The fatigue crack growth laws, theories and aata discussed in the
precedent paragraphs refer to constant amplitude loading; that is the
Cyclic maximum and minimum talues of load are kept constant throughout the
test. Wheﬁ cycles of varying amplitude are applied some complex interact-
ions may occur. There is now considerable experimental evidence for the
phenomenon of transient delay the period of abnormally low rate, or
zero rate, of fatigue crack growth between a decrease.in }oad level and the
establishment ef a rate of growth commensurate with that for constaﬁt am-
plitude loading at the prevailing lower load. The delay phenomenon,
schematically illustrated in Fig. 5a, may occur after a single overload
or when the K level is dropped. On the other hand early work by Matthews
et al (146) reported a trapsient crack acceleration effect after the K
level is increased (Fig. 5b). The transient acceleration has not been so
extensively studied as the delay phenomenon.

One of the first crack propagation studies under variable load ampli-
tude was carried out by Hudson and Hardrath (147). They found delay when
the stress level was reduced this delay increasing as the initial stress
was increased, but cracks prepagated at the normal rate during'the second

stress application when this second stress was higher than the first.

Later, extensive experimental work on the delay »henonena for a Ti-alloy
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was reported by Wei and his co-workers (148,149,150}, Preliminary work
(149) showed that the number of cycles for delay ND was a function of AKl,

1 and fl

AKZ, Rl, N

D + R

N le (1.48)

1’ Ror Np» Ny, £y

where the subscripts 1 and 2 denote the preloading and the subsequent
loading conditions respectively. In (149} it was found for example that
for a constant value of AKl/AK2 delay increases with increasing AKZ'
The phenomenon is highly complex with'ND found also to be dependent on

R2 and N

1
The influence'bf the environment in the delay has been experimentally
studied in (150). Comparison of "delay data obtained in dehumidified argon,
air aﬁd distilled water indicated that air and distilled water have little
decreased

effect on delay. N_ increased with increasing %max/ and N

D K2max 1’

. It was observed that the variation of N_ with K

with increasing K
g D 2max

2max
in the Ti-alloy tested was the reverse of that observed in a previous study
by Von Euw et al (151) in 2024-T3 and 7075-73 aluminium alloys. The

results obtained in (150) in 3.5% NaCl solﬁtion were not understood due to
the large amount of scattér involved. The effect of éhersheet thickness on
the delay obtained after a single peak overload was recently studied by
Mills and Hertzberg (152). The results indiéated that for the same over-
load ND increased‘withdecreasing specimen thickness, and the amount of crack
‘ growth affected by the delay (aD in Fig. 5) agreed well with the plastic
zone ;ize left by the overload. ‘

Several.models.have already been proposed to predictAthe value of ND.
fhé Whee}eﬁ model (153) is one example, It assumes that the extent of the
residual stress region left by the previous higher load application is char-
acterized by a load interaction zone considered equal to the plastic zone

size under plane strain conditions which it created. Gray and Gallagher (154)

applied this concept and modified it into a stress intensity factor formu-—
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lation, The>mOAified model predicted, within a factor of two, the ex-
perimental data for'the number qf delay cycles following a single overlcad
in 2024-T3 aluminium alloy, 4340 steel and Ti-6Al-4V titanium alloy. The
crack closure concept (91).was used by Adams (155) to give a qualitative
explanation of the delay phenomenon. The crack closure argument states that
when the K level is reduced the crack does not propagate'until the new
crack opening level changes. However work by Richards and Lindley (156)
showed that the fatigue crack delay caused by reduction was not duwe to
crack closure.

. Fatigue crack propagation under randdm loading has'only received some
" attention recently éespite its engineering importance. Dover and Boutle (157)
have recently measured crack closure at positive stresses during random load-
ing and concluded that thickness, mode of fracture and stress ratio all
influenced the closure stress. Priddle (158) has shown that laws derived
to fit constant émplitude'fatigue crack growth data can be successfully

applied to random load fatigue crack propagation results on a mild steel.

1.7.9 Fatigue Crack Growth at Large Plastic Strains

Fatigue crack growth can result from cycling with the maximum stress
above or below the ygross yield stress. The latter problem has been handled
by applying LEFM and has already been reviewed. With the approach of gross
yielding LEFM techniques. are no longer applicable. Thexe have been few
studies of this aspect of fatigue crack propagation despite the engineer-
ing significance of fatigue crack growth resulting from plastic and strain
cycling {(low cycle fatigue crack propagation).

One of the first was performed by Laird and Smith (139). Théir
observations on the nature of crack tip blunting and resharpenihg provided
a better understanding of the low éycle fatiqgue crack propagation phenomenon,

Studies conducted by Crooker and Lange (160) have shown that for plate
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bend specimens containing an embedded .surface flaw the crack growth rate was

described by

da _

9q
W )

Ciy (AEF : . ) (1. 49)

where C17 and qqg are constants. The above equation described crack pro-
pagation under both elastic and plastic strain cycling.

McEvily (161) studied the low cycle fatigue of copper and used a strain

concentration factor to describe his results in the form

. q .
da 10 :
— = clB(Aet\/a) (1.50)
where C18 and 4o are constants. The parameter AEt/a was termed the "strain-

intensity factor".
Solomon (162) performed low cycle fatigue crack propagation tests in a low
carbon steel, keeping the plastic strain range constant. The relationship

obtained was

. q
da _ , 11
a Clga (AEP, (L.51)

where C19 and q, are constants.
Tomkins (163,79) has proposed a model for crack propagation under the
fully plastic situation of low cycle fatigue. The crack growth rate was

expressed as a function of the cyclic strength coefficient K' and the cyclic

strain hardening exponent n' (see Eq. 1.12) in the form

_ . (2n'+1 ‘
__di _ sz( K! )2@ ) (l 52)
an ~ 872 20 1o (2n'+1) a :

It can be seen that Eg. (1.51) has the same form as 1.50 and, after integra-
tion between the initial crack lengthAénd the final crack length for unstable
fracture gives the Coffin-Manson law Eg.{1l.11).

Dover (164)-reported results on crack growth rates in mild steel under

constant COD (Appendix A) cycling, and found that the crack growth rate was
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a power function of both the hysteresis loop width and the overall crack
tip opening displacement range. A theoretical and experimental study of
fatigue crack growth under elastic-plastic conditions wusing also the COD
approach was reported recently by McEyily (165) .

The energy interpretationvof the J contour integral (Appendix A} was used
by Dowling and Begley (166;1671 to describe_fatigue crack propagation déta
in the elastic and plastic regime. Preliminary work was carried out using com-
pact tension specimens (166)'and center'c;acked and compact tension specimens
were used in (167). The material tested was steel A535B, and agreement was
found between the results for both.geometries Qhen pleotted as crack growth rate
against the cyclic value of J,AJ. 'The value of J associated with the opening
of fatigue crack surfaces was assumed to be the controlling parameter in the

high growth rate regime. Crack growth rate was related to AJ as

q
da _ 12
el C,p (A) (1.53)

where C20 and ql2 are material dependent constants. The experimental pro-

gramme was conducted under decreasing load conditions. The cyclic creep be-
haviour of the specimens was not analysed, and the resulés are also only valid
for long crack lengths.

Mowbray (168) has put forward a theoretical analysis relating the J

integral with the strain cycling properties of the material. The equation

derived was
Nfl/q12 AW = const. } (1.54)
.where' W is the ranye in strain energy density and 944 is given by Eq.(l.Sz},

Note .that Eq. (1.54) has the same form as the Coffin-Manson equation with the

plastic strain substituted by the applied strain enerqgy density. Larba (169)

has applied the J integral analysis to determine the influence of notch geometry

on the life to fatigue crack initiation. He found that the expression for the




- 51 -

strain concentration at the notch.rocot when expressed in terms of J had the
same form as that obtained from the Neuber approach; A life prediction fer
fatigue créck initiation was then proposed. Poulouse et al (170) have recertly
applied a non-linear energy toughness concept, Gfé to describe plastic cycling.
In the aluminium alloy 2024-T3 it was found that ch decreased with the number
of cycles to failure (Nf<;100) in a similér manner to the S—-N curve.

Both COD and the J integral seem to be powerful tools for analysing
fatigue crack growth under gross plastic‘strains. Much more work remains to be

done in this area to establish the controlling variable in crack propagation

both in load and strain cycling.

1.8 Fracture Mechanics Approach to Fatigue Crack Propagaticn in Components
or Structures

1.8.1 Calculation of the Number of Cycles to Failure

If the 1life of the component or structure is totally spent in crack
propagation the fracture mechanics approach may be used to estimate the
number of cycles to failure, Nf, for certain structures or components. Assum-
ing that an initial flaw of size a; exists in the body, Nf will be the number
of cycles necessary to propagate that crack.of size a, to a critical size, a.r
enough to cause unstable fracture. The value of a; is conditioned by the non-
destructive inspection'technique availabie . A conservative figure is the mini-
mum flaw size that that technique can detect. a_ is a function of strgss,
geometry and KC and may be obtained from the Eq. (A.4b) as L

KZ

c

= —— &
a, 292 - (1.5%)
¥ " max

Nf is then computed by integrating the appropriate crack growth rate

equation, da/dN = F(AK). If A0 is the working stress range then N is

obtained by
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a

_ ¢ da -
Ne = S Fho R | (.50

i
with a. obtained by Eq.(1.55) It should be pointed out that the function

F might depend as well in.AKth’ Kc and R. AK is usually known experi-

th
mentally and the stress ratio. influence can be expressed in terms of AK
or Kmax inwhich case the relationship with a is always possible. Some
examples for the calculationof Nf were discussed by Crooker (171) and
Frendentahl (172). The method described is applicable when the stress

amplitude is constant. For variable amplitude loading the fatigue crack

growth life can be worked out by a method proposed by Brussat (173)

1.8.2 Analysis in Components or Structures

Some work has been published in the study of fatigue crack propaga-—
tion in welded structures. Maddox (174) has ektensively studied the pheno-
menon of fatigue crack propaéation in welded plates wusing the fracture
mechanics approach. Different types of welding. were tested and extensive
testing was carried out both in the welded zoﬁe and the parent materizl. The
fatigue behaviour of spot welds using a fracture mechanics analysis has been
.analysed by Pook (175). He treated the spot weld as a crack like flaw since
virtually the whole life is occupied by fatigue crack growth., Different
spot weld configurations were tested and a plot AK against the number of
qycles to failure was obtained. A AKth value was assumed from which the
safe working stress can be established.

‘Hirt aqa Fisher (176) investigated fatigue crack growth in welded
‘beams both theoretically and experimentally. A fracture mechanics model
for cracks bfigipéting from ﬁhe poreé in the web-to-flange fillet weld was
developed. Also the fatigue life of these welded beams was extremel? de~

pendent on the initial flaw-size. A crack growth equation was derived

which exhibit the same trend as measured data from crack growth specimens.
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Tanaka and Matsuoka (177i carried out moxe recent work in the fatigue
strength of rolled welded beams with stiffeners welded to the web. They

estimated the initial crack size and derived a theoretical crazk growth

’

eguation for the evaluatioh of the fatigue strength of welded beams and trans-
verse fillet welds, Gurney (i781 produced extensive early work in this
field compiling most of the work on both the S-N and fracture mechanics
approach to the fatigue strength of welded structures.

A fracture mechanics analysis of fatigue crack propagation in.several
aircraftrcomponen;s may be founa in some papers presented in the ASTM;

STP 415, 486 and 495.
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.CHAPTER TWO

ENVIRONMENTAL FATIGUE CRACK.PRCPAGATION IN THE AL-ALLOYS

RR58 AND LM30 AND MILD STEEL BS15

Thé propagation of c;acks under fatigue conditions has been extenSively
studied ih high-strength aluminium alloys due to the wide use of these
materials in the aeronautical and aerospace industries. The design philo-
sophy used in these industries recognizes that cracks may be present in
the structure, or may initiate early in its service life. The selection
of materials and inspection intervals is then based on the fatigue crack
~growth and fracture toughness properties of the material. One of the
recently developed Cu-Al-alloys, RR58, which is being used in the Concorde
design, was considered sufficiently important for the present study.

On the other hand, fewer studies have been made of thé fatigue crack
~growth and fracture behaviour of other metals'such.as cast aluminium alloys
and mild steels., These are true engineering materials with extensive
applications (e.g motor car indus£ry, structural engineering, pressure
vessels etc,) . It was therefore decided to study fatigue crack propagation
in one cast aluminium alloy (LM30) and alsc one mild steel (BS15) in
two environments of practical interest. Corrosion fatigue failures may
occur in engine blocks made of cast aluminium alioys such as LM 30;

mild steel structureé are also subject to the same type of failure (e.g.
mild steel is widely used in the construction of the North Sea oil plat-

forms).

2,1 Experimental Procedure

2.1.1 Material, Heat Treatment and Enviroment Selection

Aluminium alloy RR58 is an Al-Cu-Mg alloy belonging to the series
2000 (2618). The material was supplied in rolled plates 914 x 914 x 76mm.

Precipitation hardening has been achieved after solution treatment at 530°C
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followed by water guenching. A further increase in strength,has been obtained
by straining 2.25% after the solution heat treatment.

Cast aluminium alloy LM30 is a chill cast Al-Si alloy (18% Si) de-
veloped from the early LM24"alloy. The addition of silicon facilitates the
casting process and increases the abrasion resistance. It was supplied in
plates 540 x 350 .x 75mm -in -the cast condition.

Mild steel BS15 is a 0.19% carbgn alloy steel which is iargely used
in welded structures. It was supplied in rol}ed plates 11.2 mm thick.

The composition énd principal mechanical properties of these materials
are given in Table 1. - |

Tests were.conducted in two different. environments: air (210C and
50% R,H.) and a 3.5% NaCl solution‘in distilled water. The qhoice of 3.5%
NaCl as a testing environment was based on the fact that these materials
may be subjected to cyclic loading in salt solutions. Moreover the 3.5%

NaCl solution is widely used as a standard testing environment, so that
data obtained may readily be compared with similar data.obtained in other

materials and available in the literature.

2,1.2 Design and Selection of the Specimens

If a specimen is so designed that its compliance, C, changes linearly
with erack length, a, then 4dC/da will have a constant value. The stress
intensity factor K is related to dC/da through the equation (Appendix A)

1/2 o
Ky =Pl & / (2.4
' 2B_(1-V7) :
n
where the subscript I refer to the tensile (opening) mode*. P is the applied

load V is Paoisson's ratio and Bn is the crack width. From the above

*
All the experimental programme presented in this work was carried out in

mode I loading. Hence in the next paragraphs and chapters the subscript I
will be ommited.
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equation for a constant value.of dc/da, ﬁhe rglationship between K and
the load P will be independent of the érack length, and if fracture occurs
at a constant load Pc the critical value of the stress intensity factor
Kc will rémain constant with the crack .length.

Constant d4Cc/da séecimens were previqusly designed by‘Mostovoy et al
(1751. They are crack line loaded specimens giving large displacements at
low loads and, consequently, large values of compliance - which is con-
venient for a simpler compliance dgtermination. The specimen is analysed
as a pair of cantilever beams built-in ét the crack tip. Applying linear
elastic beam theory a suitably contoured shépe satisfies the condtion
dC/da = constant. This shape may be expressed by the relation

3a2
—_— = m_ = const. (2.2)
h3 o

g o

where h is the specimen height at thé crack tip. Srawley and Gross (180) have
developed a more exact analysis whereby a constant K specimen was obtained
with straight edges.. The boundary collocation technigue was used to compute
K (see Appendix A). Johnson and Radon (181) have chosen a value of
m which was used in the present work, such that the tested geomstry
is very close to one of the geometries derivgd in (180).

The-contoured double cantilever beam specimen (DCB) has great ad-
vantages in relation to other types of fracture mechanics specimens. It
was selected for this study since it provides a constant stress intensity
field along the crack path, as will be seen later (2.1.4). Therefore not
only fatigue crack_growthrand stress corrosion cracking (SCC) can be studied
pnder a constant K pattern but also the effects of loading history are pro-

perly assessed.

2,1,3 sSpecimen Dimensions and Preparation

The contoured DCB specimens (Fig. 6) used in the present test programme
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all had the same oyerall dimensions and wexe provided with_side‘grooves
. on both faces, These heip to ensure that the crack grows along the specimen
midplane, and enhance plane strain condiﬁions:

Aluminium alloy RR58 specimens had 9.5 mm gross thickness, and were
cut from the plate material so that the crack would propagate in the rolling
direction and the loading direction coincided wifh the shért transverse
axis (plate thickness). As mentioned previously, this orientation (Fig. 4)
is that for which the fracture toughness is lowest and susceptibility
to environmental fatigue and stress corrosion cracking highest. Each speci-
ment was aged in a salt bath at l9d°C for 36 hours, to give a hardness (HvV)
of 14512, Side grooves 0.75 mm deep were milled on both sides of the speci-
mens. This side groove depth was.considered éatisfactory for maintainihg
the crack propagation at the specimen midplane. A slot, approximately 40mm
long, was machined from one end of each specimen on this midplane. Sub-
sequently the ligament was cut to a swallow tail front (chevron) at the
tip of this slot and indented with a razor blade to form a crack starter
(Fig, 6). Finally, the side grooves were polished for ease of cra;k ob-
servation,

For LM30O the specimens had 28.5 mm gross thickness and were cut from
the plate material so that the maximum specimen height coincided with fhe
plate thickness (75mm). The side grooves were 9.5 mm deep, redﬁcing the
ngt specimen thickness almost Eo that of the RR58 specimené. It was necess-—
ary to use deep side grooves to keep the crack propagation in the specimen
midpléne. The crack was started from a saw cut approximately 65 mm long,
extended with a 45° chevron notch and sharpened with a razor blade.‘ Again
the side grooves were polishedlfor case of crack tip observation.

Finally, the BS15 mild steel specimens were of 11.2 mm gross tﬁickness
the plate thickness) and were orientéted.to ensure that the crack subsequently

_grew along therolling direction. This objective was achieved by providing
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. the specimens withMB.Smm.deep‘grooves on both sides, The same notching

technique was used,

2,1,4 Compliance Calibration and Calculation of K¢

In order to calculate K by Eq. (2.1) the appropriate dC/da values
are necessary. Also Kc may the;eby be obtained if unstable crack propagation
occurs under linear elastic conditions. For BS15 it was found that 'such
conditions were never met in a test under monotonically increasing load.
The crack only propagated after gross plastic deformation hadzaﬁpeared
in the specimen. The compliance calibration for tﬁis material was carried out
later during fatigue tests in the linear elastic regime.
In aluminium alloys RR58 and LM30 the compliance calibration and
calculation of Kc were obtained by precracking under monotonic load in air
at 2lOC, 50% R.H. The crack starter was extended by a fufther 25-30 mm
by loading the specimens in an Instron TT-C testing machine, *44 kN load
capacity, at a constant crosshead sbeed of 0.05 mm/min,
The crack length was measured with a travelling microscope giving 1l0x
magnification and reading to 0.01 mm. In RR58, after a sudden initial
crack jump the load decreased and the crack slowly propagated at constant
load. This is shown in Fig. 7 as a load versus deflection curve, where
the deflection at the loading points corresponds to the crack length. A
typical linear variation of compliance with crack length was recorded (Fig. B8).
'It may therefore be observed that this form of contoured DCB specimen satis-
fies experimentally the condition dcC/da = const. Since PC is assumed con-
stant the fracture toughness Kc'is obtained by substituting P by PC in Eq. (2fl)
and is proportional to Pc.
In\the present fracture toughness tests Kc measured along the entire
crack path did not vary more than #2%, The cracking load variations were

3/2

within *1% and K. values for various specimens ranged from 20.74 to 22.9 M /m
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as evidenced by the results presented in Table 2,

In LM30 the sudden crack jump was not noticeable. Instead, after
the initial linear elastic extension of the specimen arms, the crack again
propagatéd slowly at constant load (Fig. 7] giving a linear variation
- of compliance with crack length as shown in Fig. 9, KC was obtained in the
same way as forARR58, and, measured along the entire crack path, did not
vary more than *3%, Crécking load variations were within *2% and the Kc
values for various specimens are given in Table 2 and ranged from 18.59

/2 to 21,61 MN/m3/2.

MN/m3 Thus K, is iower for LM30 than for RR58. Linear
elastic conditions were met in these precracking tests: uniloading the
specimen during and after precracking produced a linear load-deflecticn
trace passing through the origin (Fig. 7).

It should be pointed out that Kc values obtained for RR58 according
to ASTM standard E399-72, using compact tension specimens (182), produced

similar results, Thus the process of Kc evaluation described above may

be regarded as a valid one.

2.1.5 Testing Programme

The purpose of this programme was to study the effects of the environ-
ment, loading frequency, range of load and mean load on fatigue crack pro-
pagation., Cyclic tensile fatigue tests at constant sinusoidal load ampli-
tude were carried out on the previously described contoured DCB specimens
according to the following programme:

1. Fatigue érack propagation in RR58 in air (210C.and SO%IR.H.);apd
in a 3.5% NaCl solution;the effects of load range, mean load and loading
.frequency (0.15 and 35Hz).

2. Fatigue crack propagation in BS15 in air (21°C and 50% R.H.) and in
a 35% NaCl solution; the effects of load range, mean load and loading fre-

quency (0.25 and 35Hz).
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3, Fatigue crack_propagatioh in LM30 in air (21°C and 50% R.H.] and
In a 3.5% NaCl solution at a frequency of 0,25Hz; the effects of load

range and mean load.

2,16 Testing Apparatus

The tests in this programme were carried out using a Denison T42C2
Hydraulic Testing Machine, two Avery Hydraulic Fatigue Machines and a
Dowty Electro Hydraulic Fatigue Machine.

The Denison T42C2 Hydraulic Universal Testing Machine was initially
designed for monotonic tests but was later converted for cycling tests.

The machine is fitted with limit switches to'fegulate the maximum and mini-
mum loads. The operational frequency ranges from O.1 to 0.5Hz, and the
maximum load capacity is 100 kN.

The Avery Hydraulic Fatigue Machines have a maximum load capacity
of 250 kN and 500 kN respectively and were capable of cycling up to lHz.

The Dowty is an electrohydraulic fatigue testing machine extensively
described by Knight (183) with a range of frequenqy from 0.01 up to 100 Hz.
The range of loading depends on the capacity of the load cell used, the
maximum being 53.4 kN{120001lbj) .

In all these machines it is possible to adjust the load while the
test is in progress and automatic switch-off is provided when failure occurs
i,e. when specimen deflection exceeds a certain amount. In the Dowty Machine
the shape of the input load control waveform may be varied (sinusoidal,

triangular, square, etc.).

2.1.7 Testing Procedure

Tests on RR58 at a frequency of 0.15Hz were performed using the Denison

T42C2 machine. The tests on LM30 and BS15 at 0.25Hz were carried out on the
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Avery machines, and the tests at 35Hz on the Dowty machine. The possibility
of differences &n the results arising purely.from the use of two different
testing maqhines (due to the stiffnesses of the testing assemblies) was
checkéd énd found to be negligible; the repeatability of the results ob-
tained in both machines was within 5%.

The 3,5% NaCl solution was drip fed on to the crack surfaces through
a hypodermic needle attached to an aspirator bottle provided with é flow
regulator, maintaining a flow of about 6 drops per minute (0.5 litre per day).
This experimental set up is schematicaily shown in Fig. 10. The crack
length was monitored with a 50x magnification travelling microscope at an
accuracy better than 0.0025mm, When observation of the crack tip became
difficult due to corrosive attack the side grooves were cleaned and polished.

The applied AK values were calculated frém Egq. (2.1). In RR58 and LM30
dC/da was obtained from the precracking-test (Figs. 8 and 9). For BS15 dc/da
was obtained on completion of each fatigue test by straining the specimen
in the Instron tensile testing machine (type TT-C, 44 kN capacity) and mea-
suring the compliance from the load extension chart as shown in Fig. 11, a
constant value of dC/da was obtained. .

From Eq. (2.1), and since dC/da is constant (Figs. B8, 9 and 11) it

can be seen that

K o« P (2.3.a) and XK ., o« P | (2.3Db)
max max min min

As soon as K and K , are selected (or P and P_, ) the parameters
max min max min :

Km and AKX remain constant while the crack is propagating. !

2,2 Experimental Results
2.2.1 Fatigue Crack Propagation in RR58 in Air (21°c ana 50% R.H.)-and

in 3,5% NaCl

The aim of this study was to assess the dependence of crack growth
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rate on the range of the stress intensity factor, and also to reveal the

conbined effects of the environment, loading frequency and mean load (re-

presented by the mean value of the stress intensity factor Km". The experi-

-
”~

mental programme covered fhe full subcritical range.

At 0.15Hz tests were conducted with R = O (various Km and AK values),
at specific Km values (5.5, 8.25, 12.1, 16.5 and 18.15 MN/m3/2) and, in some
isolated tests, at specific AK values. For 35Hz only three Km values

/

were selected (5.5, 12.1 and 16.5 MN/m3 2) together with tests at R = O,

various Km and AK values, and some tests at specific AK values.

(A) The da/dN-AK Relation and the Effects of Km and AK in Air, at 0.15Hz

A typical linear relationship between.crack length and number of
cycles for tests at R = O is shown in Fiq. 12. Crack speed da/dN increased
with increasing values of applied AK. There is a markedly steep increase
in growth rate when AK was increased from 18.43 to 21.81 MN/m3/2. Additional
data for R = O may be found in a previous work by the author (184).

Some results for low values of AK and still at R = O are presented in
Fig. 13, These tests were conducted to verify the existence of a threshold
for crack propagation. One observes that a large decrease in crack growth

/2

rate ocurred when AK changed from 6.17 to 5.63 MN/m3 at which the crack
~growth rate obtained was 3.3 x lO—7 mm/cycle (Table 3). The crack growth
pattern presented in Fig. 13 suggests that in that AK region (7.74 to

5.63 MN/m>’

2) the crack growth rate is rapidly decreasing towards the threshold
level, |

Crack growth rate, da/dN, was obtained for each test and all ﬁﬁe data
obtained under R = O conditions is presented in Table 3, Fig. 14 shows |
da/dN plotted against  AK with curve 1 fitting the data for R = O loading.

It should be remembered that the results of tests in which AK is

varied at R = O inevitably include the influence of the mean value of stress
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intensity as well, since Km increases proportionately with increasing AK.
Thus the results of tests in which R = O and Km (and hence AK) is varied
(curve 1 Fig. 14) may be described (in the linear region) by a crack pro-
pagation law such as Eg. (1.23], but they cannot indicate the separate effects
of AKX and K_.
m
In order to separate these individual effects, the two other series

/2

of tests were conducted. Thus for a specific value of Km (12.1 MN/m3
and with AK varying between 2.86 and 17,27 MN/m3/2, all the results showed
a linear dependence of crack growth on the numser of cycles. Crack growth
rate increased with AK, as shown in Fig. 15 for three consecutive tests.

The numerical values of g%-correspondiﬁg to the tests performed under
Km = constant conditions are given in Table'3, and are plotted against AK
in Fig. 1l4. A family of curves (2-6) was drawn to represent the Km = const.
data,

In the second series of tests (Fig. 16) AK was maintained with the
same value whilst Km was varied. Again a linear relationship between tﬁe
crack growth and the number of load cycles was obtained, but the rate of
increase of crack growth was not proportional to Km. These two series of
teéts indicate that both Km and AK exert a distinct influence on the  crack
~growth rates in aluminium alloy RR58.

The slopes of the crack growth rate curves in Fig. 14 tend to decrease
with increasing values of mean stress intensity, Km. In tests performed
at constantrvalues of AK and varying mean stress intensity, Km, the crack
growth rate may be expected to vary within wide limits, and this was indeed

the case. In tests at 0K = 5.5 MN/mB/2

increasing - Km (frbm 2.75 to
' 3/2, . .
18.15 MN/m ) increased the crack growth rate by three orders of magnitude

(from 2.5 x 10?7 mm/cycle to 2.5 x lO'-4 mm/cycle). However, this rate of

increase did not remain constant but decreased with increasing Ak.
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A fatigue crack growth curve (e.g. curve 1, Fig, 1l4] may be divided
into three parts, Region I represents a fatigue threshold below which
cracks do not propagate; in this region, at very low crack growth rates,

AK reaches a threshold value, AKth. The highér crack growth rate in Region

II can be described by basic equations such as the Paris equation. Ah even
faster rate is observed in Region III, culminating in a 1/2 cycle loading
when K will reach its critical value X .

max c

The steep downward trend in Region I observed in the present tests

(Fig. 14) suggests that the threshold values, AKth can be confidently

established at crack speeds around 2.5 x 10—7 mm/cycle. Data obtained in

the present programme for values of AK at R = O form the typical sigmoidal

/2

curve 1 in Fig. 14, having a threshold value 5.5 MN/m3 - which may be read

directly from the figure. Similarly values of AKX _, for curves 2-6 may be taken

th

from the same figure the curves being extrapolated to 10"7 mm/cycle as in-

dicated. Other tests conducted at values of AK below the quoted AKth

failed to produce any growth and were discontinued . The threshold

data presented herein indicates that the value of AKt

h is dependent upon

K AR decreasing as K increases.
m’ th ng 11}

(Bl. The g%— AK Relation and the Effects of Km and AKX in Air at 35 Hz.

/2

' 3
Four typical tests at a constant value of Km = 12.1 MN/m produced

the results given in Fig. 17. It can be seen that the crack growth relatcion
is linear and its rate decreases with AR. .Fig. 18 shows the results of

/2

' ‘ 3 o
three consecutive tests at a constant value of AK = 6.6 MN/m and with

: Km decreasing. The crack growth rate decreases by a factor of one order
. . . 3/2
of magnitude as K is reduced from 16.5 to 5.5 MN/m™" .

Crack growth rates were obtained for each test, numerical values

given in Table 4 and plotted against AK inp Fig. 19. These results for given
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. Km vélues at R # O together with curve 1 obtained_from
the R = O,variable I(.In tests, form a family of curves; These curves (1-4)
have a similar shape to those presented in Fig; 14 showing cirves 1, 3
and 4 the three differeng.regions of crack growth.

The threshold values, AKth' were taken from Fig. 19 by considering
the interception of the curves (1-4) with da/dN = lO'—7 mm/cycle. This
task is facilitated by the exisﬁence of a few tests in which crack growth
did not occur even after lO7 cycles. These points of zero crack growth
are indicated by arrows in Fig. 19.and were obtained for all the four curves
considered, AKth has a maximum value of 4.5 MN/mB/2 for R = O and then
decredse as Km increases., |

The fracture surfaceappeérance'of one of the specimens can be seen
in Fig. 20. (Spec. 1] A predominantly fla£ fracture surface was obtained
which shows that the crack propagation process was under plane strain con-

ditions. The difference in fracture surface appearance from the static

precracking zone to the fatigue crack propagation zone can clearly be

noticed.

(C} The da/3N- AK Relation and the Effect of Km and AK in 3.5% NaCl

A typical crack growth plot for tests conducted under R = O con-
ditions and at various AK values is given'in Fig. 21 together with crack
~growth data under the same AK values obtained in air. Each set of lines
refer to one specimen and it may be noticed that the crack growth rate in-
creased substantialiy in the 3.5% NaCl solution in the tests performed at
comparativély low values of . AK; ‘i.e, curve 4, Fig. 21. However no increase
3/2
was recorded when the value of AK = Kmax reached 19.66 MN/m . Thus the

crack growth rate in the fatigue tests performed at Kmax values higher than

19.66 MN/mB/2 remained nearly the same for both environments.
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Typical results from tests performed under the same Km value of

8.25 MN/mB/2

are shown in.Eig. 22, All thevdata in Fig. 22 alsc indicate
a linear dependence of crack growth on number of cycles the crack growth
rate inéreasing with AK,rand accelerating in the 3.5% NaCl sélution when
compared with tests in air at the same Km and .AK values.

Typical tests performed at a constant AK value of 5.5 MN/m3/2,
produced the results given in Fig. 23. Again a linear relationship between
crack growth and number of load cycles was cobtained but £he crack growth
rate was not proportiocnal to Km. These results indicate that in this en-
vironment too the Paris equation does not enfirely explain the crack pro-
pagation phenomena in this material, and thét both Km and AK have separate
influences on the crack growth rate similar to those obtained in air.

Crack growth rate was calculated frop the linear relationship obtained
between crack growth and number of cycles and the complete numerical results
are listed in Tables 3 and 4.

The variation of da/dN with. AK is illustrated in Fig. 24 for load-
ing frequency of 0.15 Hz. The family of curves presented shows the three
different regimes of crack propagation.and bare a similar shape to the
da/dN - AK plots in air (Figs. 14 and 19).

| Some tests were performed in which né crack growth was detected.
AKth was obtained as fhe AX value for which da/dN is below 10—7 mm/cycle

and each curve in Fig. 24 produced a different value. The AKth value in

3.5% NaCl for R = O loading was assumed to be 4.8 MN/m3/2

and AKth is seen
to decrease as Km increases (Figs. 19 and 24), repeating the trend observed
in air.

One of the broken specimens is shown in Fig. 20 (Spec. 2). A pre-

dominantly plane strain fracture surface was obtained with the corrosion

products covering it,
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2,2,2 rFatigue Crack Propagation in BS15 Mild Steel in Air (21°C and

50% R.H.,] and in 3.5% NaCl

In the literature review presented in Chapter 1 it Qas noted that
fewer fatigue crack propagation studies of mild steels have been reported,
despite the engineering significance of these materials.

The effects on the fatigue crack propagation of mean stress and
frequency are not clear with some authors reporting strong mean stress
effects and frequency dependence absent in other studies. These discrepan-
" cies have been discussed in Chapter 1 (1.7.4.and 1.7.8a). Moreover the
environmental effect on fatigue crack.propagation is scarcely known (see
Paragraph 1.7.5) It was therefdre decided to extend the experimental pro-
gramme by a series of similar tests on this material.

Tests were conducted in the full subcritical range at two differént
loading frequencies (0.25 and 35 Hz) under R = 0, variable Km conditions;

3/

at specific constant values of Km (15.8, 31.6 and 47.5 MN/m 2) and at

various constant values of AK.

(A) The da/dN- AK Relation and the Effect of Km and AK in Air.

Early tests were conducted at R = O and at various Km and AK values.
Results presented in Tables 5 and 6 show da/dN increasing poth with AK
and with K .
. m

The crack growth curves cbtained from tests at 35 Hz, in which Km

3/2

was maintained constant at 31.6 MN/m and AK was fixed at specific levels

/2

3 . . X : .
between 15.8 and 57 MN/m , are shown in Fig. 25. There is a typical linear
relationship in each case and the growth rate increases with AK. Tests

at AK equal to 57 MN/m3/2

3/2 '
and 31.6 MN/m / were repeated at a fregquency
of 0.25 Hz, and the results are shbwn superimposed on the same line. Clearly

there is no frequency effect under these conditions. Numerical results
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appertaining to all the tests are given in Table 5 (0,25 Hz) and Table 6
(35 Hzl.

Crack growth rate data for both freguencies are plottel as a
function of AK in Fig. i%; a family of Km = constant curves, corresponding
to Km = 15.8, 31.6 and 47.5 MN/m3/2, is shown together with the curve
corresponding to R = 0 and various Km conditions. Data for Km = 23.7

/ .
m3'2 at 0.25 Hz was also obtained but is omitted from Fig. 26 for clarity

MN/
The present results for R = O agree well with the Maddox data (174)
Fig. 26 obtained in what is usually described as Region II of crack nro-
pagation. 1In general the effect of freguency is negligible (Fig. 26), and
for a given AK value crack growth rate increases with Km although as AK
increases the relative differences in crack growth rates become sma;ler.
Hence the.early Paris ;aw again fails to egplain the large variations in
crack growth rates in tests at constant, but different AK levels.
Threshold data in the form of AKth have been obtained from each
curve in Fig. 26 by repeating Fhe procedure previously adopted in R§58. it
can be seen that AKth decreases as Km increases in the same way as reported

earlier for RR58.

(B) The da/dN- AK Relation and the Effects of Km and AK in 3.5% NaCl

Crack growth rate is plotted against AK in Fig. 27 for tests con-
ducted at 35 Hz. The curves for the same fregquency obtained .in air.(Fig.
26) are also plotted. In this particular loading frequency (35Hz) the effect
of the environment 1s negligible.

The numerical values of AK_, have been obtained in the same way as

th
in RR58 and were not affected by the environment (Fig. 27). The maximum

/2

value of AKX is for R = O and was assumed to be 6,33 MN/m3 Each curve

th

in Fig. 27 has produced a different AK value which is seen to decreace

th
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as the applied K.m increases, Some tests coﬁducted at applied AK values
below the assumed AKth_values failed to produce any growth after LO7 cycles
and were discontinued (see Figs, 26 and 27[:

Tests at the lower'%requency (0.55 Hz) révealed a crack growth pattern
for some values of AK not observed either in RR58 or in this material at
the higher frequency. During each constant AK test the crack growth rate
was initially constant, increasing with AK (Fig. 28). At a later stage
blunting occurred and finally the crack arrested. The arrest points are in-
dicated by the letter A in Fig. 28 and it“wgs observed that the time for
crack arrest, ta' (or the corresponding number of cycles) isvincreasing with
AKX and with the crack growth rate for the initially sharp crack. The tests
performed at the three different constant values of Km (15.8, 31.6 and

/

47,5 MN/m3 2) showed a similar trend (Fig. 29). Each curve produced a
limiting value of AK at which the crack does not arrest, and the time to
crack arrest increases with Km'

The crack arrest phenomenoq is dependent on the crack growth rate as
illustrated in Fig.30. Crack blunting and subsequent arrest were not
obtained above a certain value (da/dN)b which for this material and environ-
ment is about 3,2 x lO_4 mm/cycle. A typical example is given in Fig. 31
for two tests under R = O loading in which it is seen that no crack blunt-
/2

ing and arrest occurred in test 1 for a AK value of 23.73 MN/m3 However

in test 2, performed in the same specimen and following test 1 blunting
has occurred after 130 h approximately for an applied AK &alue of i9 MN/m3/2.‘
This latter value'is below the limiting value of AK = 22.4 MN/rr;?'/2 obtained
for crack arrest under R = 0. (Fig. 29).

It should be néted that the time interval selécted for the tests in
which blunting has not occurred is conditioned by the length available for

crack growth, For example the duration of test 1 was about 200 hours and

since a constant crack growth rate was being obtained and also visual inspect-
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jon revealed a sharp crack the test was therefore discontinued, Other.tests
in which blunting was not detected were extended for more than 175 hours
(Fig. 29) and the crack growth rate did not show signs of diminishing,

Crack growth rate data is presented in Table 6 and the respective

da

plot an

against AK in Fig. 32 including the curves representing the re-
sults in air at thesame frequency, and taken out from Fig. 26. A famiiy of
curves can be drawn from the data points with curve 1 c&rresponding to the
R = 0, (various Km and AK) tests and curves (2-4) to the cgnstant Km tests.

The effect of Km on the crack growth rate for a sharp crack and at
a given AKX value is similar to that previously reported for RR58. However
only two different regions of crack propagation were obtained and are
identified in Fig. 32, The crack growth rate is faster in 3.5% NaCl than in
air, by a factor of 2 approximately,

The threshold values, AKth were obtaiﬁed from the extrapolation of
the lower crack growth rate data to lO-7mm/cycle. Each curve in Fig. 32
produced a AKth_valué thich is not influenced by the 3.5% NaCl solution
but decrease as Km increases with a maximum value for R = O loading of 6.33
MN/m3/2.

When cycling at AK values below AKth no growth was observed and
after approximately 72 hours a blunt crack was formed with a tip radius
approximately equal to that observed at arrest for AK > AKth. These

threshold points characterized by zero growth ana progressive blunting

are identified by the letter T in Figs. 29 and by arrows in Fig. 31.

2.2.3 Fatigue Crack Propagation in LM30 in Air and in 3.5% NaCl

To the author's knowledge there is no published fatigue crack growth
data for cast aluminium alloys.

The main objectives of this investigation were to obtain fatigue
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crack pfépégatioﬁ data in the entire suberitical range (from threshold to
fast fracture)and te compare the behaviocur of a cast aluminium allcy
(LM30] with that of a high strength aluminium alloy (RR58].

L~

(a) The da/AN- 8K Relation and the Effect of Km and AK in Air

ThHe - experimental programme Included tests at R = O, variéus Km and
AK values, and tests at constant values of Km namely 5.5 and 12.1 MN/m3/2.
In all the tests a linear relationship Between crack groﬁth and number of
.cycles was obtained with da/dN increasing with AK and Km. The complete
crack growth rate data on this material is presented'in Table 7.

The crack growth rates da/dN are plotted agéinst AK in Fig. 33. The
pattern of the results is the same as that observed for RR58 and BS15. The
family of éurves in Fig. 33 (curves 1-3) shﬁws these distinct regions of
crack propagation. Curve 1 represents the R = b, variable Km tests and
curves 2 and 3 the tests at constant Km values (R>0). Extremely high
crack growth rates were obtained in Region III (up to 1.2 mm/cycle) which
were not observed in the other materials. Also éegion IIT is more exten-
sive in this alloy.

Threshold data was obtained in the usual way (g%-< 10—7 mm/cycle)
and in some tests no measurable crack growth was detected (Fig. 33 and
Table 7)., AKth was obtained for each curve with a maximum value for
R =0 of 7,4 MN/m3/2.

da

(B). The - - AX Relationand the Effect of k_and AK in 3.5% NaCl

In this environment the tesﬁs weré performed at the same Km and AK
values as the tests in air. Hence a direct comparison can be made between
corresponding tests by analysing the results presented in Table 7.A linear
relationship between crack growth and number of load cycles was cbtained

with da/aN increasing with AK andem.
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Thé obtained crack rates,‘g%-are plotted against AK in Fig. 33
Presenting a similar patéern to that of the results in air; Crack growth
rate is accelerated in 3,5% NaCl with the difference increasing as AK
decreases, In Region III”very high créck growfh rates were obtained re-
peating the pattern observed in air,

/2

AKthAvalueé were obtained with a maximum value of 6.9 MN/m3 for
R = 0,

One LM30 broken specimen is shown in Fig. 20 (Spec.. 3). The fracture
surface is macroscopically flat proauced by the largely developed plane
sfrain conditions already observed in RR58. However the fracture surface

appearance is considerably different, very irregular, showing fracture

planes at various angles and depths.

2.3 Discussion of Results

2.3.1 The Threshold Results

It is recognised that the threshold determination might be sensitive
to the test method used (as discussed by Bucci (185)). However, careful
precautions, such as adegquate precracking, avoidance of overloading and
of residual stresses etc. have been taken in the present tests. All
threshold data were obtained either by extrapolation of lower rate data
to 10'_7 mm/cycle, or from zero growth tests, and the AK levels correspond-
ing to the threshold points are on average 10-20% above or below.the AR
level in the immediately preceding test. (Tables 3-7). Hence any delay
~or transient acceleration phenomenon is effectively eliminated (See Para.

1.7.6D)

(A} Theshold Results in RR58 and LM30

The threshold results for RR58 will be analysed first. In Fig. 19
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and for R = O in laboratary aixr at a frequency of 35 Hz the value of AK

| . /2 .
obtained by extrapolation of the lowex rate data, is 4,37 MN/m / .Testing

th'

at still lower crack growth rates is very time-consuming. This value is higher

3/2

Ehén the 1.65MN/m3/2for pure aluminium and 2.09NM/m for a 4.5% Cu-Al alloy

(BSL65) quoted by Frost(8l). Both materials have been tested at frequencies be-

i ‘
tween 25 and 30Hz (186). In 2024-T3 Hudson(86) obtained a threshold value

3/2 3/2

of 2.75 MN/m , but déta presented by Donahue et él (187) gives 5.5 MN/m ,
for the same alloy and test‘frequency. It should be pointed out that all
the data for 2024-T3 were obtained dn specimens with about 2.5 mm thickness
while Frost's work (81) was on 6.5 mm thick specimens, which seems to
indicate a thickness dependence. Although cpmparable-dqreshold data at a
range of frequencies and R-ratios for RR58 are not available, the present re-
sult is considered to be high even when compared with the values of 4 MN/mB/2
(R = 0) reported by Schmidt and Paris (133) for 2024-T3 alloy (the same
series as RR58) at a very high frequenﬁy (300 Hz).

AKth valves obtained from Figs. 14 and 24 are presented in Table 8

and plotted against Km in Fig. 34. AK decreases linearly with Km for

th

bqth frequencies and environments, AKth is only 12% lower in the 3.5%
NaCl solution than in air and is 20% lower at 35 'z than at 0.15 Hz.
There is no measurable.difference between AKthvalues at 35Hz in air and
in 3.5% NaCl. Data from Feeney et al (67) obtained in 2024-T73 with the
same crack orientation as in the present tests and at a testing frequency
-of 2 Hz are superimposed on Fig. 34 and agree well with the present results.
" The above results seem to indicate a frequency dependence of fhe

threshold for crack propagation in these alloys, Ak decreasing with in-

th

creasing frequency.
In LM30 the threshold values of AK are presénted in Table 8 and
. 3/2
plotted against K in Fig. 34. The value of AKth for R = 0 (7.4 MN/m / )

is higher than the comparative threshold results presented by Weiss (132).
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and Donahue et al (187) for high strength gluminium alloys, Donahue et al
(187) reported an increase in AKth with decreasing yield stress, Since
LM30 has considerable lower yield stress than RR58 this may explain the
.
di fference.
An alternative plot of AKth/E against R is shown in Fig. 35. Tests
at very high stress ratios (above 0.9) have not been completed, but the

results obtained below that wvalue provide a good fit to a smooth curve

Fig. 35. The curve may be expressed by the relation

1 N V
sy Pl s -
E L[E Jr=0 ' :
with o' = 0.55 for RRS8 at 35 Hz; o' = 0.73 for RRS8 at 0.15 Hz in air

and 0.65 ;n 3.5% NaCl. For LM30 o = 1.1 in air and 3.5% NaCl. The above
equation is more general than the Grandt and Gallagher expression (13%)
in which d‘ = 1.

A sudden change in the shape of similar curves observed by Schimdt
and Paris (133) for 2024-T3 aluminium and A535 steel (albeit at lower
values of R than those investigated here) was explained by a crack closure
originally discussedby Elber (91) but it is doubtful that éuch.aﬂchange
wéuld occur in RR58 and LM30. It should bé mentioned here that the analysis
of the fatigue tests on RR58 performed by Pearson (B9) led to unexpected
discrepancies; thus the possibility of behaviour different from that

commbnly observed in class 2C00 aluminium alloys should not be ruled ocut..

(B) Threshold Results in Mild Steel BS15

Threshold data in the form of AKEh are presented in Table 8 and
plotted against Km in Fig. 36. Other threshold data included in Fig. 36
was obtained from four different steels (94-97) whose crack growth rate

characteristics will be analysed in more detail later. The threshold data

varies between stress ratios of O to about 0.95, as evidenced by the four
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constant - R lines drawn in the figure, The BS15 threshold results agree
well with Frost's for cold rolled mild steel. At stress ratios near O,
A533 B--1 and EN3A mild steel have better thre%hold behaviour than the
other steels, but when 0¢5 < R‘10;95 the best results are those for cold
rolled mild steel and BS15,
In Fig. 37 the factor AKth/E is shown as avfunction of the stress
ratio at the threshold points. This curve is significant sin&e it has
been suggested that for a given stress ratio the factor Akth/E may be
material dependent (135). When plotted oﬁ this basis it may be seen that
for the present steels data does ﬁot fall”on one siﬁgle line. Hence, at
least for these materials, the ratio AKth/E is not material independent,
For cold rolled mild steel and BélS Eq. (2.4) fits the threshold cdata"
well with &' = 0,5, This equation gives be£ter correlation of these results
than the Grandt and Gallagher expression (136) shown superimposed on Fig. 37.
A crack closure approach shows a reasonable correlationwith data
obtained for A533 B-1 steel (133) as indicated in Fig.. 37 but no such
agreement was obtained for BS15, the crack closure estimate for which is

also shown in the figure. This curve may be established since crack growth

does not occur for cycling conditions in which Kmin < Kcl when

Kmax = Kcl + AKO = constant - | (2.5)

where Kcl is the value of the stress intensity factor necessary to open

the crack and AKO is the stress intensity range above KC which must be

1

exceeded for crack growth to occur. These definitions of Kcl and AAKO

fqllow the ones proposed by Elber (91). Hence from Eq. (25).

AKth = K - K, = (K

max min cl + AKO)(l—R) (2'6)

"Alsoc, for K > k h A = = .
’ min AKCl, crack growth does not occur when Kth AKO constant
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Thus when R =0

[AKth] reo = Ko * 0K, | (2.7a)
and when K ., > K
min cl o,
AKth.= (AKﬁh;min : (2.7b)

This condition is met when R = 0.5, and enables the two straight lines
forming the curve for BS15 to be drawn. The inference is then that for all
values of R > 0.5, AKth/E should remain constant. That this is not the
case is clearly indicated by the data shown in Figs. 35 and 37. The crack
glosure approach is not appropriate for cold roliéd mild steel nor BS15,
and any attempt to use it will lead to a ver& conservative estimate of

AK

th*

2.3.2 The Effect of Environment and loading Frequency
(A) Environmental and Loading Frequency Effects in RR58 and LM30

Two Km = constant curves.were taken from Figs. 14 and 24 and a compari-
son between them is made in Fig. 38 together with fhe R = O curves, to
assess the effect of 3.5% NaCl soluﬁion on crack growth rate.

In comparison with laboratory air the 3.5% NaCl solution lowers the
threshold value for crack propagation and causes an increase in fatigue
crack growth rate which varies from a factor of 2 in Rggion IT and about one
order of magnitude in Region I (Fig. 38). However at higher Kma# values

e.qg. 21 MN/m3/2

(Region III), no significant difference betweén the crack
growth rates was observed. However at 35 Hz (Fig. 19) the crack growth
rates were not significantly affected by the environment. |

Acceleration of-cracklgrpwth rate in a 3.5% NaCl solution is usual
for aluminium élloys 2s extensively discussed in section 1.7.5 and in

Refs., (67, 114-122). The above results indicate that corrosion fatigue is

a time dependent phenomenon and environments that can corrode and emnbrittle
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the material at the crack tip will increase the rate of crack growth
with the effect being most pronounced at low crack growth rates (Region I)
and at low frequencies (0.15Hz]. Extensive dissolution not accompanied
by materiai émbrittlement'gt the crack tip leads to crack blunting (e.qg.
mild steel BS15). Local dissolution was experimentallonbservea in the
crack tip fegion but it did not affect the geometry of the crack tip, i.e.
the crack remained sharp during propagation;

The effect of Km is similar for both environménts when compared with
the R = O curves (Fig. 38).

A frequency effect was observed in the tests conducted in laboratory
air. Rates of crack propagation in air are shown in Fig. 39 for compara-
tive purposes. In Region II the crack growth rate increases as freguency
decreases, but for lower AKX values (Region I) the cor;esponding curves for
the two frequencies cross (points A and B, Fig. 39) and the crack growth rate
is higher and the threshold is lower at ' .35 Hz. BAs mentioned above, the
frequency effect on crack growth rate in high strength aluminium alloys'has
only been studied in limited créck growth rate regions, usually in Region
I1 (80, 114, 121, 122, 139, 140). In Region IIIX ig is seen that the results
are strongly dependent on KC. Hence in specimens with lower KC valuesAthe.
transitioﬁ from Region II to IIT occurs at lower AK values and the crack
. growth rate may be higher at 35 Hz (curves 3, Fig. 39).

Data presented by Brédshaw and Wheeler (139) for 50702 aluminium allowr
shows that the crack growth rate curves for loading frequenciés of 100 and

1 Hz cross at AK = 5.5 MN/m3/2.

The data also strongly suggests a higher
thfeshold value at the lower freguency. The present results support this
trend with the crossover point (point A) occurring at a AK value of about
7 MN/m3/2.

The increase in crack growth rate with decreasing frequency was

explained by Bradshaw and Wheeler (139) as being caused by an environmental
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effect obtained in the reaction between the surrounding gasfair) and the
freshly exposed metal at the crack tip. Thus at the lower frequency there
is'more time available for the reaction between the constituents of ordinary
air such as oxygen, nitrogén and water vapour and the metal. Therefore

this effect should be morepronocunced at lower AK levels. The results pre-
sented in his work (139) .,and the preéent results do not support thé above
conclusion, Indeed, for AK values below those at points A and B (Fig. 39)
the crack growth rate is higher at the higher frequency. It is thought

that some of the acceleration of crack growth rate in air is due to an
environmental effect (presence of oxygen aﬁd waterAvapour in air) but that
is largely due to an intrinsic frequency effect of the material which may

be detected by performing tests in a vacuum. Further study of fhe frequency
effect is necessary to clarify these points.

For the ILM30 cast aluminium alloy the data presénted in Fig. 33
indicates that the 3.5% NaCl solution accelerates the crack growth rate with
respect to that in.air and lowers the threshold value for crack propagation
producing a similar effect to thatlon RR58. Thus g%-is accelerated by a
factor of 7 at lower AK values (Region I}, by a factor of about 2 in the
'top of Region II and finally in Region III the results from both environments

are practically coincident.

(B) Environmental and Loading Frequency Effects on BS15

The-frequency and threshold behaviour observed in BS15 is in line
with the behaviour of high strength steels (122, 123,127 and 128{. However
'crack blunting has nop been reported in these latter materials.

Crack blunting and subsequent arrest are knowﬁ to occur in stress
corrdsion, as investigated by Creager and Paris (188) but neither in stress
corrosion nor in corrosion fatigue has the infleunce of external variables

been fully investigated.
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da

b above which blunting does not

The existance of a critical value.(
occur (Fig. 30) can be explained by a combination of dissolution and crack
propagation, The dissolution and oxidation processes contribute not only to
the crack advance per cyclé bBut also to increase 1its radius of curvature.

The latter effect may be obtained if the environmental effect does not
cause enough material embrittlement.

If the rate at which the crack propagates exceeds the rate at which its
radius of curvature increases then the crack tip will remain sharp and blunt-
ing and arrest will not occur. Hence a critical rate of crack propagation

may be obtained so that blunting and crack arrest will be observed if the

crack growth rate is below that value.

22

aN'p e

When the initial crack growth rate (sharp crack) is below (
crack is being widened at a faster rate than it advances. As the radius
of curvature increases the crack growth rate will be reduced until a radius
of curvature is reached where arrest occurs. This provides a qualitative

explanation of the shape of the curves presented in Fig. 28. Additionally

QEJ ) more time will be necessary

with increasing crack growthrate (below (dN b

to reach that critical radius of curvature responsible for crack arrest, since
a larger volume of material will have to be removed. Hence the crack gro&th
rate will increase with the time to crack arrest which is supported by
the results presented in Fig., 30.
.The dissolution process also contributes to increase in crack growth
rate in relation to comparative tests in air in the absence of any blunting
v da

effects i.e. in the early stages of cracking when (gﬁ? <(aﬁab and in the over-

da . da

an G

all test if G b"

The stress conditions at the crack tip leading to deceleration and
arrest of blunt cracks are discussed in (188). The tangential stress O
at a crack tip having a radius of curvature p may be gqualitatively expressed

by the equation derived by Heckel and Wagner (189).
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(2.8)

=

T =

e

which shows that as p increases Gt decreases, It is also assumed that the

decreasing value of g_ reduces the local value of AK, The eflective value

t

.

of AK, AKef' may characterize the stress distribution at the crack tip.

AKef decreases as p increases and at arrest AKe might be equal to AK

f th’

the threshold value of AK in the same environment and for a sharp crack.
Further analytical work is necesséry to establish the appropriate

stress distribution at the crack tip for different geometries and p values.

The data‘presented in Figs. 29 and 30 may be of interest for design purposes

as at some subcritical AKX values a c;rrosive environment may be beneficial and

ultimately lead to the arrest of a crack. In such a situation an initial

corrosive crack propagation may be tolerated.

2,3.3 A Seni-Empirical Fatigue Crack Propagation Model

(A) Proposed Model

All the data collected in the experimental programme showed that
both AK and.Km have a significant influence on the fatigue crack growth pro-
cess. The above influence is similar to that reported in the study of Region
I fatigue crack propaéation in high strength aluminium alloys and steels
carried out by Arad et al (10l) in this department. Thus Eqg. (1.32) has
been applied with considerable success for predicting the mean stress effect

in those materials. It seems therefore appropriate to study the behaviour

of the function g§'= F(A) and considering Eq. (1.32) g%-may be expressed in
‘the form

da _ .1y _ 2 2 nj_ . n,'_ . ny -

an - BA = B(Kmax Kmin) = B(2Ath) = B (AKKm) (2.9)

with the constant R' = 82n1 Plotting log (da/dN) /R' against log AK for
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different Km values with a hypothetical value of ny= 1 produced the curves
shown in Fig. 40 showing that this predicted mean stress effect corresponds
to the experimental results for Region II crack propagation (see Figs. 14,
19,24,26,27,32,33,38 and 39).

The numerical values of A are given in Tables 3-7 and the plots

da
dn

against ) are shown in Figs. 41, 42 and 43 for RR58, BS15 and LM30
respectively. In thecase of RR58 (Fig. 41) and LM30 (Fig. 43) and as
already observed in the study of aluminium alloys 2024-T3 and 7075-T6 (101}
the agreement with A in Region II‘is‘good between 10—4 mm/cycle and 10—2
mm/cycle. In BS15 (Fig. 42) the ag&eement with A was obtained from

5.0 % 10'—5 mm/cycle to 2.0 x 10—? mm/c?cle'- well inside the range of agree—.
ment with A for cold rolled mild steel and §Ni—4CO—O.25C steel (101). It
is apparent that the use of this parameter has the effect of bringing ail
the exéerimental data onto a single curve in Regions I1i and III, although
in Region I A is depeﬂdent on Km. This latter region is approaching
threshold conditions and a rapid increase in crack growth rate occurs at
higher values of A in Region III.

To predict behaviour in Regions I and III, and also to normalise
crack growth data in the entire subcritical range a modification of the
early Arad equation, Eg. (1.32) may therefore be described as follows:

For lower crack growth rates (<2.5 x 10—5 mm/cycle) A is.strongly
dependent on Km and its threshold wvalue Ath = 2AKth Km influences crack
~growth in this region (Region I). A sharp increase in growth rate occurs

for higher values of Kmax approaching the critical value Kc' These two

values provide the limiting conditionsof the model

lim da :
—-— =0 and lim da :
A- Ay, GN K >k av =% (2.10)
max C -

Hence in the modified model the term A- Ath should figure in the
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numerator and K, =K o in the denominator. -A generalised equation

may be chosen as

“da _ o :
e éc o~ (2.11)
A"\ 2K_(AK -AK . )
where ¢ = '??J%%__ - th | (2.12)
K‘c--lsma\x Ke ™ Kmax

and Ac and O are constants.

In LEFM (Appendix A) the stress intensity factor K is related to
the ¢rack tip opening displacement (COD) and the J contour integral
or crack e%tension force G (Appendix A). Hence Eg. (2.11) mav be re-

written in terms of the crack opening displacerment and crack extension

force as o
- _ o
da . Av AVth) o (AG AGth ) .13
omT = D e C ___——_ . v
dN C v,C - Vmax Gc Gmax
AV =V -V . = —_ ’
where & max min' Ae Gmax Gmin' Vmax and Vmin’ Gmax and Gmin

the threshold value of Av for crack extension, Ve and Gc are the critical

values of v and G for unstable fracture and AGth is the threshold value

of AG. For plane stress conditions AG is given by

th
2 .2
(X - L)
max th min’ th
A£G, = = ‘ _ (2.14)
where (K ) . and (K . ) are the maximum and minimum values of K at
max th min’ th

the threshold point. AG represents thevariation in cyclic potential

th
energy with crack length, assuming that crack growth is still ocbtained
aﬁ-the threshold point (which is approximately true since da/dN <1O_7
" mm/cycle) .

The parameter ¢ is an energy or crack opening displacement ratio.
It has the same dimensionless value whether expressed in terms of K,

G or COD. Crack growth rate increases as (Av- A%h) increases and as

Viax approaches to Vg These relations, Egs. (2.11, 2.13) imply that
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crack growth will occur when a certain level of Av >Av is attained and

th

wvhen v. -+ V or G + G unstable fracture is obtained.
max @ c max c

.
(B) The use of the Proposed Model forvRepresenting Experimental Data

In this section da/dN will be plotted aéainst ® not only for the
investigated materials but also for relevant data on steel taken from
the literature.

In calculating @ appropriate values of KC were taken.‘ Thus for
RR58 and LM30O the KC value for the particuiar specimen being tested was
assumed in the calculation (Table 2). For BS15 Kc was taken as 98 MN/mB'/2
{190). 1In tables 3—7tﬁu&numericai values of & are given. In RR58 at 0.15H=z
da/dN is plotted against ¢ in Fig. 44, A linear relationship is apparent.
The ¢ plot for RR58 at 35 Hz.is shown in E}g. 45 and for LM30 in Figs.

46 and 47. The correspondiné data in mild steel BS15 is presented in Fig. 48
for laboratory air and Fig. 49 for the 3.5% NaCl solution. All the data
presented in Figs. 44-49 show a linear relation over the complete range from
threshold to rapid fracture conditions.

In appropriafe cases for which the literature (94-97) gave sufficient
data over a wide range of crack growth rates, the mcdel has been applied to
other materials. Relevant threshold data has been indicated in Figs. 36
and 37 and the variations in crack growth rates with ¢ afé shown in Figs.
56—52 for tests in which the stress ratio R was constant. In these cases

the parameter ® could be calculated as

o = 5 5 Tax (2.15)
- . K — K N
C max

2. 2 2
(1-R )(xmax—(x )th)

where KC was assumed to be the same as in BS15 except for A533 B-1 where

/2

a value of 125 MN/m3 had been established (96).

® may be considered a valid crack growth parameter for each of the
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materials over the range tested e.g. for mild steel (95)}, Fig. 50 a range

2

of crack growth rates of 10 ' to 10“3 mm/cycle, for cold rolled mila steel

7 to 1072 mm/cycle and for A533 B-1 steel ($6), Fig. 52

e

10._7 to 10_2 mm/cycle approximately. In each of the above cases the

(94), Fig. 51, 10

parameter ¢ may be considered valid over the full subcritical range. In the
case of EN3A mild steel (97), Fig. 53 the parameter appears equall§ valid,
although in this case the maximum crack growth rate had been restricted to
10-3 mm/cycle and the full range of Regiocn III may not therefore have been
explored; It should be noted that in Figs. 50 and 53 the authors' actual
data points are indicated, but in Figs. 51 and 52 it was necessary to in-
dicate the mié points of scatter‘bands at réndomly chosen g% values, since
only scatter bands were available.

The above results clearly demonstrate that for mild and low alioy
steels the parameter ¢ is capable of expressing by a single line éata'
obtained at any values of AK, R or Km. Similar checks on other materials
like high strength aluminium alloys and steels must be made before the re-
lationship is generally considered to be a good predictor of crack growth rates
in metals. The satisfactory agreement given by the paraﬁeter $ in all these
metals is particularly encouraging, especially if the'relationship is used
for material selection and design purposes.

The relation (2.13) offers to the designer a single expression cover-
ing the full subcritical range‘and normalising the stress ratio effect znd
threshold behaviocur which are not fully accounted for by other expressions
mentioﬁed earlier (Paragraph 1.7.4). The selection of matérials can be most
cénbenien?ly periormed by using the parameter ¢ without the inconvenience
of tﬁe use of different equations for different stress ratios and in diff-

erent regions of crack propagation.
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(CI. Trends of Variation in o and Ac Coefficients

The numerical values of o quAc are given in Table 9. The inference
taken from those vaiueé is thaf d'and.Ac-are dependent on material, fre-
quency and environment,

For RR58 tested in laboratory éir when the freguency increased both
G and Ac decreased. However in 3,5% NaCl Acdecreasedpgtcx remained practi-
cally constant (frequency independent). Hence the‘frequency effect for RR58
in air is such that the crack growth rate curve for the lower freguency
will lie above the éurve for the higher frequency (Fig. 45) with the
difference increasing for higher values of 9.

On the other hand the 3.5% NaCl environment causes
a decrease in 0 and an increase in Acat 0.15 Hz whén compared to the
results in air, Consequently the data presented in Fig. 44 converge with
increasing values of ®,the accelerating effect of 3.5% NaCl being practi-
cally non-existent for ¢ values greater than 10. (da/dN> 2.5 x lO_2
mm/cycle). At 35 Hz o and RA.are not dependent on the:environment.

For LM30 (Figs. 46 and 47) both o and A showed the same trena as for
RR58. However the increase in A from air to 3.5% NaCl is smaller than that
for RR58 (30% increase compared to a factor of about 2.5). The ¢ plot shows,
therefore, a considerable minor effect of the 3.5% NaCl solution on the
crack growthrate for LM30,

In BS15 and at 0.25 Hz 0O decreased and Ac increased when the environ-
ment was changed from air to 3.5% NaCl (Figs. 48 and 49 and Table 9).

The frequency effect in 3.5% NaCl led to a decrease in Ac and an increase in
o on increasing the frequency from 0.25 to 35 Hz(Fig. 49 and Table 9). BS15
therefore shows the opposite trend to that reported for RR58.

Values of ¢ and Ac for the other data on steel selected from the iiter—
ature (94-97) are aléo shown in Table 9. @ and Ac varied from material to

material, with Frost's mild steel (Fig. 49) giving the minimum values. If
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any steel selection was to he carried out in terms of crack growth rate
resistance this material would be the obvious choicg.

- Another immediate advantage of the law described by Eq. (2.11) is
illustrated byithe fact that when plotting da/dN against @ it is possi-
ble to say that RR58 has better crack growth rate characteristics than

LM30 in both environments (Figs. 46 and 47).

2,3.4 An Example of the Application of the Proposed Model to Calculate

the Number of Cycles to Failure

The sémi-empirical model described by Eq. (2.11) can be used to cal
culate the number of cycles to failure, Nf spent in crack propagation

Thus Eq. (2.1l1l) may be expressed in terms of the stress ratio as

2. .2 .2 a
'§§'= A U-R )(Kmax (Kmax)th) ‘ (2.16)
dN c K2 _ K2 -
c max

By itsturn and using the definition of K (Appendix A).

K2 = Yzoz Ta , . (2.173)
max max
2 2 2 ,
= : .17
(Kmax)th X Umax may (2.170)
and K2 = 262 Ta (2.17:¢c)
c max - C e
Substituting Egs. (2.17a,c) in Eg. (2.16} and simplifying Nf may be ob-
tained by‘integrating the equation
%% a-a :
(64
N.=—=—| 7 =" aa (2.18)
£ 2 a-a,
A{1-R"™) a, i

where a, is the initial flaw size.
If o# 1 analytical integration of Eq. (2.18) is extremely difficult,

but a numerical integration can be easily carried out in a very small
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computer program, On the other hand the derived equation offers two
great advantages, First is valid in the entire subcritical range, and the
second is valid for‘any positive wvalues of R.

When o = 1 integratfon of Eq. (2.18) is straightforward and gives

oy
= - - -a )} - L
N 5 _l:(ao a l+(a, ai)[zn(ac a.)~n(a ai))] (2.19)
A (1-R“) :
c
The plot Nf against a is presented in Fig. 54 for BS15 mild steel in
air at R = O. Two different curves are showed corresponding to usual
2
working stress ranges (= O and l-o ). The values of a, and a_ were
: » 3 ys 2 "vs i c

calculated from Egs. (2.17p) and (2.17c¢) with (Kmax)th = 6.33 MN/mB/2
and the geometry considered in the example is that for which Y = 1,value
often used for engineering purposes. The curves presented in Fig. 54
allow the designer to predict the number of cycles to failure in the com-
ponent assuming that life is totally spent in propagating a crack having
an initial size a to the criticai size a_. Nf increases when both the

working stress and the initial crack length decrease and tend to infinite

when a —»a..
o] 1
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CHAPTER THREE
A SHORT REVIEW ON STRESS CORROSION CRACKING IN

ALUMINiUM ALLOYS - A FRACTURE MECHANICS APPROACH

3.1 Introduction

Almost all Al—allo&s are susceptible to stress corrosion cracking (SCC)
in a hostile environment. They usually show interéranular cracking under the
simultaneous action of a corrosive environment and applied (or residual) tensile
stress. It is known that the degree of corrosion susceptibility is influenced
by metallurgical variables such as chemical composition, processing heat treat-
ment and microstructure as well as by the direction of applied stress.and
the temperature.

Traditionally, SCC data for aluminium alloys have becn obtained by ex-
posing suitably stressed smooth unnotched speciﬁens to a corrosive environment.
Time to failure (TTF) was then recorded as a function of the applied gross
stress, this being usually below the nominal yield stress of the material test-

ed. Smooth specimens are also used to determine a threshold stress ¢ C below

sC
which SCC is not observed within a given time; An extensive collection of
GSCC data was presented by Sprowls and Brown (191). The same authors (192)
published the contribution of smooth specimen testing (TTF tests) to the under-
standing éf the SCC phenomenon in aluminium alloys.

In the time to failure test it is often difficult to define fhe applied
‘stre;s with sufficient accuracy, since it cén be highly localised bi a surface
defect,‘an internal defect or a corrosion pit. Furthermore, data obtained 6n
nominally‘smooth~specimens included both the initiation and propagation phases’
of the stress corrosion process and these could not easily be separated. The
initiation pﬁaée congists of the nucleation and growth of the corrosion pits,
while the propagation phase covers the crack growth from microscopic dimensions

to critical size. Natural initiation of a crack may convéniently be substitut-

ed by the introduction of a very sharp notch, allowing investigation of the
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crack propagation phase alone. Since, furthermore, SCC occurs below gross
yielding, it is appropriate to use an LEFM analysis.

N
3.2 The SCC Process in Aluminium Alloys and Parameters which Influence it

3.2.1 The Specimen Orientation in the Plate Material

It was reported by Préstley (193) that aluminium alloys are more sus-
ceptible to SCC when tested in the S-L* orientation. Due to the intergranular
nature of the SCC process, susceptibility to stress corrosion is a function of
the resolved stress component acting normallyvto the grain boundaries which, in
the S-L orientation offer a much larger number of nucleation sites than in
other directions. Consequently the degree of SCC is substantiélly lower in
T-L and L-S orientations. It may be noted that tensile tests as well as fract-
ure toughness tests performed on specimens in these orientations show corres-—
ponding changes in therespective values of hardness, elongation, tensile stress,

yield stress and stress intensity factor.

3.2.2 TheEffect of Stress

(A) The Stress Intensity Factor and Testing Techniques.

The similarity concept applied by Schjive (194) shows that similar values
of the stress intensity factor, K, characterising the stress field around a
sharp crack, should produce similar rates of crack growth. The level of K
to cause stable cracking is substantially less than the critical.touéhness Kc
for unstable fracture under statically applied load. Hence in the LEFM approach

© SCC could be defined as environmentally induced subcritical crack growth under

*A two letter system is used here to identify the testing conditions. The
first letter identifies the stressing direction and the second letter the
direction of crack propagation in the plate material. The letters are S
for the short transverse direction, T for the long transverse and L for the
longitudinal (or rolling) direction (Fig. 4).
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static tensile stress, LEFM can then predict whether cracks can propagate

by SCC, thus overcoming some of the difficulties of the TTF technique.
Knowledge of the stress corrosion crack velocity, da/dt, as a function

of K would éonstitute valuablg information.for alloy development as well as

 for the determination of a possible threshold value of K, below which

Krscer
cracks would not propagate or propagate extremely slowly.

A flawed structure can be conveniently represented in the laboratory by
a specimen containing an initialsharp crack, appropriately loaded in a hostile
environment such as a solution of NaCl in water.‘ Crack growﬁh rate or any
other related variable may then be measured and analysed as a function of the
applied stress intensity factor K.

Brown (195) has reviewed the application of fracture mechanics to stress
corrosion cracking. This included details of specimen designs practically

sui table for SCC studies, methods for the determination of K experimental

1scc’
techniques of monitoring stress corrosion crack growth and the translation of
laboratory data into practical service applicat%ons. One of the first test
techniques to be used in fracture mechanics SCC studies was also due to

- Brown (196). A precracked bar stressed in bending as a cantilever beam was
used and the propagation of the stress corrosion crack was detected by a stand-
ard dial gauge. Chu and Wacker (197) have investigated SCC of 7079-T6
aluminium alloy in sea wafer using smooth and precracked specimens. They found
a general agreement between the results from the two methods.

Thé DCB specimen is now widely used in SCC studies of aluminium alloys.

Its geometry is particularly indicated for the e;perimental determination of
crack growth rates in the‘S—L orientation.. Also another advantage of the
ICB specimen is the ease with which SCC data can be obtained from a reduced
nurber of specimens. T?e first extensive expérimental work using this geometry
was carried out by Hyatt (198). The environment was a 3.5% NaCl solution and ten

high strength aluminium alloys in a variety of heat treatment conditions were

tested.
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Jacobs and Marcﬁs(l99) have fecently published the results of a "round
robin" stress corrosion‘testing programme on aluminium alloys in the USA to
evaluate and compare techniques for stress corrosion susceptibility testing.
Crack growth measurements were performed with several types of fracture mech-
anics specimens including some parallel and tapered DCB tests. Subsequently

a similar programme has been initiated in England (200).

(B} The da/dt-K Diagram

The effects of stress, environment and metallurgical féctors are most
conveniently studied by analysing the da/dt-K diagram for the investigated
material. For the aluminium alloys tested this often shows two different regions
of crack propagation. BHowever in some material—énvironment corbinations, such
as alumina in water, Evans (201) has observed three different regions.

Speidel and Hyatt (116) have compiled extensive da/dt-K data and char-
acterised the phenoﬁenological trends in both Regions. Thus in Region I
da/dt is strongly dependent on K, tending towards the threshold valus KISCC'
In Region II there is a plateau velocity(da/dt iﬁdependent of X);its extent

depends on the material and envi¥onment. For most alloy—enyironment combinations
Region II extends to KC. In a few cases, however, as the applied K approaches
KC a sharp acceleration of crack growth éccurs, forming what is called Region
IIT.

-In some alloys having an equiaxed grain structure macroscopic crack
.branéhingis possible. This phenomenon was studied by Speidel (202) who pro-
posed that crack branching may occur if a élateau region (K—independent)‘exists

and the crack tiﬁ stress intensity at the point ofbranchingiéiat least 1.4
times‘£he streés intensity at which Region II begins. These conditions were
considereéd necessary but not sufficient for crack]orgnching. Crack branching

in high strength steels was investigated by Carter (203) who stated that the
onset of twinning is characterized by a critical stress intensity factor Klb'.

Later an elaborate theoretical treatment of crack twinning was carried out by
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Cherepanov and Kuliev (204). The analysis was based on perturbation theory.
The stress intensity factor of each branch was calculated as a function of

the applied stress intensity factor and the angle i between the vranches. To

PR

calculate these stress intensity factors, theory of elasticity was applied for
a semi-infinite straight slit with two symmetric straight branches. A value

K. was identified, below which (and above K ) the crack propagated at a

1b

IsCC

constant rate and above which it branched. This value was predicted on the

assumption that for Y= 45°K at the tip of one branch attains K to be that

1c’

at which ch/Klb = 1.31 ~ comparing well with the experimental value 1.46.

3.2.3 The Effect of Envirbnment

The environment has a most important effect on the nucleation and growth
of cracks in aluminium alloys. The measured crack tip velocities can vary
by several orders of magnitude depending on the environment that fills the
crack.

SCC may occur in gaseous environments, due to the pressure of water vapour;
hence crack growth rate increasés with humidity. Neither initiation nor pro-
pagation of stress corrosion cracks has been observed in a very wide range of
aluminium alloys exposed to dry air. Furthermore, crack growth caused by room
temperature creep effects has not been observed. The crack growth rates obtained

in gaseous environments With very high humidity percentages are considerably
lesé than the crack growth rates obtained in gaseous solutions. In distilled
water many aluminium alloys exhibit almost identical crack growth rates fo
those obtained ig gaseous atmospheres of 100% relative humidify (116) .

It is of consideréble practical importance to investigate SCC in aluminium
alloys exposed to agueous solutions containing chloride and other halides.

These halides exist in marine environments and their ihfluence in the crackiﬁg

process must therefore be known if susceptible alloys are to be used in those
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environments. One pf the niost widely used laboratory simulations of sea
water is the 3.5% NaCl solution which was used in the present work.

Data presented in (116) shows that in aquecus solutions the crack growth
rate is considerably accelerated in comparison with a distilled water envir-
onment. It is realised that this acceleration depends on the metallurgical,
mechanical, electrochemical and other parameters which must be controlled if a
‘valid quantitative test is to be attempted.

Usually the crack velocity in aqueous solutions is increased if the salt
concentration is increased above a certain critical value. Below this value
the crack velocity is not influenced by the concentration. However KISCC

seems not to depend on the concentration, which is somewhat surprising. Som= typi-

cal examples of the concentration effect on crack velocity may be found in(116).

The electric pbtential and the pH of the solution also influence the crack growth

rate. The effect of pH was found to be negligible in Region II and Region I was

shifted to lower K values when the solution was acidified.

The effect of temperature in the SCC of aluminium alloys ié also of
gredt importance. It is known pha£ in many applications components are sub-
jected to SCC above room temperature. TTF data obtaiﬁed by Helfrich (205)
has shown that higher temperatures can cause a decrease of the time to failure

Speidel (202) has investigated the effect of temperature in 7079-7651

aluminium alloy exposed to a solution of KI. decreased when the temper-

KISCC
ature was increased from -11°C to 105°C. The plateau velocity in.Region II

crack propagation increased by one order of magnitude in the same temperature

range. The crack velocity da/dt in Region II was approximated by the equation:
da/dt = Voexp(—Q/RgT) (3.1)

where VO is an experimental constant, Q is the activation energy, Rg is the
~gas constant and T is temperature. In Region I da/dt was given by the empiri-

cal equation:
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da/dt = VO exp (-Q+bK) /%r (3.2)

where b is a constant. The crack growth process was found to be thermally
activated with constant but different activation energies in Reg.ion II .and
e

Region I. However in other alloys K is not influenced by the temperature

IsCcC
and even in similar alloys large differences in activation energy were obtained

(201). This temperature influence requires further study.

3.2.4 Metallurgical Factors

The stress corrosion resistance of high strength Al-alloys is largely
dependent on their composition and heat treatment. ' No systematic quantitative
work has been carried out on the efféct of composition excepting a short note
on the main metallurgical_aspects of aluminium-alloys in (116).

Precipitation hardening is of the upmost importance for high strength
aluminium alloys (116); in particular the initial stages of precipitation
hardening decrease the resistance toc SCC while overaging can increase it. The
selection of the proper heat treatment may be aided by testing precracked LB
specimens céntaining ageing gr;dients along their lengths. This procedure
has been used by Hyatt (206).

The quench rate is also a very important factor in stress corrosion re-

sistance. Its influence on X and other mechanical properties is exten-

IsccC
~sively presented and discussed in (116).

| The quenching operation may, however, introduce residual stresses which
can lead to éxtensive crack bowing. ﬁyatt (207) investigated this residual
stress problem and found that crack bowing was caused by reéidual compressive
stresses on the surfaces of thé re-heat-treated DCB specimens. The residual
stresses can be eliminaﬁed by plastically deforming the specimen after éuench—
ing. Residual quenching stresses not only increase tﬂe chances of initiating

stress corrosion cracks but also contribute to an acceleration in the average

~growth rate. This results from the increased COD and X levels at the crack



- 95 -

tip due to deflections caused by residual stresses. If any comparison is
to be made between aluminium alloys care must be taken to verify that the
alloys have been similarly heat treated and thus contain equivalent residual
stress patterns. .r

No references to any SCC studies on c;st aluminium alloys have been
found by the author. Since these alloys uéually contain large percentages

of silican it is thought that their stress corrosion resistance is poor (116).

3.3 Stress Corrosion Cracking Theories

It is now widely accepted that SCC is a rather complex phenomenon in-
volving mechanical, chemical and @etallurgical aspects. This complexity
has made the task of presenting a valid SCC theory extremely difficult.
Some of the theories already proposed analyse.the problem mainly in one
field (fracture mechanics, metallurgical or electrochemical) and do not
attempt to relate all the mechanisms involved. Some theoretical treatments
of SCC attempt to understand the basic mechanismé near the crack tip at the
scale of atomic dimensions - at which, howeﬁer, observations are extremely
difficult to undertake.

Extensive quantitative experimental SCC data have only become available
in recent years (116,195,198,200,202,206,207); thus this approach is still
comparatively new. Speidel (116) has recently reviewed the availéble SCG
theories prior to 1972. A similér presentation herein will~éxtend to work pub-
lished since this date. | .

3.3.1 Activation Energy Theories

In this'group are inclu&ed those theories based on the assumption that
da/dt is controlled by the kinetics of a chemical reaction between the metal
and the environment. Wiederhorn (208)proposed that stress corrosion should
be a thermally activated process and the activation eneréy was assumed to be

stress sensitive. Thus the most rapid reaction between the metal and the
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environment (stress activated dissolution) is at the crack tip. By calculéting
the elastic stress field for blunt cracks (188) it ﬁas concluded that to

avoid crack blunting the dissolution velocity should be more strcigly depend-
ent on stress than a one—haignpower law. Wiederhorn and Bolz (209} developed

the above ideas into a quantitative theory of SCC in which the crack growth

rate is given by an equation of the same type as Eqg. (3.2) with

Vi s
0 = QO + 5 (3.3)
and
2V
b = T . (3.4)
(1rp)1

In the above equations Qo is the stfess—free activation enexgy, Vm is the
molarx volume,‘Ys is the fracture surface enexrgy and Vu is the activation
volume.

The model predicted very well the experimental results for Region I
crack propagation obtained in (202). Méreover, the slopes of Region I crack
growth curves of high strength aluminium alloys are Qery closely approximatéd
by Egs. (3.2), (3.3) and (3.4): However, in Region II the equation did not
produce satisfactory results. Some of the objections of the model are the
extremely difficult task of measuring directly the radius of curvature at
the crack tip and the influence of plastic deformation at the crack tip on

the fracture energy.

3.3.2 Strain-Enhanced Theories
" Two basic models for stress corrosion crack growth are included in this
section. Kraft and Mulherin (210), tensile ligament instability model (TLIM)

and the recent work by Vermilyea and Diegle (211) ongstrain enhanced corrosion

mechanisms.
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The TLIM model (210) postulates that tiny ligaments of size dT form
the bulk metal at the crack tip. During crack growth a critical strain Ec
is reached such that the ligaments are ruptured. i.e. vhen

X
1c

—_— (3.5)
2
E(21TdT)

EC =
The model assumes that a corrosive environment can reduce the value of Ec by
attacking chemically the outer perimeter of each ligament, but no prediction

of the da/dt - K curve is made . is estimated to occur when the X

KISCC

level is such that the plastic zone size created equals dT i.e.

L
oys (21TdT)

Kisce ™ T 1-2v (3.0

KISCC is then independent of the environment and is only influenced by metal-
lurgical factors. This conclusion is clearly not supported by the experimental
results (116).

The strain enhanced mechanism (211) is based on the assumptions that
stress corrosion crack growth can only occur if the ratio between da/dt and
the crack tip strain rate de/dt exceeds a critical value which is a function
of thé crack tip radius, and that each increment of strain must cause suffi-
cient crack advance by stress corrosion to produce another increment of
strain. The model was applied to data for steel but the determination of the
appropriate stréin rates’.in an elastic-plastic materiai at the crack tip is,
at this stage, far from being satisfactory. -

]

3.3.3 Hydrogen Embrittlement Theories

The hydrogen embrittlement phenomenon has been ektensively studied. Hirth
and Johnson (212) have recently published a review paper on the subject. 1In

SCC hydrogen embrittlement is more iikely to occur in high strength steels.
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da
Leeuwen (213) obtained an equation for Region II of the df ~ K curve which

fitted data for 4340 steel. Cherepanov (214) derived a crack growth theory
.on the assumption that hydrogen atoms penetrate the material mainly through
the fresh crack surfaces. The diffusion of protons forms a zone of em-
brittled metal near the crack tip. The concentration of protons was calculated
and, using an LEFM analysis, a linear relationship between da/dt and K was
predicted. The model was successfully applied to Region I data for some
high strength steels and one aluminium alloy.

Gest and Troiano (215)demonstra#ed that for the high strength aluminium
alloy 7075 T651 the stress corrosion process. was caused by a strain
ageing type of reversible hydrogen.embrittlement.

3.3.4 Other Stress Corrosion Theories

In this section a brief description of various SCC theories which are
not classifiable in the previous sections will be presented.

Cherepanov (216) derived a theoretical.model of stress corrosion crack
growth based on electrochemical processes. It involves an electrochemical
dissolution of the anodic metal at the crack tip and its subsequent failure.
Using electrochemical theory an equation for the crack growth rate was obtain-
ed indicating a constant rate of crack growth and crack branching at a
certain, sufficiently large, value of the.applied stress intensity factor.
Thus the model only predicts the behaviour in Region II crack propagation.

Theories predicting the stress corrosion performance of higﬁ strength
aluminium alloys based on metallurgical factors (e.qg. microstructure and
compositioh).are searce. Nielsen (217) has adeguately reviewed the ma;n
metallurgical factors involved, and Meyn (218) has published a fracto-

graphic study of SCC in Al-Zn-Mg alloys.
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Smith. (219) developed a capillary model speciﬁically taking into
account the e;ack‘growth;xéfé as a funbtibniaf”éfack-length, fluid vis-
cosity and surface tension, contact angle and temperature. The capillary
flow within the crack was theoretically analysed and was found fo be related
with the contact angle betﬁéen the fluid and the crack surfaces.

Liu (220} has proposed that SCC may be caused by stress-induced diffusion
of hydrogen or chloride ions in solid solution. The solute atoms are assumed
to concentrate at the elastic—plastic boundary. The high concentration of
solute atoms near the-crack tip will then enhance the reaction between solute
and solvent atoms and the low fracture strength of the reaction product may
cause crack growth, Because of the mismatch in solute and solvent atomic
sizes an elastic interaction field is created. The steady state solute con-
centration in the presence of this stress field was calculated and was found
to increase rapidly near the crack tip. Assﬁming that the crack growth rate
is proportional to the reaction rate between the highly concentrated solute
atoms and the bulk material a crack growth rate equation was obtained:

da MoK
log QEE/CS) =vy' +- 11) (3.7)
KIS,

where Cé is the solute concentration on crack surfaces, y' is a constant

at a given temperature, Mo is a parameter that determines the magnitude
of the elastic interaction, kcis the Boltzmann constant and 52 is a material
. structural size parameter.

A comparison of Eq. (3.7) with Eq. (3.2) shows that the da/dt-K relation
+is correctly predicted in Region I. .

West (221) put forward a theory based on the energy balanﬁe appreoach.
Thﬁs an additional electrochemical energy component is added to the elastic
strain energ?, reducing the overall energy required for fracture. No gxperi—'

mental data has been presented with which to verify the model,
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CHAPTER FOUR
STRESS CORROSION CRACKING IN THE ALUMINIUM ALLOYS

RR58 and LM30

-

e
In Chapter Two a LEFM approach to an environmental fatigue crack pro-

pagation study on the aluminium alloys RR58 and LM30 was described. A logi-
cal extension of this study was to undertake a similar investigation of the
same materials and corrosive environment (3.5% NaCl) but under static
loading conditions (SCC).

The main objectives of this study were to obtain K and the da/dt-K

ISCC
curve using two different wetting methods and to assess thé effect of load-
ing history on crack growth rate. The investigation of the latter two
factors is usually absent from the relevant literature although the load-
ing history effect on fatigue crack growth hés been extensively studied.
(See Chapter 1, Paragraph 1.7.8). Furthermore no stress corrosion studies
of cast aluminium alloys have been reported despite the engineering sig-
nificance of these alloys {(e.g. in the car industry) in applications where
SCC failures may occur. -Thus a comparative study of one cast aluminium

alloy (LM30) with respect to the behaviour in "high strength

aluminium alloys was considered of primary importance.

4.1 Experimental Procedure

4.1.1 Test Rigs.

The test rigs were.specially built for the present programme and a unit
comprising two‘oftheseds shown in Fig. 55. These rigs have a high mechani-
‘cal advantage (28.2) achieved by a double lever system. They are adaptable
to perform tests with the specimens positioned either horizontally or verti-

cally.
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4,1,2 Material and Environment Selection

The materials selected for this study were the high strength aluminium
alloy RRSS and the cast aluminium alloy LM30. Their composition and princi-
pal mechanical properties are presented in Table 1, The plate dimensions
and a description of the heat treatment for RR58 are described in 2.1.1.

The environment selected in this experimental programm was 3.5% NaCl
solution, allowing a direct‘comparison with the fatigue crack propagation
resulkts. A very small percentage of nitric acid (0.5%) was added to the

solution to release any copper which could delay crack growth.

4,1.3 Specimens

The specimens used were the contoured DCB specimens (Fig. 6) whose
desigh, dimensions and preparation were previously described in 2.1.2 and

2.1.3.

4.1.4 Compliance Calibration and Calculation of Kc

The compliance and calculation of Ké are describedin 2.1.4 K, values ob-
tained from the specimens used in the stress corrosion programme are presented
in Table 2. After the precracking operation to calculate the compliance and
K , the specimen could be used for SCC tests at any required stress corrosion

(o4

load PSCC<PC’ producinga.constant stress intensity field along the crack path.

4.1.5 Testing Procedure

The test rigs were.individually calibratéd with strain gauge load cells
and the weight of the lever arms and loading pans accurately determiﬁéd.
Careful calibration was of importance since it could be one of the sources
of error during actual SCC testing. The accuracy of load measurement was

within 0.5% of the maximum load.
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In order to feduce surface corrosion all the specimens were paintea
with a suitable aluminium paint. It is important to minimise general corro-
sion of the specimen since it could change the_compliance and influence the
results. -

The specimens were next assembled in the loading jaws, load was care-
fully applied and corrodent introduced.Initial load application time was not
lénger than 60 sec, during which time the weight-pan was supported to ensure
smooth and steady loading. The corrodent was brought close to the tip of
the crack through a rubber capillary tube to effect a continuous drip feed.
The flow rate was adjusted so that in each test the specimen received 1 litre
of corrodent every 24 hours. The loading ofAé horizontal specimen and corro-
dent feeding arrangements are shown in Fig, 10.

In the first series éf testson horizontally positionedspecimens qrack
growth rates at different, constant, applied K values were established. As
each test progressed crack opening deflection values along the loading
axis were measured as a function of time by dial gauges firmly attached to
the base of the rig. After each specimen was removed from the rig, its
entire surface was thoroughly cleaned. It was then re—inéerted into the rig,,
reloaded, and the final crack length rechecked using the travelling microscope

A second scries of similar tests was conducted but with the specimens
fitted vertically in the rigs in order to ‘increase the.wetting efficiency
of the corrodent on the crack surface while applying the same flow rate.

4.2 Egperimefal ResQIts

4.2.1 Stress Corrosion Cracking in RR58 in 3.5% NaCl

A typical increase of deflection, 8§, with time for a test performed

/2

. . ‘ s . S 2 .
immediately after initial precracking at K, = 23.82 MI/m is shown in Fig.56.

Crack growth stabilised to a constant rate of 3.1 =x= loéirm/s after a primary



- 103 -

incubation period,-ti, of 28 hours, This curve pattern was very often ob-
served when the K level was reduced from thepreceeding test on the same
From this linear variation in deflection, §, with time, t, d48§/dt

specimen,

was calculated and used to obtain the crack growth rate da/dt as follows:

ac d, § 1 as
-— = = ) = (4.1)
Qa da PSCC PSCC da
and
a8
_él_a_dG as dt
- gt/aa P _4ac A
dt dt'da PoocdC (4.2)
da

Following the terminology used in a previous study by Radon and Culver(222)
it was found convenient to describe the primary incubation period, ti’ as

the time necessary to reach a constant (secondary) crack growth rate. The

incubation period recorded in Fig.
3/2
K value (12.76 MN/m™’") lower than
. 3/2
ceding test (23.82 MN/m™" ") on the

are presented in Fig. 57, in which

56 was cbserved in a test with an applied
that applied in the immediately pre-
same specimen.

Further typical examples

tests 1 and 4 show comparable (long) in-

cubation times. In test 1 the value of K applied was reduced from the pre-

2 with ti = 58h, while

cracking K, value of 23.60 MN/mB/z to 13.26 MN/mB/
in test 4, performed at the same K value, the previous K level was only
'19.8 MN/m3/2, resulting in a shorter incubation time, t; ='45h.

The complete set of incubation time results is presented in Table 10
for the horizontally aligned specimens and Table 11 for the vertically aligned
specimens. In these tables Kr is the K wvalue in thg immediatelf preceeding
teét and KS the actual K value subsequently applied.
It was‘observed that the steady state (secondary) crack growth rate
was not significantly affected by the prior stress corrosion history. Tests
with the same K values but performed in different specimens will produce

different crack growth rate values (see Tables 10and 11). However this diff-
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erence is due to the vafiation in material homogeneity and heat treatment
from specimen to specimen and not to any loading history effect.Crack growth
rate is then a function of the alloy, heat treatment, environrent énd
current stress intensity.‘rSeveral tests weré conducted to illustrate this
point and a typical example is shown in Fig. 57. where tests 1 and 4 were

/

performed under the same K value (13.2 MN/m3 2) using the same specimen
and showed practically the same crabk_growth rates despite different prior
values of K.

The effect of increasing the K level was also studied. Test 3 in
Fig. 57 and also tests 2 and 3 in Fig. 58 illustrate the observation that
on increasing K a temporary and substantial increase in crack growth rate
occured, followed by a reduction to a lower rate in the steady regime. In
these testé the incubation times were much ;horter than those obsexrved pre-
viously in tésts 1l and 4 Fig. 57. Other tests showed that the incubation
period in increasing K tests was always much shorter than in tests under
decreasing K, (Tables 10 and 11). The two types of incubation period ére
identified in Figqg. 58_(ti under decreased K and t;Aunder increasea K).

Crack growth rates, da/dt, in the constant (secondary) rate regime
for each test are plotted against the applied stress intensity factor X in
Fig. 52.. The crack growth raté results are presented in Table 10 for the
horizontal specimens and Table 11 for the vertical specimens. Fig.5°
shows that results for the specimens tested in the vertical position are
above those obtained for the horizontal specimens, and the "threshold"

was found to be about 6 MN/m3/2

/2

KIsCC for the vertical specimens while it

appears to be nearly 7.5 MN/m3 for the horizontal ones. The da/dt-K

curves show three different regions of crack propagation. Region I extends

/2

from the threshold to about 17 MN/m3 (Fig. 59@). Note that K has been

Iscce

established at crack growth rates close to lO-'7 mm/s (testing times in ex-

cess of 30 days) and that all tests were repeated. Region II consists of
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3
a short plateau (K independent region]l extending from 17 to 21 MN/m /2

in whiich the growth rate for the vertical specimens &s a factor of 2

. -5 -5 ,
above that for the horizontal ones (4.0 x 10 > to 8.0 x 10 ~ mm/s}. In Region
I1I the crack gréwth.rate accelerates increasingly~as~the'KE value is approach-

ed, with no measu?able difference between the horizontal and vertical results.

4,2,2, sStress Corrosion Cracking in LM30 in 3.5% NaCl

Tests on thié alloy wére only carried out using horizontally aligned
specimens.Typical deflection against time curves for one of the specimens are
presented in Fig. 60. The pattern of behaviour is similar to that for RR58,
with an incubation time ti=90h in test l.tK = 7.91MN/m3/2) corresponding

3/2

to a reduction in K from the precracking Kc,value (Kc = 21.51MN/m to K =

/2. When K was next increased from 7.91 to 9.5MN/mB/2 a temporary

7.91MN/m3
increase in crack growth rate occurred, repeating the phenomenon already ob-
-served in RR58(Tests 2 and 3, Eig. 58) . .The incubation times obtained in

the test programme are presented in Table 12.

Crack growth rates in the constant rate stage were calculated for each
test using Eq. (4.2) and are plotted against K in Fig. 61. The numerical
results of tests on LM30 are presented in Table 12.

The da/dt-K curve for LM30 also shows three distinct regions of crack
propagation. KISCC obtaineQ‘in the same experimental conditions as in RR58
is about 5.51VJN/m3/2 and Region II shows the K-independent plateau from 8.7

/2

at crack growth rates close to 5.0 x lO-Smm/s. Region III

/2

covers the range of K values from 18.35MN/m3 to Kc' with a sharp acceler-

v

to 18.35MN/m3

ation of crack growthrate towards the Kc value.

4,3 Discussion of Results .
4,3,1 The Influence of Load History

(Al Prediction of the Incubation Time Under Decreasing K

Stress corrosion curves of the same type as in Figs. 56,57,58 and 60 are
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.absent from the literature on SCC in aluminium alioys. Instead similar
curves have been obtained bf Harrigan et al (223] and Landes and Wei (224)
from SCC tests of AlSl 434? and D6AC steels in distiliedrwater, Qith an
incubation time defined as tﬁe time of zero crack growth. |

In the present>study i£.is more conveniént*to consider the effect of
the plastic zone size at the crack tip.

When the level.of applied K is reduced from Kr, applied in the immediately
preceding test, to Ks’ a larger plastic zone size exists at the crack tip
‘corresponding to Kr' Its size, r,., can be calculated for plane strain con-

ditions using Eq. (A.l0) A : “

R N

K
i -
4

gl

(4.3)

The prior load caused a residual stress state at the crack tip. Here it has
been assumed that the plastid zone size creatéd by the previous'load appli—
cation under plane strain conditions, may'sufficiently characterize the
maximum extent of the generated residual stress state. A similar parameter,
described as_é localised'load interaction zone, has been cpnsidered in (153,
154) for a special case of fatigue crack arowth followihgfh Single overload.
However £he present approach is more general. While tﬁe crack tip re-
mains enveloped by the material blastically deformed(work hardened) during
the previous load, the crack.érowth rate will be reduced. The crack length
corresponding to the incubation stage, a;. would be of the same order of
magnitude as T,. Experimental evidence is presented in Tables 10, 11 and 12
in which ay is compared with r, as calculated from Eq. (4.3?. The plaétic
zone.size values for LM30 (Table 12) are, in general, 5Atimesvgreater than
those fpr RR58 (Tables 10 and 11). The difference is due to the lower yield
stress of LM30 (150 N/mmz) compared with that for RR58 (367 N/mn?). Thé corres-
ponding experimental values of_ai do ;ndeed show a similar variation.

The incubation time willbe primarily dependent upon the plastic zone
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created by the previous load application and the actual level of K applied.
Additionally, electrochemical and metallurgical factors may affect the
magnitude of ti. While the emphasis of the current work is on ".EFM analysis,

a deeper understanding of these aspects involved in the incubation time is

necessary.

It is then suggested that

K, Kq
ti = f(—-Ks— (4.4)

'
. !

where f is an increasing function, since tj -will increase with the difference

K,~Kg ‘and reduce with increasing Kg- The present incubation time results

(Tables 10,11 and 12) were plotted in the form of

: r
r s = r S (4.5)

in Fig. 62. It should be pointed ocut that while the crack tip is inside the
plastic zone, T I will not physically exist, but the incubation time wiil

"depend on Ks’ which in turn can be expressed in terms of rg- A good scorrelation

was obtained in Fig. 6g_by applying a power function

el
t, =C r2 '=cilb_ 1 (4.6)
K

S

with C,= 24.58h and n;= 1.203 for the horizontally aligned RR58 specimens,

and Cj= 11.54%h and nj= 1.1562 for the vertical orientation. For LM30

C;= 33.7%h and ni= 0.623. The constants Cjand njdepend on the material,

Fig. 62) environment, wetting conaitions (Fig._ﬁ%) and possibly

on the strain hardening behaviour of the material investigated.
Considering now the tests performed immediately after precracking

(Tables 10, 11 and 12), Ks/Kc was plotted against ti in Fig. 63. This relation-

ship has two limiting conditions, namely for
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K/K, *1 &t >0 © (4.7a)

/Kt ty > (4.7b)

and for KS/KC > KISCC

In RR58 two curﬁes, for horizontal énd vertical orientation of'the specimen,
were obtained. Both are concave upwards and the curve for the horizpntal
specimen alignment again lies above the vertical results. The LM30 results
are also included in Fig. 63 and lie below the corrééponding curve for RR58.
Thus, despite the fact that ay is #onger in IM30, the incubation time is
shorter. This means that in LM30 the crack growth rate is faster in the in-
cubation period. ~"Fig. 63 PrOVideéAan indicé;iéﬁ of the incubation period
in:the SCC tests, This .influence increases with the decreasing total
testing time.

(B) The Incubation Time Under Increasing X

Equation (4.6) can not be applied to predict incubation times when K
is incfeased, since the crack tip in this condition does not pass through
a more hardened zone. The typical test 3 in Fig. 57, tests 2 and 3 in Fig. 58
and also test 2 in Fig. 60 indicate that the incubation times tg were much
shorter than those observed under decreasing K and discussed in the preceeding
section. It is thought that the substantial increase in crack growth rate
observed duriné the incubation times under-increasing K is due to a process
of local rupture which oécurs when the already damaged material at the crack
tip is subjected to a bigher load. A theoretical explanation for the pheno-

P

menon may nhot be supplied within LEFM analysis alone.

4.3.2 The da/dt-K Curves

(A) The Influence of Specimen Orientation

The data presented in Fig. 59 indicates that the crack growth rate results

for the specimens tested in the -vertical position are above those obtained for

the horizontal specimens, and K is reduced from 7.5 to 6 MN/m3/2. The

ISCcC
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difference in KISCC‘iS attributed Fo the vertical drip feed action being
more efficient in wetting the crack tip and in removing the corrosion pro-
ducts. Care must be taken in comparative interpretation of SCC data
since the results depend on the festing method as weli as the amount of
corrodent applied to the specimen.

..The.accelerated crack growth rate.in the vertical alignment is thought
to-be due to a more effective dissolution process. ‘In'Region ITII which is
very rarely observed in SCC studies of aluminium alloys, the difference
bétween—the horizontal and vertical crack alignment results is virtually
non;existent, suggesting that at high K valués the cracking procesé is
mainly of mechanical origin although the presence of the corrosive envir-
onment is necessary. This is tonfirmedby the fact that some static tests
conducted in laboratory air at K levels very close to Kc(95—98%) failed to

produce any crack growth after more than 30 days of load application.

(B) Comparisons between Materials and between Wetting Techniques

A direct comparison between the %%eK curves for RR58 and LM30 can be
. . . . 3/2 3/2
seen in Fig. 61. K is lower in LM30 (5.5 MN/m compared to 7.5 MN/m

_ Iscc
for RR58). The plateau (K independent region) occurs at approximately the

‘same crack growth ;atedespiﬁe the fact that in LM3O. Region II is more
extensive than in RR58. Region III starts at lower K values in LM30, due
to its.lower Kc values.

The scatter bands bounding all the RR58 and LM30 ;esults are shown in
Fig. 64, together with the SCC results of six other 2000 series Al-alloys
{116) tested in the same environment and having identical crack orientation
as in RR58, the only difference being in the application of the environment.
The series 2000 alloys were subjected to intermittent wetting times a day) .
Hence it may be éxpected that.the corrosive action would be more effective

in the present tests. The RR58 and LM30 scatter bands lie substantially
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above those for the other Al-alloys. It is interesting to note that data
obtained on RR58 by Baxter (225) yielded a rather high KISCC value

3/2

(14 MN/m ) while the maximum crack growth rates were closeliy comparable

to those presented here.. The present KISCC value (6-7.5 MN/m3/2)

-

does not differ :substantially from the results quoted in the literature
on 2000 series. Al-alloys. It is possible that in Region I the level

of

KISCC might be associated with blunt cracks (188) which have formed

after the long exposure times associated with very low K and da/dt values.
 Since tﬁeresultsobtained in (224) were obtained by daily wetting of the
spe;imens with 3.5% NaCl solution, it may be concluded that the more severe
corrosive conditions‘obtained in the §resen£ tests are responsible for the
low KISCC results. Thus KISCC should nét be classified as a true material
property, since it may be strongly influenceﬂby the tésting method.
— In Fig. 64 it is éppareﬁt that the cast aluminium alloy LM30 has
inferior SCC properties to those of the 2000 series aluminium alloys con-
sidered; its KISCC i; lower and the plateaurvelocity is about one order of
magnitude greater. As mentioned in Chapter 3 high percentages of silicon
(as in IM30) cause comparatively poor stress corrosién resistance. Extensive
silicon dissolution was experimentally observed in thig alloy, confirming
the importance of this element in the cracking process. Future studies on
cast éluminium alloys should include tests in alloys with different silicon
contents. Eventually an optimum silicon content may be obtained for the best
stress corrosion performance. | '

Clearly; more work is necessary in.this field tovdraw'definite conclusions.
This would include the investigation of different wetting conditions, corro-
dents and temperatures. It is expected that increasing the wetting fre-

guency and temperature (116) would increase corrosive action. Tests on thicker

specimens will produce a lower Kc value (181) and the crack growth rate might
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increase due to the more developed plane strain conditions obtained in
thicker specimens,

- : r

4;3.3 Comparison between Static and Dynamic Crack Propagation

The fatigue crack growth rate curve for RR58 under R = O loading in
3.5% NaCl (Fig. 24} is replotted in Fig. 61. The crack growth rates were
converted to a time basis C%% = f-g%) SO fhat a direct comparison with the
stress corrosion curve can be made. The result of this exercise clearly
shows that under dynamic conditions the cfack growth rate is considerably
. éreater, and the threshold value lower. The difference in crack‘growth rate
varies from one grder of magnitude at lower K values to two for higher K
values.

The superposition models described in Chapter 1 (1.7.6) are ﬁot appli-

cable to the present data. Firstly K is considerably higher thanA x

Iscce th

(rig. 61), contradicting the superposition theory and secondly for K values

_ greater than K the SCC growth rate must be comparable to or higher than

ISCC
the fatigue crack growth rate, which is clearly not the case. A similar
analysis carried out for LM30 produced the same conclusions.

The present results offer support to the criticism of the superposition
principle. 1In order for tﬂe latter to be appiicable, extremely high stress
corrosion crack growth rates are necessary and the KISCC value must be
very iow.
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CHAPTER FIVE

THE J INTEGRAL APPROACH TO SLOW CRACK

GROWTH UNDER MONOTONIC LOADING

In Chapter 2 a précedure for calculating the critical value of the
stress intensity factor for unstable crack propagation, Kc, was described.
Using the contoured double cgntileve;‘beam specimen (a qonstant K specimen),
Kc was evaluated for the aluminiug ailoys RR58 and LM30 within the range
of applicability of LEFM. However, in the case of BS15 mild steel this
approach could not be used since slow crack growth and exteﬁsive plastic
deformation occurred before sudden crack pfépagation.

In this Chapter non-linear fracture mechanics theory (J contour inte-
gral) will be applied to obtain a critical value of J, Jc’ for crack pro-
pagation. Firstly a theoreticél-method to calculate the J integral in the
contoured DCB specimen will be derived. Secondly, the experimentai deter-
mination of Jc for BS15 mild steel in two different specimen geometries
(contoured DCB and compact tension) using the resistance curve test techni-
que (J against crack extension) will be reported. Final}y the results will

be compared and discussed in the light of the non-linear fracture mechanics

approach.

5.1 ' Theoretical Analysis

5.1.1 The Energy Definition of the J Contour Integral for Monotonic

Loading

The energy interpretation of J is illustrated in Fig. 65 for ﬁhe
case of monotonic loading. Line OABC represents the load-deflection or
load extension curve for a specimen in which the loading is linear elastic
from O to A, work hardening occurs from A to B, and along BC the crack ex-
tends an amount da at a constant load P causing an increment of deflection

dd. The curve is typical for mild steel. For other metals non-linear be-



- 113 -

haviour may be apparent from point O, The line OA.C is the equivalent

1
load-deflection curve for an initial crack length (a+da). The shaded area
therefore represents the potenﬁiai energy lost in propagating the crack
from a to (atda).

For a crack of width Bn J is defined by Eq.(A.20).The potential energy

U is obtained from the equation

U'=-f8ap = U, +U

1 > . (5.1)
Ul being the linear elastic term
- P séel » | |
Ul = _y—Z—_ (5.2)

where Pys is the yield load of the specimen and ﬁel is the elastic deflect-
ion corresponding to Pys’ The plastic (non-linear elastic) energy term,

U, is given by

2
Ppl .
U, = Ppldel +6f Gpl dp : _ (5.3)
where Ppl = (P—Pys) and Gpl = (8- del)'

It is then assumed that after Pys has been attained the material follows

a stress-strain law

E . = A0 o : (5.4)

where € is the plastic strain, © = (0- 0_), n is the strain hardening
pl pl ys
exponent and A is a constant. It can be shown uUsing elementary relations

that

8,1 = Py | | f (5.5)

and substituting Eq. (5.5) into Eq. (5.3) and integrating the second term

in Eq. (5.3), the energy U is given by



P__§ | § .
= ysel ~BL
Umm— ¢ Ppl@el Y - 6.8
consequently
. P(d‘sel . By ) e oy
J = - 'N v da = da (n+1) ys ‘2 da
n

+ dGpl : 1 ) _ dPys 6el + 6pl
da (n+1) da \ 2 {n+1)

(5.7

Provided that the boundary conditions are prescribed in terms of
fixed loads, Eg. (5.7) allows the determination of the J values for any

8 P and their derivatives with respect to a

specimen geometry. Gel’ p1’ Tys

may also be obtained at the loading points using the usual stress analysis

methods.

5.1.2 Application to the Contoured DCB geometry

"In the present case the deflections & . and Gpl can be calculated with

el
the assumption that each leg of the DCB specimen (Fig. 6) is built-in at

the crack tip and the crack propagates along the direction of the bending

stresses. Beam theory may be used to calculate deflections. A short note on the
relevant definitions and equations of linear and non-linear elastic beam theory

is presented in Appendix B.

(A) The Effect of the‘Bending Moment on Deflections

‘The elastic deflection due to the bending moment 5: is obtained by

1

integration of the differential equation relating the curvature and the

deflection of a beam :

k e — 3/2 . (5.8)

where ke is the elastic bending moment curvature given by Eg. (B.3) in

1
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Appendix B,
The contour of the ICB specimen may be closely approximated by a
straight line. The specimen used in the present analysis one half is shown

in Fig. 66. The beam height h is then a linear function of x, For x> 30 mm
h = ho + hl(x - 30) : . . (5.9)

and for x <30 mm theheight was assumed to be constant (lst beam element,

Fig. 66) where h = hO = 12.4 mm, and h1.=‘0. The heights.wére considered
to be the mean of the value corresponding to the crack plane and that cor-
reséonding to the longitudinal line'limitiné the side groove. This mean value
of-height produces the game moment of inertia as a single beam of constant
gross thickness B. Conéequently Eg. (5.9) is substituted into the curvature
equation (Eq. (B.3)) to render it a function of x only.

- Numerical methods were applied té integrate the second order differential

equation, (Eq. 5.8). The method presently used involved reduction of the

order of the equation by putting

gy
= - 4 (5.10)
Eqg. (5.8) then becomes
&z, /ax
k. = ——— (5.11)
el (l+zi)3/2

Thus Eg. (5.11) was integratedAbetween O and the crack length x = a in a
computer program using the modified Euler method and also the Runge—Ku£ta
mefhod, both methods yielding very similar results. Finally, integration

of Egq. (5.10) was carried out in the same program, using Simpson's rule with
the Zl values previously obtained in the first integiation. The accuracy of
the numerical method depended on the step interval; after several trials

0.5 mm was chosen. Crack length values ranged from 70 to 160 mm in 10 mm

intervals. The computer program used in the present analysis is listed in
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Appendix B,

The plastic deflection caused by the bending moment, 6;1, was calculated
by a similar process, the only difference being that the curvature equation
used is that for a beam of a non-linear elastic material (second term in
Eq. (B.4). |

The yield léad, Pys’ obtained from elementary beam theory, in&reased
with crack length, (Fig. 67) for crack lengths in the range of practical
interest (70 to 160 mm). The appropriaté value of P?S was substituted
in the curvature equations before integratiqn was carried out between O and
a cra;k length a.

Neglecting the crack tip singularity the maximﬁm bending stress in the
beam is given by Eqg. (B.1l1l)

2P _ (2n+1)
—pl

- omax =0 s + > (5.12a)
¥ Bh'n '
for omax>oys and
o = QP—; ' ' (5.12b)
max Bh
for o] <0__. Eg. (5.12a) corresponds to non-linear elastic behavibour

max - ys

(r >PYS) and Eq. (5.12b) to the linear elastic stage (P < PYS).

In Fig. 68 curves for-AOmaégiven by Egs.(5.12a,b)) are plotted for six
load values (4.5 to 7.0kN) The values of n and GYS taken are those for
BS15 mild steel (Table 1). It can be seen that omax increases with applied
load and decreases with crack length. With increasing load linear eléstic
conditions are attained at increasing crack lengths. Plastic deformation will
be obtained in the specimen for any monotonic loading to greater than5.5kNM
for crack lengths between 70 énd 160 mm. For loads'below:5.5 kN the iinear

elastic stage is being obtained with increasing crack lengths as the load in-

creases,
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In Table i3 the calculated Valueé of 621 and 651 for BS15 ﬁild steel
(Table 1] at 5,5 kN load aie presented forvcrack.lgngth,vaiues ranging
from 70 to 160 mm. Similar resul;s have been.obtained for the other load
values (4.5, 5,6, 6.5 and 7 kN) ; £hey show that GEiincreases wi;h crack
length while Ggl' degrease;. This trend originates from an increase in Pys
wiﬁh crack length (Fig. 67) and a corresponding decrease in Ppl andlomax
(Fig. 68). For the crack length of 160 mm Ggl = 0, i.e. the load-deflection
.curve for the specimen is linear elastic, a result'confirmedvby Figs. 67
and 68.

(B) The Effect of Shear Force and Rotation at the Crack Tip on

the Deflection Values

The effect of the shear force on the deflection was also considered.

The elastic shear force deflection 52 is obtained by integrating the follow-

1

ing equation

s el
as (T b
el " yx¥=0 )
dx G' . , (S.l3a)

el | . . .
where T < is the linear elastic shear stress and G' is the shear modulus,

The plastic (non-linear elastic) shear force deflection, GS is obtained by

pl

integrating the equation}

S

as 1 1.n ‘ ‘

—B= = prPh (5.13b)
dx ¥X ¥ =0 :

n+l

where D is a constant and equal to A(3 2 J,and Tpl

is the plastic shear
¥x

stress. In Appendix B the shear stress distribution in a variable height

beam (DCB specimen) is derived for both linear elastic and non-linear

elasfic materials. Hence (Tel) is given by Eq. (B.23b) and(rpl) by
yxX y=0 yX'y=0

Eq. (B.23a).

Subsequently the rotational effect at the crack tip was computed,

assuming that the beam would rotate around the crack tip, with the end of
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the specimen being built-in, In Appendix B section B,5 the deflection
R A
§  Que to the rotation effect is calculated,
The total theoretical deflection Gt‘ is then the superﬁosition of all

the calculated deflecticns:

M M s S R
‘Et— = §g1t 5pl+ 6e1+ 691 + 6 (5.14)

with 6R giveﬂ by the last term in Eq. (B.25).
A comparison between the computed bending moment deflections, GM,
(elastic + plastic), shear force deflections GS (elastic + plastic).and
rotational deflections is presented in Tabie 13. It may be seen that 6S
is between 2-3% of 5M and 5R varies between 5-8% of 5M. From the above
results it is clear ;hat the effect of shear force ana rotation can.not
be simply discarded in calculation of the defleééions.
(C) Theoretical Results for Deflections, Potential Energy and

J Contour Integral

Fig. 69 shows the theoretical load-total deflection curves for three
crack length values 70; 100 ané 130 mm and for an applied load of 6kN.
The yield points are indicated in the figure and were taken from Fig. 67.
These curves were constructed using Eq. .(5.14) with deflection values ob-
tained in the computer program at 4.5,_5, 5.5 and 6kN load values.

Fig. 70 also includes two theoretical loaa—deflection curves cor-
responding to an appiied load of 7kN and crack length values of 70 and 160
mm (maximum and miniﬁum values of crack length).y

Eq. (5.6), with the appropriate values of Ge and Gpl, yields the po-

1
tential energy, which is plotted against crack length in Figs. 7la and 7lb.

The amount of potential energy sufficient to cause linear elastic deform-
ation for the same applied locad has also been recorded and, as expected,

the elastic-plastic potential energy is greater than the linear elastic
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counterpart, ihe difference between the two energies, which increases as
load increases and decreases as crack length increases, is due to the
increase in yield load with crack length (Fig, 67] which causes the plastic
energy term to deérease with crack'length. Tﬁe potential energy curves
presented in Fig. 71b show two cases for which the load is high enough to
rule out the possibility of obtaining any linear elastic load deflection
curve for this geometry. |

The slopes of:the curves presented in Figs.‘7la and 71b gave the J
values; which were also obtained using the general Eq. (5.7). The required
derivatives were obtained by the computer éiogram,‘using a central difference
formula. The theoretical J cuxrves are pJ.otted against crack length in
Fig. 72. J increases slightly with crack length, and in tests in which
the applied loads were 4.5, 5. and 5.5 kN it attained a constant value cor-
responding to linear elastic loading (Fig. 68). Undex such conditions

the value of J is expected to be constant in a constant K test piece.

5.2 Experximental Procedure

5.2.1 Material and Specimens

The material used was 1;.2 mm fhick BS15 mild steel plate. The composi-
tion and principal mechanical properties are presented in‘Table 1.

The specimens used were of two types: the contoured double canti-
lever beam (DCB) test piece with a constant stress intensity factor charact-
erxistic (Fig. 6) and compact tension specimens with dimensions shown in
Fig. 73. Both types of specimen were cut so that the crack propagated along
the rolling direction. |

The nqtching technique used in the contoured DCB specimen has been
previously desc¥ibed (2.1.3). In the compact tension specimens a slot was
machined along the specimen midplane (Fig. 73) and sharpened with a ground

hacksaw blade approximately 0.5 mm thick. These latter specimens were pro-—
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vided with side grooves 3.5 mm deep (as in the contoured DCB specimen) which

were polished for ease of crack tip observation,

5.2,2 Testing Procedure
(a) Tests for the Determination of A and n

These were tensile tests performed.in air at room temperature on
6.25 mm diameter round specimens of 25 mm gauge length, stressed in the roll-
ing direction. The load extension curves were plotted on a U-V recorder
directly'connected to the load cell of an Instron TT-é type testing machine
of 4& kN load capacity. In these tests the extension record was corrected
for deformation of the fittings and other machine parts (shackles).

The value of the constant A and the strain hardening exponent n were
obtained by plotting the true.plastic stress against true plastic strain, on
5~logarithmic scale, up to the necking-point only. A straight line was

obtained, wverifying Eg. (5.4), from which the values of A and n were taken.

These are presented in Table 1.

(B) Precracking Tests

The fatique precracking of the contoured DCB specimens was accomplish-
ed using the 500 kN Avery hydraulic fatiéue machine briefly described in 2.1.5.
.A load amplitude of 1.2 kN was used and the test was stopped when the crack
length reached 70 mm. The crack length was monitored with a travelling
microscoée of 10x magnification reading to 0.005 mm. '

The compact tension specimens were fatique precracked in a Schenck
pulsator fatigue machine at a frequency of 20Hz and at a load range of 2kN
(one third of its yield load). Crack propagation was followed with a mag-
nifying glass and a graduated scale drawn on the specimen. The test was
stopped when a/w = 0.6. All the tests were conducted at 21°c in laboratory

) .
air, 50% R.H. -
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(C} Tests for the Detexrmination of Jc

Tests on contoured DCB test pieces were performed in the 500 kN Avery
hydraulic machine. The initial crack length in all spéciﬁens was 70 mm
and the crack extension at maximum load was recorded with a travelling
microscope of 10x magnification reading to 0.005 ﬁm. The maximum loads
used were 4.5, 5, 5.5, 6, 7 and 8 kN,lusing one specimen for each 1oéd.

The specimens were then unloaded, and load-cycling tests were performed
at 0.1 Hz frequency as‘parfras part-of an experimental programme on the
application of the J integral to elastic-plastic load cycling {(Chapter 6).
" The load,pointdeflectioﬁs were measu;ed with a strain gauge clip
~gauge which was previously calibrated with a micrometer reading to 0.00Z2mnm.
The load signal, obtained through a D.C.‘potentiometer coupledrto the load-
ing mechanism, was used to plot load-deflection cﬁrves on a Bryans (U.K.)
X-¥ plotter. B

In the series of tests performed on the compact tension specimens
(a/w = 0.6) each specimen was loadea to a particular deflection value using
an Instron tensile testing machine type TT-C of 44 kN load capacity. The
deflections were measured at the knife edges, shown in Fig. 73, with the.
clip gauge. The load signal was taken directly from the load-extension plot-
ter of the machine and the load-deflection curves monitored on the Bryans
(U.x.) XY plotter. Crack extension was measured with a travelling micro-
scope. A total of fivé specimens were tested.

Compact tension specimens were subsequently broken by fatique so that
the crack extension value read by the travelling microscope could be check-
ed with the value obtained by fracture surface measurement. This task was

facilitated by the clear distinction between the two fracture sﬂiface appear-—

ances (monotonic loading and fatigue).
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5.3 Experimental Results

5.3.1 Contoured DCB Results on BS15

-

In Fig. 67 experimental yield load values are presented for the six
specimens tested at a crack length 6f'70 mm, together with a few values ob-
tained at other crack lengths. These latter results were obtained from the
linear elastic tests on BS15 described in Chapter 2. At a crack length of
70 mm the yield load values were between 3.8 and 4.2 kN, wvarying from speci-
ment to specimen.

~ The experimental load-deflection cur;e for the specimen loaded up to
7kN and with 70 mm crack length is shown in Fig. 70. The maximum deflect=~
ion obtained was 24.85 mm, a value which may be.compared with that of 14.5mm
obtained in a specimen with 160 mm crack length. Particularly noticeable
was the large decrease in plastic deformation obtained when the 160 mm crack
length specimen was loaded. N

. Some experimental potential energy values are also plotted in Figs.
7la and 71b, corresponding to the present experimental programme for crack
lengths of 70 mm. Linear elastic values of potential energy obtained from
the tests described in Chapter 2 are superimposed on the same figures.

The J against_crack extension curve (resistance cur?e) is shown in
Fig. 74. The J values  at the appropriate crack lengths were taken from
Fig. 72. The curve shows two regions, data in the first lying near the
vertical axis and in thevsecond region forming a slightly concave—upw;rds
curve. Jc was calculated using the Begley and Landes (226) resistance
curve technique (Appendix A), which uses the interception of the sécond
curve with the 1line J/2q_.flow where O flow is the mean.value between
yield stress and the ultimate tensile stress. A room temperature Jc value

‘of 42N/mm was obtained.
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5.3.2 Results from Compact Tension Specimens ,

In the series of tests on compact tension specimens, J values were

obtained from Eq. (A.21) (Appendix A)

27

r-

g
i}

(5.15)

:,UU
o

where Apis the area under the load-deflection curve at the displacement of
interest, Bn is the crack width and b is the-uncrackéd ligament length, which
is equal to (w-a). To calculate Ay ,the deflection values have to be re-
ferred to the loading points. The location of the clip gauge was at 19mm
from the léading points; hence, assuming that the crack rotates about a
point one quarter of the respective uncracked ligament length (227) from the
crack tip, it was found that the deflection at the loading points‘>
was on average 29% less than the experimental values, this factor varying
+1% over the measured crack lengths.

Assuming thatBn is the net thickness the J values are plotted against-
crack extension in Fig. 74. The ?esults of the multiple specimen technique

also produced a Jc value estimated as 42 N/mm .

5.4 Discussion of Results

5.4.1 Results for the DCB Specimen

The agreement between the experimental and theoretical values of the
yield load Pyg is good, as shown in Fig. 67. A greater quantity of dgta is
available for the crack length of 70 mm, and it can be seen that the maxi-
mum difference between the experimental and theoretical yield loads is in
the order of 5%.

The results presented in Table 13 (in which Gexp are the experimental
values) and the theoretical anq experimental load-deflection curves in
Fig. 70 show that very close agreement wés obtained between the theoretical

and experimental deflection values. The maximum difference is in the order
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of 1% with the experimental results usually exéeeding the theoretical ones,
The same sort of agreement was obtained between potential enefgy values
(Figs; 71a and 71B),.

The theoretical linear elastic J values are compared with the experi-

mental values in Fig, 72. The latter were obtained from the equation
J=G= 55— = o (5.16)

where gg— is constant in this geometry (Fig. 11), and the selected load
values were 4.5, 5 and 5.5 kN. The agreement with the theoretical values
is good, differences being in the order of 2% with the experimental results

often the greater. The maximum linear elastic J value obtained for a load

value of 5.5 kN was 44 N/mm ,

5.4.2 The J Determination in DCB and Compact Tension Specimens

e e — . e

In Fig. 74 it can be seen that the same resistance curve (J against
crack extension) fits data points for the two investigated geometries. The
results strongly suggest a geometry independence of the J value.

The experimental value assumed for the crack extension can significantly
influence the shape of the rgsistance curve (Fig. 74) and the value of JC.
Crack extension vaiues for the contoured DCB specimens were measured with the
travelling microscope only, while in the compact tension specimen tests
crack extension was also measured on the fracture surface using fatigue
marking. In the latter specimens some difference(ZO%)‘was found betwéen
values obtained using these two techniques. The.crack extension values in

Fig. 74 are their respective mean values.

The value of I is only slightly influenced by the slope of the line

3 J . Thus in (226) it is also recommended that instead of the line
0flow ' -
2 - 'S : ) . ]
J/ Oflow a line ZGYS may be used. The JC value will be considerably

different if the slopes of these lines are not high. In the present results
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the slope is very high and any variation will not sigqificantly affect the
. J
J_ value.
c
The numerical value obtained for Jc (42 N/mm ) on BS15 agrees well
with that obtained for mild steel (47 N/mm ) .(190). Recently Garwood (228)
has obtained a value of 40 N/mm on EN32B mild steel using three point

specimens 12.5 mm thick with 3 mm deep side grooves, a geometry very similar

to that investigated here.
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CHARTER SIX
A STUDY OF ELASTIC-PLASTIC FATIGUE CRACK

GROWTH UNDER LOAD-CYCLING

As referréd to in Chapter 1(1.7.9] low and iﬁtemediate sfrength )
alloys such as mild or other low alloy steels maf exhibit fatigue crack growth
with relativelylarge nominal plastic specimen deformations
The data discussed in Chapter 2 was obtained at stress levels below the yield
point. If large plastic deformations are present during fatigue crack growth,
LEFM can no longer characterize the local stress distribution at the crack tip.
The fracture topghness of these highly ductile materials can however be ex-
pressed in terms of the J contour integral and COD.

The work published to date on the épplication of J contour integral and
COD concepts to fatigue crack growth has beeﬁ reviewed in Chapter 1 (1.7.9)

It is clear that a lot of work remains to be done in this area. Thus fracture
mechanics analyses of load and strain-cycling fatigue crack propagation are
almost totally absent from the literature. It was therefore decided that a
theoretical and experimental investigation of fatigue crack propagation

under load-cycling conditions would be of great interest.

'EnlthisChapter a theoretical and experimental method, based on the energy
interpretation of the J integral,‘ for computing cyclic J values for load-
cycling is proposed., The method may be used for any geometry provided that
cyclic creep occurs, and it has been applied to the contoﬁred DCB specimen
~geometry used in the experimental programme described in Chapters 2 and 4. The

material selected for this investigation was mild steel BS15 for which linear

elastic fatigue crack propagation data has previously been obtained in Chapter

2,

6,1 Theoretical Analysis

6.1.1 Operational Definition of AJ for Elastic-Plastic Load Cycling

When a fully tensile load is applied to a specimen or component having
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an initial crack of length.ao the load-deflection curves at the loading
point are as illustrated in ”Fig. 75a. for a linear elastic material and
Fig. 75b for load cycling above the yield point. In both cases the crack
has grown from a to (ao + da} in the first cycle and from a, to a after
N cycles, The area illustrated‘represents the decrease in total potential
- energy AU after N cycles. For the lineaf elastic case a cyclic value AG

of the monotonic crack extension force can be defined as

_ _'1 dau) _ AP d(AS)
AG = A &= - 5B an (6.1)
n n
where AG = (G -G.), G and G ., are the maximum and minimum values
_ max min max min i
of G in the loading cycle, AP = (Pmax - Pmin)' Pmax and P i are the cyclic

tensile load limits and A§ the corresponding range of deflection § at the
loading points, |

In Fig. 75b (OABFO) represents the load-deflection curve obtained in
the first loading cycle of an elastic-plastic material. The curve is linéar
elastic from‘O to A and plastic deformation occurs from A to B. This type
of loading curve is typical for mild steel. For other metals a non-linear
curve starting at O may be more appropriate.BcLEig.75b)represents the accumu-
lated aeflection caused by cyclic creep and crack growth after N cycles at a
constant load range AP,

This cyclic creep phenomenon has been extensively studied in the litera-
ture and a review is presented in Chapter 1 (1.4.6). It consists basically
of strain accumulatiorn caused by load-cycling at stress levels above fhé vield
point. In general, the cyclic creep curve (accumulated strain against
number of cycles) has a sﬁape analogous to that of the ordinary_creep curve.
An initial primary Stage is followed by a well-defined secondary stage with a
constant cyclic creep strain rate, covering 80-90% of thé specimen life, and
finally a very shofttertiary staée near fracture. Consequently the c?clic

creep deflection represented by the qﬁantity (BC) in Fig. 75b is here considered
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to consist basically of the secondary stage, since experimental evidence
(40,42 ,44,45]) indicates that the primary stage is virtually completed
during the firs£ loading cycle and is thus represented by (8B) in Fig. 75b.
The potential energy‘of the first cycie, AUl,_obtained by loading
a specimen with crack length aO and zero initial deflection, is represented
- by the area (OABHO)] in fig. 75b. Tﬁe total accumulated potential energy
after N cycles, AUﬁ,-is given by the area (OECHDY .. AUﬁ is obtained by
elastically loading from E to C a specimen having a crack length a and with
a permaﬁent initial deflection, indicated ﬁy (OE} ; .it is numerically
_equ;i to the real permanent deflection after N cycles. It should be pointed
out that (OE) represents the acﬁumulated cyciic creep deflection after N
cycles and, if crack growth had not oécurred, the trace (EC) would have been
parallel to (BF)l. The elastic loading condition for (EC) is closely true
;ince the yielding has been largely accomplished betweén éoints A and B.
Because only loading conditions were assumed the energy interéretation
of the J contour integral (Appendix A, Eq. (A.20)) can be extended to cyclic

loading of an elastic-plastic material to define a cyclic AJ value after

N loading cycles as

d (Au)

1
&g B da
n

(6.2)

where AU =~AUN - AUl.

It should be noted that in the strict mathematical sense the above
definition and Eq., (6.2) are valid only if unloading phenomena are ﬁdt
considered (deformation theory of plasticity - non-linear elasticity).
However the pfesent approach may have more general applicability than the
mathematical definition., The operational definition of AJ put forward
is equivalent to saying that AJ defines the stress and strain fields near

the crack tip during the loadiﬁg half of the cycle.
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Therefore this equivalent analysis does not take account of a slight over-
lapping effect (anelastic deformation] usually occurring between the un-
loading and loading lines on consecutive load-deflection loops. This over-
lapping is only noticeable in the first few loading cycles and is practically
eliminated thereafter. Also, unloading might cause a yield stress increase
due to cyclic work hardening which, again, is not considered here.

The second term in Eq. (6.2) cdéul; - o bécause AU, depends on a,

da
but not on a. From Fig. 75b AUN can be expressed as

_ , AP -
) . Auy = ASN Ap -~ 548, . : (6.3)

where Aﬁel is the elastic loading deflection (ED) and AGN is the total

. deflection (HC) at load Pmax' Substitution of Eq. (6.3) into Eq. (6.2) leads

finally to a generalised equation valid for any specimen geometry

AT = - -1—- i(_A_j‘ILl AP - .AE ﬂae_l) (6.4)
B, da 2 da o
The total deflection AGN in Eq. (6.4) is obtained from
A8 - AS 8 . "
N 1 + A cc . (6.5)

wvhere AGI is the maximum deflection of the first "specimen" (HB) and Aacc
is the accumulated deflection due to cyclic creep and crack growth after
the first loading cycle, (BC). The separation of AGN into two terms was

v

considered more convenient for reasons which will be seen in the next section.

6.1,2 Application of AJ for the Contoured DCB Specimen

(A). Analysis for Small Deflections

Equation (6.4) may be used to compute AJ in any specimen geometry
provided that the deflection or extension at the loading points is known

under load-cycling conditions. 'Theoretically AGN and Aael may be calculated
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for beam specimens using non-linear beam theory derived by Timoshenko
(Appendix B}. It is assumed here, as-in-Chapter-5; that the crack grows
in the direction of the bending stresses, and the specimen is treated as
& pair of variable height beams built-in at the crack tip.

It is known from beaa theory that Aél may be expressed as

a
(o]

A61=2f xk  dx ‘ ' (6.6)
[o] ° .

where x is the co-ordinate along the beam length and ko is the curvature
caused by the maximum load at point B in the first cycle, Fig. 75b, and given

by Eq. (B.4), Appendix B, Similarly the expression for"Aacc is

a
Ascc = 2 é x kcc dx ) (6.7)

wherekcc is the curvature caused by the secondary cyclic creep (Eq. B.5).
Therefore, considering Eq. (6.5), Aqlwill be obtained by a simple addition
of equations (6.6) and (6.7).

In order to carry out the integrations indicated in these latter
equations, the contoured shape of the DCB specimen may be closely approximated

by a straight line. The beam height h is then given by Eq. (5.9)which was

substituted in the curvature equations for ko and kcc (see Appendix B) énd
the integrations performed in a computer prograﬁ using Simpson's rule. The
step interval was 0.125 mm with a = 70 mm and the crack length, a, and nuﬁé
ber of cycles, N, values were those obtained in the fatigue crack growth
tests at 4.5 and 5 kN. The appropriate values of A and n obtained experi-
mentally for BS15 mild steel were used in the curvature equation for A61 and
are presented in Table 1. The secondary cyclic creep law used for the evalua-

1 4

tion of C1 and m in the equation- for kcc;has théfform given by Eq. ‘Bﬂlb),

The theéretical curves of AGN for ioad ranges'AP'= 4.5 kN and 5.0 kN
are presented in Fig. 76 .and the respecﬁive numerical values are listed in ”
Table 14. AGN increases with the épplied load range and crack length.

The cyclic creep deflection rate decreases with crack length as expected;

since bending stress 0 ax 2180 decreases with crack length. Blastic conditions
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are respectively attained at points A and B in Pig. 76 .at which the crack
length values are 105 and 125 mm. Thls happens when AP = Pys (Fig. 67),
at which point cyclic creep stops. -

(B) Analysis for Large Deflections

- ~The analysis presented in the previous section is wvalid for small
'defiéctions only i.e. when the appropriate curvature is assumed to be equal
.to the second defivéture of the‘deflection. The exact analytical solution
is provided by the solution of the differentidl equations (B.8a) and.(B.Sb).
in'Chaéter Five a similar differential equatibn was used to calculate the.
eiastic and plastic_deflections,for.monotonic loading (Eq. 5.8}. Additiéna11y,
' some rotation at the crack tip may occur.~“Ihis latter effect has aléo
been compufed, following thevprocedure explained in Section B.5(Appendix Bj;
deflections, 6R , caused by crack tip rotation are presented in Table 15.

Thebdeterminatidn of the error factor introduced by the éssumétion

of equality between the curvature and the second derivative of deflection

e mnyArAnt~Ad
—-= IO

- ArmenaAamId . S
aoae \

2 - ra
-k .

was

Cecticn D.3). It ound that when Uie luad
range exceeded 5 kN the deflections were so large that the accuracy of the
approximate analysis was no longer satisfactory.

For load range values of 5.5,‘6 and 6;5 kN respectively it was decided
to calculate A6N by integrating Egqs. (B.8a) and (B.8b). It should be point-
_ed out that A61 has already been calculated in Chapter Five, including the
shear force and crack tip rotation effects, and since a, = 70 mm the theore-
tical load-deflection curve may be seen in Fig. 70. The method emplgyed
to calculate@ﬁéc was basically the séme as that for the monotonic loading

case described in section 5.1.2A. Thus the order of the differential equation

(B.8b) has been reduced by putfing

ans :

cc _ '
s z2 ' ‘ . (6.8)‘
Eg. (B.8b) then becomes
o az,, /ax :
k.‘=-—_:....__. f.
c 3/2 : (6.9

2
(1+2)
2
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Eg. (6.9) was integ?ated between O and the crack length x = a by a computer
program applying the modified Euler method. Finally, integration of Eq. (6.3)
waé carrigd §ut in the same program using Simpson's rule with the Z2 values
previously obtainedin the first integration. The step interval chosen was

0.125 mm and the crack iéngth'and niunber of cycles values were those obtained

in fa;igué crack propagation tests at the appropriate load range'values.
The computer program is listed in Appendix B.

The computed ASN curves are plotted against crack lengthvin Fig. 77,
and nume;ical values are presented in Table 15. A6N values, which include
the deflection 5R caused by crack tip rotation (ﬁq. B.25), increase with the
applied load range ahd crack length, showing the same trend és observedv
in Fig, 76. Lineaf elastic conditions were oniy obtained for 5.5 kN at
crack length-values greater than 152 mm, since the two other load'range

values (6.0 and 6.5 kN] exceed the yield load of the specimen (Fig. 67).

(C} The AJ Results

‘Using linear elastic beam theory the value of the derivative d(A5£l)/da

in Eq. (6.4) céused solely by the bending moment is given by

AS .
daf ell 24Ap a2 ,
da ~ "EB 3 - (6.10)
(h0 + hla) . .

Furthgrmore, numerical differentiation of the A5N values, Eq. (6.5), with
respect to a, using a central difference formula inserted in the computer pro-
a(Asy) ' o
“gram,‘gave-—ji;—— . Theoretical values of AJ were then calculated by
substituting the numerical values of both terms, d(AﬁN)/da and d(AGel)/da,
into the general equation (Eq. (6.4)). The theoretical AJ against crack
.lehgth curve is shown in Fig. 78 for the load range 5.0 kN, and in Fig. 79

for load ranges of 5.5, 6.0 and 6.5 kN. The numerical values are shown in

Tables 14 and 15.
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" AJ decreases with the crack length corresponding .
to the decrease in d(AGN)/da values with crack length. For the load range
AP = 5.0 kN J is constant for crack lengths greater than 115 mﬁ, a result

‘which would be expected from the early deflection analysis in Fig. 76.

6.2 Experimental

-6,2.1 Material

_ The material used was BS15 mild steel plate, 11.2 mm thick. The

composition and mechanical properties are presentéd in Table 1.

6.2.2 Specimens

The specimens were contoured DCB test pieces with a constant K CHar—_
~acteristic, as previously described in detail in (2.1.4). They were cut so

Al A AL o mrem eV
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pagated along the'rolling ‘Girection. Side yrooves 3.5 s
deep were cut on both sides of the specimen to enhance plane strain conditions
ana to help confipe crack propagation to the 5pecimen‘midplane; ‘The side

. grooves were polished for ease of cr;ck tip observation. A machingd slot

approximately 65 mm long with a chevron front sharpened with a razor balde

to form a crack starter was provided in each specimen.

6.,2.3 Cyclic Creep Tests

.The cyclic creep tests were performed‘on 6,25 mm diameter specimens,
25 mm gaﬁge length, stresed in the rolling direction.

An Instron TT-C type testing machine of 44 kN load capacity was used,
the cyclic creep strain (longitudinal extension of the specimen) being obtain-
. ed on the machine load-extension recorder. The tests were conducted until
failure oécﬁred, which was by the necked-out type of fracture, -producing

deformations in the order of 40%. The final length of the specimen was neasured
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with a micrometer and, if the extension record was corrected for machine
deformations, this value agreed with that obtained by the machine load-

extension recorder.

6.,2.4 Fatigue Crack Growth Tests

The fatigue crack growth tests were conducted at 21°% in laboratory
air of 50% R,H,, at a loading freguency of O.l1 Hz in a 500 kN capacity Avery
hydraulic machine. The crack was initially extened to a length of 70 mm by
fatigue ére-cracking under 2 kN tensile load in the same machine, and the
test; at five load levels (4.5, 5.0, 5.5, 6.0 and 6.5 kN) were then per-
foimed, load-deflection loops being monitored-regularly using an X-Y plotter..
The load signal was obtained from a potentiometer directly attached to the
loading mechanism. Deflections were measured along the loading axis with
a standard clip gauge, (30 mm rangej the signal being converted via a trans-
ducer converter into the X-Y plotter, (Bryans, Uk). Crack length was measured
with a 20 x magnification travelling microscope. Fig. 80 shows one of the
specimens being tested. The large deflection at the loading points can be

seen clearly. After each test the specimen was pulled apart and the final

crack length measured on the fractured surface of the specimen.

. 6.3 Experimental Results

6.3.1 Cyclic Creep Results

The results of the tensile cyclic creep tests are presented in.Fig. 81,
the curves being similar in form to those reported in earlier literature
(40, 42, 44, 45). The usual three regions of the cyclic creep curve were
obtained with the primary stage practically confined to initial loading
and the secondary staée obtained at constant cyclic creep strain rate. Thus
the assumption put forward in the theoretical analysis, that the constant

rate cyclic creep region immediately'followed intial loading, is well justi-
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fied by the experimental results, The total cyclic creep strain Aecct is

ﬁery closely giyen by

Aecct =Aeo +Aecc _ D K (6.11)

where AEO is the initial elastic and plastic straining (Fig. 81) (primary
stage}, ﬁhile the second term represents the secondary creep stage defined

“by Eq.(B.1b).

6.3.2 Fatiqgue Crack Propagation Results

- Figs. 82 and 70 exemplify load-defle;tibn loops cobtained in fatigue

' crack growth tests at AP = 5.0 and 5.5 kN:respectively. Similar records

were obtained in the other tests. The variation of crack length with num-

ber of cycles, presented in Fig, 83, showsvthét for AP = 5.0 kN a éonstant
crack growth rate region starts atva crack length of ébout 115 mm, whilst o

. for AP = 4,5 kN it starts at approximately 100mm and for AP‘= 5.5 kN at

142 m=x ;Fig. g24). Forx éhcftsr cracks, crack grcwth-is faster and non-linear.
In Fig. 85 the.linear region was not attained.for load rapges of 6.0 and

. 6.5 kNThe load-deflection loops for linea£ elastic loading are numpered 13,

14 and 15 in Fig. 82, and correspond to crack lengtbs exceeding 125 mm. ‘Their
unlpading lines converge to poiﬁt S. Similar behaviour was recorded for the
second specimen cyclically loaded to 4.5 kN, the difference being that the
transition point from plastic to linear elastic conditions occurea at a shorter

crack length, as predictedby Fig. 67, amounting to about 105 mm.

\

The experimentally determined total potential energy AU, which
is tﬁe ;rea within the load-deflection loops, is plotted against crack length
in Fig. 86 for the load range of 5.0 kN and in Fig. 87 for 5.5 and 6.0 XN.
The slopes of these curves are the experimental A& values, which are ¢

superimposed on the theoretical curves in Figs. 78 and 79.°
The relationship between da/dN and AJ (or K2/E, where KZ/E refers to

the linear elastic results quoted in Fiq. 26) is shown in Fig. 88. The pre-

sent experimental crack growth rate values under elastic-plastic cyclic
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conditions increased by about 2 orders of magnitude from 4.5 x 10 mm/cycle

to 2.5 % 10“1 mm/cycle, and the maximumAJ reached 1100 IN/mm.

6.4 Discussion of Results
Both theoretical and experimental AJ values‘decrease w.th crack
length and reach the lineér elastic value AG(Fig. 78). The crack growth rate
also decréases (Figs. 83, 84 and 85) suggesting that the crack growth pro-
cess may be controlled by AJ. The experimental values of Aj(Fig. 78) are
~greater than the theoreﬁical ones, differenqes ranging from 5% for éhort
crack lengths to 10% for long crack lengths. These discrepancies may be
éxplainéa in terms of deflection diffefences.v The deflections calculated
‘ ffom;equations‘(G.S) and (6.7) are due to the bending moment only, whereas
the.experimental deflection values include:tﬁe shear force effect together
with some rotation occurring at the crack tip. Thus the experimental de-
flection values might well be expected to lie somewhat above the theoietical
ones as observed, Fig. 76. Conseqhently the experimental values of AJ must
also be higher than the theoretical ones, Fig. ?8._However,when the effect
of crack tip rotation is csnsidered the above differences betweenlthe theocre-
tical and experimentai deflection and AJ value% are considerably reduced.
Thus it is seen in Table 15 and iﬁ Figs. 77 and 79 that:the difference be-
tween theoretical and experimehtal deflection and AJ values are in the order
of 1-2%, |
In Fig. 70 (Chapter 5) the experimental and theoretical monotonic
loéd—deflection curves have also been plotted. Plotting the load-deflection
loops for AP = 5.5 kN in the same figure clearly shows that in the load-
cycling case the total boténtial energy increases and, for the same crack
.1ength ke.g. 160 mm), is cons%derably greater under cyclic conditions
than in monotonic ioading. This effect is due to cyclic creep, which is not
observed in monotonic loading.
The variaﬁioﬁ of the cyclic J value with the crack length is. also
presented, Fig. 72. The loqd range AP = 4.5 kN was chosen for comparative‘
purposes. - For the same-crack length thé cyclic J value is higher than the

corresponding monotonic value until lincar clastic conditions are rcached;
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thereafter both quantities are the same, Fig, 88 shows that the present
;lastic plastic results are in good agreementvwith the previous linear
elastic results Fig. 26, The evidence indicates that linear e¢lastic results
at long crack 1engths»give'the same values of AJ and crack growth rate as
plastic results at short crack lengths. Fig. 67 shows that with the current
specimen geometry, linear elastic tests can still be performed at loads

up to 58 kN, corresponding to a AG = AJ value of 48 N/mm . If largér speci-
mens were used, AG values would increase and would allow additional tests
to be cafried out to obtain linear elastic data at greater values of AG.

‘ The present results show that the crack growth rate is controlled as
herein defined AJ (Fig. 88), confirming the correlation found by Dowling
and Begley (166, 167) for the compact tension and centre cracked geometries.
The relationship between the crack growth rate and AJ is similar to Eg. (1.53)
despite the fact that AJ ﬁas calculated by a different process and under |
different loading conditions. It can be shown that there is a direqt re—

- K2. correlating linear
min

lationship between AJ and the parameter A = Kg

nax
elastic fatigue crack growth data for a range of Al-alloys and steels. This

relationship has the form

A
AT = E . ‘ (6.12)

Substituting Eq. (6.12) in Eg. (1.32) and incorporating E into the constant

8 Egn. (1.32 ) becomes

da o B
™ - M ©(6.13)

Therefore a crack growth rate correlation with A in the linear elastic

range implies a similar correlation with AJ in the elastic-plastic range.
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CONCLUSIONS

The concepts of linear elastic fracture mechanics (LEFM) can be
successfully used to chéracterize the fatigue crack propagation process
in metals whose mechénical,behaviour under small scale yielding conditions
can be assumed to be linear. The results of a comprehensive programme of
studies on two aluminium alloys {(RR58 and LM30) and a mild steel (BS15)
using a contoured double cantilever beam geometry with a constant stress
intensity field, K; along the crack path, have shown that variations in
parameters such as the amplitude and mean level of K (AK and Km respectively),
frequency, and environment may have a significant effect'on the rate of crack
da
anN "

propagation, An increase in the level of AK or Km leads to an

increased g%, this effect being more pronounced at low values of g% . The
threshold value of AK, AKth, was found to decrease linearly with increasing
K_.

m

Investigation of the combined effects of environment and frequency

has shown that in RR58 tested at low frequency fatigue crack growth was
accelerated in 3.5% NaCl in comparison to a laboratory air environment, but
for higher values of the maximum stress intensity factor in the loading cycle

K this effect was non-existent. AKth decreased in 3.5% NaCl in compari-

max’ .
son with laboratory air. Similar behaviour was observed in the cast aluminium
alloy LM30, the acceleratioﬁvéffect being slightly less proncunced. At high
frequency (35Hz) no environmental effect was observed on RR58 or BSlS,_but

at low frequency the_latter material exhibited crack bluntinc when‘the crack
* growth rate for the initially sharp crack was below a certain critical ;alue

da

R

anlb* This phenonmencn was extensively studied and the time necessary to

. X . d
produce crack arrest was investigated in terms of AK, Km and —27 and was
found to increase with each of these parameters.
Considerations of the data obtained in the experimental programme showed

that the following model predicted the crack growth rate:
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2k (AK - AK .1
. m th N A
where » = > 5 ' Kb is the critical value of K and A,
’ ' K' -~ K

C max

and @ are constants, The model was successfully applied for all the investi-
~gated materials in the full subcritical range (from threshold to fast frac-
tu?el and an analysis of daté published by other authors has shown this
model to be equally satisfactory for a range of mild steels. This equation
was used to compare the fatigue crack growth performance of the materials
investigated and an example of the prediction of the number of cycles spent
in crack propagation in a particular engineering component was presented.
- The form of the model enables it to be related to the crack opening dis-
placement (COD) and the J contoﬁr integral, -and the threshold and critical
values of these parameters.

The fatigue threshold behaviour in BS15, RR58, LM30 and other materials
was not found to be satisfactorily explained by the crack closure approach.

The application of LEFM and of the contoured DCB specimen'can success-
fully describe the stress corrosion process in aluminium allioys. Stress
corrosion cracking (SCC) data was obtained for alloys RR58 and LM3C in a
3.5% NaCl solution, It was shcwn in RR58 that the crack growth rate is faster
in vertically aligned.than in horizontally aligned specimens; this is
thought to be due to a more vigorous dissolution process, caused mainly
by the environment at the crack tip. The threshold value of K, KISCC'
was found to be lower for vertical alignment., Cast aluminium alloy LM30
has shown inferior SCC properties to those of RR58 due to its high si}icon
content. The data was compared with other results obtained for similar
aluminium alloys and the differences in crack growth rate and threéhold
values have been explained in terms of the corrodent application. A strong
dependence of crack growth rate on very high values of applied K was recorded
and described as Region III of the crack growth rate - K diagraﬁ.

In the stress corrosion tests it was observed that a decrease in the

stress intensity factor resulted in a marked reduction in the subseqguent
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crack growthrate, The time interval during which this reduction occured

is termed incubation time; There is some evidence that the incubation time
is dependent on the size of the plastic zone formed during previous loading.
An equation relating the iﬁcubation time to the two levels of K applied

was proposed. With Increasing K a faster crack growth rate may be observed
before the steady state is attained. This incubation time is, however, much
shorter than that resulting from a-decreasing-K history.

Non-linear fracture mechanics parameters (J contour integral) can be
used to ;haracterize the fatigue crad<prOpagationphenomeneon for metals
in which extensive nominal plastic deformation occurs. In the present work
elastic-plastic fatigue crack growth under load cycling has been studieqd;:
and on the basis of the energy interpretation of the J contour integral the
variation of the total potential energy with crack length was adopted as
a definition of the cyclic value of J, AJ. An analytical method based on
non-linear beam theory was derived to compute AJ values for situations in
which cyclic creep occurs under tensile lbad cycling above the yield load.
Application of the method to contoured DCB specimens showed that the derived
relation for AJ is a function of load, crack length, number of cycles, and
the strain hardening and cyclic creep properties of the material. AJ was
found to decrease with the crack length, reaching a constant value if linear
elastic conditions were met. The method described is applicable to any
_geometry for which cyclic creep occurs.

Experimental investigation of fatigue crack growth phenomena in 'BS15,
under conditions of cyclic tensile load and under elastic-plastic conditions
showed that the cyclic values of J determined from the variation of the total
cyclic potential ene?gy with the crack length are in good agreement with the
theoretical values of AJ,

Elastic-plastic fatigue crack growth rates correlated with AJ and with

previous linear elastic results yielding an equation of the form
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n

" da _ 1
—,Cpl(AJ )

aN
where Cpy and ny are constants.

The J contour integral was also successfuliy-evaluated, both theoreti=
cally and experimentally, fof the constant K contoured DCB specimeﬁ of BS15
under monotonic loading conditions. J increased with érack length until
a constant value was attained for linear elastic loading. AJ values under
load cycling are greater than the monotonic values, the differénce being
due to the increase in potential energy caused by cyclic creep.in load
cycling. A critical value of j for crack p?opagation, Jc, was obtained
for this material using compact tension and contoured DCB specimens. " Using

the R-curve technique Jc was shown not to vary in these specimen geometries.

PROPOSALS FOR FUTURE WORK

The discussion presented in this thesis in relation to the applicability
of fracture mechanics concepts to the characterisation of fatigue and stress
corrosion failure processes in metals, has clearly indicated the need
for further studies in this field.

The fatigue crack propagation process under linear elastic conditions
is, at this stage, fairly well established. Work in this field should explore
other materials, the tension-compression loading éattern and the effect of
temperature, The latter parameter should be studied, in an interrelated
programme, with creep, Thus the possibility of any creep and fatigue super-
position effgcts should be investigated.

Environmental fatigue crack propagation requires further study; in
particular, an agalytical treatment of the crack blunting process is neceésary.
The blunt crack can be treated as a notch, and such theoreticai and ex-

perimental studies undoubtedly have great engineering interest. Other alloy-
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environment systems should be tested and the applicability of the proposed
model to them should be checked. Also, in the same programme, threshold
studies are highly recommended.

In the streés corrosiog field an immediate extension of the present
programme of research should include the investigation of different wetting
conditions, corrodents and temperatures. The effect of specimen thickness
on the crack growth rate requires investigation. The loéding hiétory study
initiated in this work sﬁould develop into a more detailed theoretical
analysis; particularly in thg case of the increasing-K pattern.

) The fatigue crack propagatidn process under elastic—plastic conditions
is still a comparatively new field. The work.presented herein should be
extended in the following directions?

‘Theoretical and experimental work under'ioad cycling conditions for
different mean load values, either tensile or compressive. The cyclic
creep behaviour of the material should then be investigated. The analytical
method presented in this work can be extended or modified for other geometries
and cycling conditions., The programme may include tests both at room and
high temperatures.

Theoretical and experimental work under strain or controlled-deflection
cycling is recommended. Load and strain cycling.fatigue crack propagation
at room and high temperatures should be compared due to the great importance
of low cycle fatigue failures in certain éngineering components.

Slow crack growth uﬁder elastic-plastic monotonic loading is another
area requiring further study. Other geometries, materials and environmental
vconditions are particularly worthy of investigation. The trend in variation
of tﬁe critical value of J, Jc, for crack propagation with the above parameters

must be sought.
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APPENDIX A

A BRIEF REVIEW ON FRACTURE MECHANICS

A.1 Elastic Stress Distribution at the tip of a Crack - the Elastic

‘Stress Intensity Factor K

Inglis (A.1l) was the first to derive an equation for the maximum

stress ny at the tip of an elliptical notch with major axis a and minor

[
axis b under a stress

| 2a
Oyya = (1 + ER) _\ | (A1)

As the eliipse becomes long and narrow ny becomes very large and is given

approximately by

= ooy '
Oy max = 20 (a,2)

where }3= ﬁz/a is the radius of curvature.

Many years later, using the Westergaard (A.2) solutions for a number of
configurations involving cracks in tensile stress fields, a general solu-
tion for the stress system at the tip of an infinitely sharp crack was de-
rived by Irwin (A.B) and Williams (A.4). The near crack tip stresses and dis-

placements could be written in the form

- 5] .. 0 . 30
qxx cos E-(l - sin > sin 5
K
I 0 .6 . 30
ny = 755; cos (1 + sin 5 sin 5 ) (A. 3a)
. O 30
Tky cos - sin 5 cos 5-
—  ed L —
u . 524255% (20 - 1) cos 0/2 - cos 306/2 (A. 3b)
v T 8um
(24 + 1) sin 6/2 - sin 30/2

where j1 = 3-4V in plane strain, = (2-V)/(1+v) in plane stress, and r,0 is
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a co-ordinate system centred at the crack tip,

KI’ the stress intensity factor, is independent of r and 6. It
dictates the magnitude but not the distribution of the stress fields in
different crack configurations. For an infinite plate containing a crack
of length 2a, subjected to a remote tensile stress field ¢, the Westergaard

solution gives

K, = o/ra (A.4a)
For more-complex cases KI is given by
K, = Yo/ra _ (a.4b)

where Y is a dimensionless parameter accounting for such variables as proxi-

mity of a free surface, crack shape and distribution of load. X_ can be

I
related with the elastic stress concentration factor Kt
X.0p"
KI = lim 3 (A.5)
p*>0

The above equation, derived by Irwin (A.3), implies that K_ is valid only

I
when a sharp crack is considered.
Thus far attention has been centred on the case of a crack in a tensile

stress field., Results analogous to Equation (A.3) can also be obtained for

the case of cracks subjected to in-plane shear.

- A .0 . 0 30
I -sin 3 (2 + cos ) cos-E%
K
_ 11 .8 30 30 _
oyy = EE; sin 5 cos 3 cos (A.6)
: R .6 . 30
‘&Y ___cos 2 (1 - sin 7 sin 3

and out of plane shear
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Txz _ Ko - sin 6/2 A7)
Yyanr . cos 9/2 '
Tyz

KI' KII and KIII are usually referred to as the mode I, mode II and mode
IIT stress intensity factors(Fig. A.,ll. However, the present analysis will

be concerned onlywith mode I.

A.2 Methods of Determining Stress Intensity Factors.

" - BEssentially the problem is that of oﬁfaining the values of Y in
Eq. (A.4b). Four different methods are available:
1. The direct application of Muskhelishvili's analysis of the elastic
stress field: This method provides a solution which completely satisfies
the boundary conditions and provides an exact value of the stress intensity
factor, However the labour involved in most cases makes it unsuitable
for general use,
2, The boundary collocation method: This is relatively easy to apply. The
method is based on the Williams (A.4) polynomial expansion of the stress
field, for which the constants are obtained by matching boundary conditions
at discrete points, Boundary collocation has been used to determine the
stress intensity factor for standard specimens recommended by ASTM (A.5).
3. The finite element method: This provides an easily handled approach for
any arbitrary two dimensional geometry and loading system. There is a slight
loss of accuracy compared with other methods. |
4, The coméliance method: This method is used when numerical or analytical
-solutions are uncbtainable, and also to verify numerical solutions previously
obtained by ofher methods, It is based on the Irwiﬁ and Kies (A.6) compli-
ance equation for the elastic sﬁrain energy releaée rate, which yill‘be

considered later.

Compendia of known solutions are now beginning to appear (A.7). One
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of the reasons for linear elastic fracture mechanics (LEFM) not yet having
achieved widespread use is the lack of known solutions to calculate K

values for more complicated geometries which often occur in practice.

A,3 Fracture Analysis Using K -~ Linear Elastic Fracture Mechanics

The field values at the tip of a crack in a purely linear elastic
body are completely specified once the stress intensity factor K is known.
On the assumption that fracture is‘governed by conditions at the.crack tip,
it must be expected that fracture will occur when K reaches a critical
value Kc. Kc may be obtained from a laboratory test in which failure stress
crack length and geometry factor are determined. The difficulty in aéply—
ing LEFM lies in ensuring that Kc is obtained under crack tip conditions
vhich are reproduced in the structure to be analyséd. For purely elastic
behaviour this is no problem, since the stress-strain field at the crack
tip is completely specified by K for all configurations. However for a
real material perfect elasticity is never completely realised.

Equation (A.3) indicates that as r-—+ 0 crack tip stre;ses would become
infinite for any value of the applied stress. Hence plastic deformation
will occur at the crack tip. The order of magnitude of the plastic zone,
f¥, can be estimated from Eq. (A.3) by settting Uy =g __, the yield

ys
strength of the material, leading to

S U - o "
Y = ol (A.8)
¥s

for plane stress conditions,
An elastic stress distribution with a singularity at the crack tip
describes the stress field ahead of the crack where plastic yielding occurs.

If the extent of the plastic zone is small in comparison with the dimensions
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of the elastically stressed region of the strxucture, the inaccuracy of
theelastic model will be negligible, Since LEFM provides a method of
meésuring the fracture strength of a brittle material, one must ensure that
the errors introduced by plastic yielding are minor or can be corrected.
For plasticity effects to be negligible, the plastic zone must be small

in comparison with the crack length or the remaining cross section. At the
onset of fracture, at which K = Kc, the er;or introduced by plastic yield-

ing may be estimated from the ratio.

(0——-) == (=) (r.9)

where Gf is the gross fracture strength. Thus the LEFM approach is‘
acceptable as long as the gross fracture stress is small compared to the vield
strength of the material.

The elastic stress singularity and the plastic zone size are illustrated
in Fig, A.1 for mode I ioading, in plane stress and plane strain conditions.
For plane strain allowance must be made for the elevation of yield stress
ahead of the crack, This is conventionally done by substituting /30ys for

ag in Eq., (A.9)., For plane strain

ys
T 1 Ki

y = — = (.10)
om 02
. ys

To correct the small scale plastic yielding effect it was suggested-by Irwin
that-the effective length of the crack be increased by an amount Fy'

The fracture toughness KC is dependent on, among other factors, thick-
ness, The role of thickness is to provide a triaxial stress field ahead
of the crack, which elevates the hydrostatic stress and reduces the plastic
zone size. Experimentally it has been verified that Kc decreases as thick-

ness increases (Fig. A.2) and a minimum value, K, , is attained correspond-

1lc
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ing to plane strxain conditions, The majox effect explaining the above
trend is the tensile stress elevation occuring as thickness is increased.
This favours the cleavage mode.. of fracture over the shear mode, with con-
sequential reduction in Kc' and indeed the percentage of square fracture
increases with the thickness (Fig. A.2). Therefore a plane strain fracture
corresponds to a macroscopically flat fracture surface, whereas a large
percentage of a plane stress fracture surface is occupied by shear lips.

As a final comment one can say that LEFM may be applicable.to the de-
termination of fracture toughness when r, is negligible in comparison with
other characteristic dimensions of the body, such as crack length or thick-
ness. This is the case whereacrack or flaw is present in high-strength
aluminium, steel and titanium alloys. These materials have limited Quct-
ility and generally fail without gross yielding under the above conditions.
LEFM can also be applied in more ductile metals, e,g. mild steel, but only

at very low temperatures or in very thick plates.

A,4 Test Techniques to Evaluate Kc

As a result of extensive experimental investigation (A.5) it has been

shown that to obtain a valid ch test crack length a, specimen thickness

B and the uncracked ligament should all exceed 2.5 (KQ/UYS)2 where KQ
is the apparent fracture toughness value. If these conditions are satis-

fied K, is a valid K. value within LEFM analysis. The stated criterion

Q lc
is proportional to the plastic zone size ;y,

Ly
~ 0,132 (A.11)

2
- 0

s
Therefore the range of applicability of LEFM is limited by the existence
of a plastic zone size at the crack tip, which can not be more than 13%
. greater than the crack length, specimen thickness ox unéracked ligament

length,
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KQ can be obtainea using many different types of specimen (A.5], The
most popular of these are-the singlevedge notch, thrée point bend and
compact tension. Experimentally, the procedure would be to record the
applied load agéinst some function of crack length. The requirements of
the test (A.8] include a sharp initial fatigue crack, a limited deviation
from linearity in the overall load-deflection curve and the correct de-
tection of the first increment of crack extension ("pop-in" phenonmenon).
The load corresponding to crack initiation is evaluated. Full details are
~given in the ASTM STP410 (A.B). Provided éll the above conditions are
satisfied, the KQ obtained may be regarded as a material parameter, ch,

the plane strain fracture toughness value.

A5 Energy Balance Criteria

A more direct explanation of the fracture process is provided by the
use of an energy balance criterion., This waﬁ first suggested by Griffith
(A.9]1. Using Inglis (A,1l) results, Griffith calculated the release of
energy caused by the introduction of a centre'crack, of length 2a, into a
plate, boundary conditions remaining fixed. He compared the energy released
with that required to create the new crack surface, postulating that this
had a surface energy Y%/unit area. Instability occurs when an additional
release of energy qual to, or in excess of, that absorbed as. surface

energy. The critical stress at fracture,cfC was thus found to be

o PE |
% 7 ma - (a2
Griffith measured Y4 for glass, and applied the above equation to obtain
the value OC, which was found to agree with the experimental value.
When applying the Griffith theory to metals, difficulty arises over

the identity of the term Y, Irwin (A.10) and Orowan (A.ll) suggested that Yg
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in Eq.. (A,12) be reélaced by Y$+-Yp,where YP represents the localised
plastic energy dissipation/unit area at the crack tip. More generally
yéj-yp can be regarded as the total work required to open unit érea of
the crack. The problem is that YP cannot be measured directly. This
difficulty was overcome by Irwin and Kies (A.6) who suggested an experi-
mental method for calculating energy release rate in an arbitrary body.

The energy release rate or change in strain energy dU/da was shown to be

S EBE &£ . (A.13)

where P is the applied load and C is the compliance. dC/da can be found
from a series of load displacement curves for different crack 1en§ths in
the same geometry. The critical value‘of ehergy release rate and hence
Ztscan be found by substituting the fracture load and the appropriate
value of dC/da in Eq. (A.13).

Ixrwin (A.3i suggestea the equivalence between the parameter G, which
he defined as the crack extension force, and the stress intensity factor.

2

o

(a.14)

@
It
7|

where E' = E for plane stress and E' = E(l—vz) for plane strain. Eq. (A.14)
establishes the analogy between the stress intensity and enexgy bélance
theories of fracture.

The most complete mathematical treatments of the energyvbalance for
crack propagation in an elastic body were provided by Rice (A.12) and
Cherepanov (A.13). They found that G can be expressed as

du
G= - aa - - (A.15)

where U is the potential energy of an elastic body. G is then more gener-

ally defined as the rate at which potential energy decreases with crack
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length, A conyenient way of visualising the potential energy decrease
is as the area between the overall load deflection curves before and after
crack extension. This holds true for non-linear elastic as w211l as linear

elastic behaviour,

A.6 Elastic-Plastic Stress Analysis of Cracks

Non-Linear Fracture Mechanics

The stress-strain field at the tip of a crack in an elastic medium is
completely described by the value of K. This holds true if the extgnt of
plastic deformation is suéh that Fy/a < 0.02. If extensive plastic deform-
ation occurs the linear elastic approach is no longer valid and an elastic
plastic (non-linear) fracture parameter must be sought.

A large number of possible fracture criteria have been suggested, but
the two parameters which have recieved most attention in recent years are

crack opening displacement (COD) and the J integral.

A.6,1 The Dugdale Model and the Crack Opening Displacement

Dugdale (A,14) considered an isolated straigth crack of length 2a in
an infinite sheet with rémotely applied stress O normal to the crack plane;
yielding is confined to a narrow band along the line of the crack, extend-
ing to a distance x from the crack tip. He assumed that Oys was constant
over this distance, and that all stresses in the plate were to remaiq
finite.

Although the Dugdale model was originally suggested to correlate ex-

" perimentally observed plastic zone sizes in mild s;eel, it can also be used
to obtain the COD at the crack tip, as

.80_a _ o
e (lpge sec 3&74 (A.16)

Y
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where v is the crack opening displacement, Expanding Eq, (A.16) as

a series and considering the first term only

v =22 - . @aan

The COD may be used as a failure criterion in materials which exhibit
extensive plastic deformation at the crack tip, i.e. failure occurs when
COD reaches a critical value. This was initially proposed by Wells (A.1l5).
Eafly experimental COb measurement was performed using a rotating paddle
meter, This technique was developed by Burdekin and Stone (A.16). Due
to the large experimental errors involved, this technique was abandoned
and substituted by the measurement of the notch opening using a clip gauge.
This quantity can be related to the COD by assuming that the crack opens
ébout a center"of rotation a distance r(w-a) beyond its tip. Wells (A.17)
suggested an analytical relatiqnship between v and the notch opening, and
more recently Sumpter (A.18) has computed COD for a large variety of geomet-

ries, using the finite element method.

A.6,2 The J Contour Integral

The fracture toughness of ductile materials can be expressed in terms
of the J contour integral. The energy line integral, J, is applicable to
elastic or elastic-plastic materials when these can be treated by a de-

formation theory of plasticity (i.e. unloading is not permitted). It was

defined by Rice (A.19) for two-dimensional problems as:

_- - du :
J = i Wdy ~ T(5)ds (A.1§3)

where r is any contour surrounding the crack tip, W is the strain energy
density, andlju are traction and displacement vectors defined by the outward

normal to r, and s is the arc length along r. The path independence of the
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J>integral was proveﬁ by Rice (A.19}.

McClintock,(A.ZO)'has shown that by combining the work of Hutchinson
(A;Zl) and Rice and Rosengren (A.22] the crack tip plastic stress and
strain singularities can Be expressed as functions of J. In McClintock's
work (A.20] it was assumed that the material followed a relationship between

equivalent stress Oeq and equivalent plastic straine,,of the form

p

. - E . 1/n .
Co=(BY, (A.19)

AT

where n is the strain hardening exponent.'>From the above, one may assume
that fracture will be governed by J, since J characterizes the near tip de-
formation field in an elastic-plastic material.

The J integral has an energy interpretation (A.23) which leads to a

straightforward experimental determination:
J=-= & : , (A.20)

ﬁhere Bn is the net fracﬁure width, U is the potential energy and a is the
crack length. In the linear elastic case J is therefore equal to G, the
crack extension force.

Equation (A.20) has been applied to the experimental determination
of J values using a compliance type procedure on several specimens of vary-
ing grack lengths (A.24, A.25). However, for certain geometries, such as
deeply notched compact tension and three point bend specimens, Rice et al
(A,26) developed a method which allows J values to be estimated frpm a single
experimental load-displacement curve. In this technique the specimen with
a deep crack (ﬁ/w > 0.6} is‘loaded to the displacement of ipterest and J

is determined as a function of displacement from the expression
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where Apis the area under the load~di§placement curve taken at the dis-
placement of interest, ﬁ is the thickness, b is the uncracked ligament
(w-a]l] and w is the width of the specimen.

Critical values of J(chl are obtained at zero crack extension, but
defining crack initiation and determining its onset is perhaps the most

difficult part ofthe J c evaluation. To overcome this problem J was plotted

1
against crack extension by Landes and Begiey (.27}, in the form of a re-
sistance, R, curve (A.28). ch is taken at the intersection of the stretch

zone lihe (3/20 } and the J versus crack extension curve where o
flow ~ flow

is éhe mean of the yield stress and the ultimate tensile stress. The
stretcﬁ zone takes into account the crack front geometry change usually
occuring before actual material separation. This stretch zone is associ-
ated with the "crack opening stretch", COS. Recent work by Robinson and
Tetelman (A.29) has shown experimentally that the COS is equal to J/Gys
where GYS is the yield stress of the material. However, the cxiterion

J/20f accounts for other cases in which the material has a high strain

low
Ihardening exponent.

A tentative ch test method based on the above considerations has already
been put forward by Begley and Landes (A.30) and extensively applied by
Logsdon (A.31) for various materials. It has also been shown by Clarke et

al (A.32) that J results are unaffected by unloading of less than 10% of

the maximum load.
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éEPENDIX B

NON<LINEAR BEAM THEORY USED IN THE PRESENT ANALYSIS

The contoured DCB specimen gsed in this analysis was treated as a pair
of variable—heﬁght recténgular cross—-section beams built-in ..t the crack
tip. The contoured shape.is closely approximated by a straight line (Fig. 66)
with an angle of approximately 10°. Thi; angle is sufficiently small for
equations developed for beams of constant cross-section to be applicable

with adequate accuracy in the variable cross-section area.
B.1 The General Curvature Equations

. The stress-strain law for a given material may be expressed as

€ = Aan (t) (B.1)

wheré € is the strain, o is the applied stress and A, F(t) and ¢ are
constants for each loading condition. Equation (B.1l} can havé two main
applications:-

a)  Strain-hardening behaviour - where A is the Strain hardening con-
stant, F(t) =-l, 0 is the strain hardening exponent n. (Table 1),
and hence € = AOpy ‘ (B.la)

b} Secondary stage of creep and cyclic creep - where A is the creep

of cyclic creep constant C,, F(t) is time or number of cycles

1
N, depending on the load application method, and o is the creep
or cyclic creép exponent m, (Table 1), and therefore € = ClNcﬁl(B.lb)
Considering solely the bending moment effect on the deflections, the
curvature k in a beam of rectangular cross—section i§vgiven by a general

equation

oo 0]
k = - AF(t) [ .
. 208 | (hy2) 20¥1

(B.2)
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drivedin Ref. (B.llwhere x is the co-orxdinate along the beam length, B

is the beam thicknes#, P is the applied loadland h the beam height. The
effect of the shear force on the curvature is not taken into « ccount in the
above equation since the iﬁcrease in deflection'due to shear force is very
small (3 or 4%) when small deflections or loads are considered; When

a=1and A = %- (where E is Young's modulus) Eq. (B.2) reduces to the linear

elastic curvature kel

k =——l£—§ ' (B.3)

- . l
e EBh

For an elastic-plastic material showing a linear elastic regime from

zexro to the yield load the total curvature is given by

12)3ys N Po1 (2n+1)" A
k = — - + A( ) : (B.4)
o 3 2n+l
EB h 2nB (h/2) n '
where P =P ~~-P ,P the maximum load and P the yield load. The
pl max ys max vS

second term in Eq. (B.4) represents the plastic curvature, assuming that after
P s has been reached the material follows a non-linear stress strain law

given by Eq. (B.la).

B.2 The Curvature Due to Cyclic Creep in Load Cycling

For a material exhibiting cyclic creep (e.g. load cycling in the con-

toured DCB specimen) the curvature kcc is

Pcc(2m+l) m xm
K ='CN( 2mB )

cc 1 (B'S)

(h/2)2m+l

, C, and m are defined by the cyclic creep law,

where P =P
cc 1

ef_Pys

Egq. (B.1lb), and Pe

£ is the load component normal to the tangent to the de-

formed beam at the loading points. Pef is then given by

‘ .
= = .6}
Pg =P, COs arc tg(dq(dx)xzo P o cosf (B.6)
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. ;-
where 6N is the total deflection after N loading cycles and § is the angle
schematically shownin Fig, 66. It was assumed that the total deflection

is the sum of that caused in the first load cycle (61[ when tle crack length

is a and that accumulated due to cyclic creep (Gccl in subseqguent cycles,

déN
Thus QEE_)x=O is given by
d&N %0 a
(G ) seo = é kodx + é ko 9% | (B.7)

This eguation was integrated using Simpson's rule.

B.3 Determination of the Error Factor for Large Deflections

It is known that for small deflections the curvature is approximately
equal to the second derivative of the deflection. However the accuracy of

this approximate analysis may be checked against the exact analytical solution,

d2(5]+5cc)/dx2
ko 1 kcc = 5 '3/2 when x<a0 (B.8a)
d(61+6 -
1+ [t ee
dax
and
d2 6cc /dx2 .
= > B
kcc 13/2 when x aq (".Sb)
dej'
1 + ax

With both eguations applicable for large deflections.

The approximate method is accurate when dﬁN/dx is sufficiently small.
The accuracy of the present solution has been checked by choosing at random the
point-x=30 by integratipg(simpson's rule) the curvature equations at crack
length values ranging from 70 to 160 mm and substituting this dGN/dx value

into



(.9}

to evaluate the ratio r. The method is'accurate when r=1. It was found
that for loads less than 5kN and for short crack lengths, dSN/dx was such
as to give r values greater than 0.95 (i.e. less than 5% error). This value

was considered to be the limit of acceptability.

B.4 Shear Stress Distribution in Variable Height Beams for Linear and

Non-Linear Elastic Materials

Considering an element of a variable height beam of length x having
heights h and h-dh, the equilibrium equation for the'element dx is
h-dh h/2

2
B {, (o, + do )dy - B £ Ty = B, dx (B.l.O).

where Tyx is the shear stress and Ox is the bending stress: It is assumed

' that the origin is on the neutrgl axis and that the bending stress distri-
bution is the same as that for a constant height beam; this is sufficiently
accurate as the included angle of the beam is typically less than 20o

(9° in present aesign). Hence Timoshenko (B;l) gives Ox as

(B.11)

_ 2 PL(2n+1) 2y 1/n
o, = === (%)

X Bh2n

\

where I = a — x and n is the strain hardening exponent in the stress-strain
n
law € = on . Differentiating Egq. (B.ll) we obtain

By _ 20n02" Tyt 0 ) ax " (B.12)

d_(__I:__
dx Bn ax h2hl/n
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After splitting the integral terms Eg, (B.10)L may be written as

h/2 h/2 dao axay h/2
fcdy+f—-————f o dy = T__dx . (B.14)
y v dx  h-dh x ¥

2

Substituting Eq. (B.12) in (B.14) the first integral term becomes

n+l
n h/2
.2 (2n+1)P 4 L\ l/n
Bn ( 2 l/n} f ¥ (B';S)
If h ;s a function of x, such as h = ho + hiL then
_ _ 2n+l h.L - h
d ( L = L 1 =M (B.16)
dad 2n+1] 3n+l - .
n h n

The second integral term of Eg. (B.1l4) can be calculated as

n+l
ntl . pa1-h/2 ( T) n+l
2> " (2n+1) PL _ Th _\2 [@n+)PL Ry om0 Lo
2n+1 - 2n+l 2 h '
( ) (n+l)B hii}_l ( n > -
h 2 B(n+l)\ h
h - gn DML
(——2-—) n

The second term in the RHS brackets may be expressed as a power series
and becomes

n_ ,ntl
(h -dh T= (2n+l ( n ) [l_(ﬂ)@Jr (ﬂ) (@)2 ] (B.18)
I'l

n n+1

=(2n+l) n ( (n+l) )

after neglecting the higher order terms.

Substituting Eq. (B.18) in (B.17) the second integral term T, of Eq. (B.1l4)

2

is finally obtained as
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- - " (2n+1)PL '
T = - .(_g-aﬂ-lﬂ)—ﬁ— dh (B,19)
2 .2 :
R Bnh

Then the plastic (non-linear elastic) shear stress distribution'tii is

~given by the followingequation

' ( -r%-i) n+l  n+l
pl _ (2n+l)PL 2 (2n+1)P hin_ n
e s k(5 y (B.20a)

Bnh
-It should be noted that for both the beam elements considered in

the DCB specimen (Fig. 66) Eq. (B.20a) should be used with P = Ppl =

P - P , since between P g and P the material follows a non-linear
max ys v max :

stress strain law given by Eq. (B.la).
For the linear elastic case n = 1 and in the present application

P = Pys' so that Eq. (B.20a) becomes

ol 3PYSL GPYS 02 2 3h,L-h
T = h, + = =¥ )l ) (B.20b)
yx th 1 B 4 ’ h4 _

When the height is constant (lst beam element, Fig.66 ), h = hO

and h, = 0 and hence Egs. (B.20a) and (B.20b) simplify to

1l
n+l
- . T, YO el +
2) n (2n+1) P 2n-1 h n+l n+l
pl _ Pl(h ) I N (B.21a)
Tyx B (n+l) o] 2 _ )
and
2 v
6p h
8l - _¥s (0 _ 2 (B.21b)
¥x 3 4 -
BhO )

The latter equation agrees with the standard solution for linear elastic
beam theory (B.1). The positive sign is obtained in Eqs; (B.21a) and
(B.21b) since for a constant height beam the benpding stress increases

with %, reversing the integral terms in Eq. (B.1l0). Note that Eq. (B.1O)
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has been derived for g, decreasing with x; this is true for the con-
toured DCB specimen analysed.
The deflections Gsland SZi due to the shear force are obtained by
€.
integrating the following equations
s el
ol - (‘l‘yx)y =0

.dsé o
= g (B.22a)

for the linear elastic region where G' is the shear modulus and

S

a8 1 pl.n ' '

__Di_ :

= D(Tyx)y =0 (B.22b)
n+l

where D = A(3)2 , A being the strain hardening constant for the non-
linear (plastic) region.
| This relation was obtainea from the equivalent stress—-equivalent
strain curve in tensibn and shear.
Equations (B.22a) and (B.22b) were integrated for both beam ele-

ments using Simpson's rule with h. = O in the first element and the appro-

1

priate limits of integration. For this purpose Eq. (B.20a), with y =0

and the appropriate value of M substituted, simplifies to:

2n+1)P
(_‘[Pll = :1__._)__p._l_
yx'y=0 n(n+l)Bh2

((3n+2) Lh, - nh) (B.23a)

and for the linear elastic regime Eq. (B.20b) or (B.23a) gives i

3P

1 ys L
€S0y = —2<5 (5Lh.-h) (B.23b)
yx y=0 2 1
2Bh

For the constant height element 6:1 and‘GZl can however be obtained

by direct integration, i.e.
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s Pus
Se1™ Bm ot * (B.242)
o
and .
~.2(2n+1)DP

&S pl

pl = WX (B.24b)

In the latter equations, and also in all the numerical deflection
values obtained, a factor of 2 was included for a pair of beams represent-
ing the contoured DCB specimen,

B.5 The Deflection Caused by Rotation at the Crack Tip

In the DCB specimen analysed some rotation at the crack tip occurs.
Thus the initial assumption of the beam being built-in at the crack tip
should be corrected to fake this into account. Deflection at the loading
points due to rotation was computed, assuming thatl the beam would freely
rotate at the crack tip and being built-in at the end of the specimen. The
uncracked ligament was supposed to behave entirely within linear eliastic
conditions; this is a good approximation since plastic deformation is con-
fined to the divided part of the beam and the crack tip.

It can be shown (B.l) that under these condltions the total de-

flection at the loading points is given by

. ’ 2
§ _ &M + &S + SR _ gM + &S + 6Pa” (w-a)

t EBh3
u

(B.25)

The first and second terms represent the bending moment and shear stress
deflections respectively for a built—-in beam, and the last term SR is the
deflection due to rotation at the crack tip, where hu is the uncracked

ligament height,
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TABLE 1

1, Composition and Mechanical Properties of the Aluminium Alloy RR58

Element ’ Cu l Mg l M S. F T, z l N,
. n 1 e 1 n 1

Weight 3| 2.64 !1.65 |o.o3 0.23 [1.15] 0,06 0.06, 0.10

75,0 x 103 N/mm2 (Young's Modulus)

=
I

= 0,33 (Poisson's Ratio)

<
|

= 450 N/mm2 (Ultimate Tensile Stress)

Q
1

367 N/mm2 (0.1% Yield Stress)

Q
i

£ = 6% (Minimum Elongation)
2. Composition and Mechanical Properties of the Mild Steel BS15

Element I C M I S. I P | N, | C
n i i

| = |
Weight %l 0.19| 0.59 | 0.028 | o.021| 0.02 I o.014] 0.

2.07 % 105 N/mm2

E =
V=20.3
O = 585 N/mm>

UTS

' 2

0. = 401 N/mm

ys

r .
A= 5.54 x 10°° mmz/N

n= 2,46
Ov = 660 N/mm2 (True Stress at the Maximum Load)
-1 2

Cl = 1.34 x 10 1 mm /N

m= 3,05
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* 3, Composition and Mechanjcal Properties of the Cast Aluminium Alloy .

LM30
Element I cu I Mg | 5, I F, | M ‘ 8 | 2, ! pb_| 5, Til
Weights | 4.5 [0.6| 18 | 1.1 | 0.3 | o.1| 0.2 l o.1] o.1| 0.4
E = 82.0 x 10° M/rnm2
vV =0.33 .
VoUTs = 160 N/mm?
. oys = 150 l‘:/nxm2
) TABLE 3

Fracture Toughness Data f?r RRS8 and LM30
(DCB Specimen - 9.5 mn net thickness}
* ' ’ All the data at room temperature

RRS8 RRS8 LM30
Kc in MN/m:V2 MN/mEV2 l‘n‘l/ma/2

D6o* 22,02 c79* - 22,06 Flo* 21.27
coox 20,71 o3¢ 22.28 ri1* 21.01
ca6* 21.34 c68* 22.36 F17* 18.59
ca5* 21.56 c30%+* 21.45 F18* 19.08
c18* 21.26 C29%+ 22.19 F19+ 20.25
cag* 22.02 CIL** 20.84 Fl6* 20.57
c27* '22.77 C32%+ 22.76 FL2%* 21.52
c21* 22.88 | 33 22,242 F13** 21.36
c29* 22.0 D3l** 22,44 Fla*+ 20.90
ca7* 22.71 D2B** 21.34
caq* - 22.88 cG2*+ 22.02
c60* 22,55 c7B** 22,42
c50* 22.67 cB2*+* 22.94
c37* 23.65 CBO** 23,60
cas* 23.70 CB4*+ 23.21
D30* 22,44 CB5*+ 23.75
cel* 24.03 C69%* 20.79
C7o* 23.76 C51*+ 23.82
c73* 23.98 C66** 22.72
c64* 22.44 CE7** 22.10
c63* 22.99 cBl**  23.75

’ c72* 22.55

’ it 22,39

c74* 22.29
*' ~ Specimens used in fatigue crack propagation tests

** - Specimens used in stress corrosion tests
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TABLE 3

" Cyclic Crack Growth Data for RR58 In Laboratory Air

and:3,5%.NaCl at.a Frequency of 0.15 Hz

Spec, Env, R AK L da/AaN A o]
No. MN/m3/2 MN/m3/2 mm/cycle MN2/m3

D60 Air 0 16.15 8.07 1.4 x 1073 | 260.82 | 1.029
D60 Air o 18.45 9.22 2.65 x 10| 340.40 2,145
D60 Air o 21.84 10.92 1.85 x 1o'1 476.98 55.98
c28 Air o 15.31 7.65 1.19 x 10 3 234.39 1.044
c28 Air o 17.27 8.64 2.0 x 1073 298.25 2.035
c28 Air 0 18.71 9.35 | 3.2 x103| 350.06 | 4.072
c28 Air 0 19.78 9.89 | 2.9 x10°3| 391.24| o9.653
ca6 Air 0 10.71 5.35 1.03 x 104 114.70 | o0.248
c46 Air o 12.83 6.42° 2.9 x 1072 164.60 0.460
c46 Air o 14.40 7.20 5.5 x 10 2 207.36 0.710
c45 Air 0 16.46 8.23 8.3 x 104 | 270.93| 1.245
cas Air 0 17.61 8.80 1.63 x 10| 310.11 | 1.805
c45 Air o 18.92 9.46 3.45 x 1075  357.96 3.080
c18 Air 0 16.76 8.38 1.72 x 1073| 280.89 | 1.395
c18 Air o 18.03 9.02 2.69 x 1073 325.08 | 2.350
c18 |3.5% nacl| o 18.03 9.02 6.5 x 105 | 1325.08 | 2.381
ca8 Air 0 13.73 6.86 3.05 x 10 7| 188.60 | 0.538
c48 | 3.5% NaCl| o 13.73 6.86 8.05 x 1073 188.60 0.558
c48 |3.5% Nacl| o 15.97 7.98 2.59 x 1073 255.04 | 1.015
ca8 |3.5% nacl| o 17.36 8.68 5.2 x 107> | 301.36 | 1.543
ca8 | 3.5% Nacl| o 20.05 10.02 8.7 x 10 > | 402.00 | 4.588
c27 Air 0 19.66 9.83 1.18 x 1072 386.68 | 2.732
c27 |3.5% nNac1| o 19.66 9.83 1:.18 x 1072| 386.68 | 2.721
c21 | 3.5% Nacl| o 13.10 6.55 8.75 x 10 7] 171.66 0.423
c21 | 3.5% Nacl| o 14.68 7.34 2.2 x 10°° 215.41 0.625
c21 | 3.5% Nacl| o 21.08 10.54 2.9 x 1.072| 444.28 | 5.528
c21 | 3.5% Nacl| o 13.73 6.86 1.26 x 1073 188.60 | o0.493
c21 | 3.5% Nacl] o 21.34 10.67 7.7.x 102 | 455.57 | 15.92
c29 | 3.5% Naci| o 11.89 5.95 4.2 x 10| 141,47 | o.324
c29 |3.5% Nac1| o 15,73 7.86 3.3x10°| 247.43 | o0.960
c29 |3.5% Nac1| o 15,73 7.86 3.55 x 1073 247.43 | 0.960
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TABLE 3 (cont.)

Spec.| Env. R Ak K da/dN A )

No. MN/m3/2 MN/m3/2 mm/cycle MNZ/m3
c29 [3.5% Nacl| o 11,65 5.83 | 44 x10% | 135,77 | 0.324
ca7 [3.5% naci | o 15,22 7.61 | 1,76 x 1073 | 231,69 | 0,741
c47 [3.5% nacl | o 17,30 8.65 | s.0x 107> | 200,30 | 1,285
c47 [3.5% Nacl | o 18.90 9.45 | 8,20 x 107 | 357.21 | 2,132
ca7 {3.5% Nacl| O 20,09 10.05 | 1.44 x 102 | 403.44 | 3.408
caa Air o 18.03 9.02 | 3.85 x 10 > | 325.04 | 1.492
ca4 Air 0 21.48 10.74 | 7.3 x 1072 | 461.27 | 36.18
ca4 [3.5% macl| o 16.58 0 8.29 | 3.7x10° | 274.79 | 0.992
c44 Air 0 11.23 '5.62 | 1.53 x 1072 | 126.07 [ o0.242
60 Air 0.482 | 8.47 12.1 3.39 x 104 | 204.97 | o.565
c60 air  |0.409 | 10.14 12.1 | 6.71 x 10°* | 245.38 | 0.835
c60 Air 0.35 11.63 12.1 1.62 x 10 ° | 281.44 | 1.14
c60 Air 0.285| 13.48 12,1 2.74 x 10°° | 326.21 1.69
c60 Air 0.228 | 15.2 12.1 3.45 x 10 > | 367.84 | 2.48
60 Air 0.187| 16.4 12.1 | 5.61 x 10 ° | 396.88 | 3.41
c60 Air 0.167 | 17.27 12.1 2.0 x 1072 | 417.93 | 4.43
60 Air 0.554| 8 13.95 | 6.22 x 104 | 223.2 -
c60 Air 0.619| 8 17.04 | 1.4 x 1073 | 272.64 -
C60 Air 0.158 8 5.5 5.03 x 10> 88 0.0728
C50 Air o) 7.74 "3.87 4.45 x 10°° 59.97 0.074
C50 Air o) 6.59 3.29 952 x 10°° .43.49 0.028
c50 Air o 6.17 3.08 | 2.39 x 10°° | 38.08 | 0.015
c50 Air o 5.63 2.82 | 3.3x 10/ 31.66 | 0.0026
c37 Air  [0.594 6.16 12.1 1.21 x 1002 | 149.07 | o0.246
c37 Air  |o.759 4.51 16.5 1.29 x 1077 | 148.83 | 0.330
c37 air  lo.617 | 7.81 16.5 | 6.1x10 " |257.73 | 1.075
c37 Air  [0.463 | 12.1 16.5 4.83 x 10°° | 399.30 | 6.80
37 Air  |0.429 | 13.2 " 16.5 1.88 x 1072 | 435.60 | 13.65
36 Air  |0.630 5.5 12.1 1.6 x 100% | 133.10 | 0.190
c36 Air 0.705 4.18 12.1 2.18 x 10> | 101.15 0.c89
c36 Air 0.814 3.41 16.5 2.24 x 10°° | 112.53 0.143
c36 Air  |0.754 3.41 12.1 8.02 x 10° | 82.52 | 0.0357
c36 Air  |o.789 2.86 12.1 1.75 x 100 | 69.21 | 0.00705
c36 Air  lo.841 2.86 16.5 8.76 x 10°° | 94.38 | o.061
c36 Air 0.860 2.48 16.5 1.13 x 10°° 81.84 0.0074 -
c36 Air  [0.250 6.6 5.5 2.27 x 10°° 72.60 | 0.046Z
c36 air 0,325 5.5 5.5 7.87 x 10°° 60.50 | 0.0208
c36 air  |o.375 | 4.95 5.5 | 1.83 x 107° | 54.45 | 0.00851
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TABLE 3 (cont.)

Spec. Env, R AK K da/danN A 9

No. ‘I'Ibl/mB/z MI\I/mB/2 mn/cycle MNz/m3

c36 air | 0.398 |  4.73 5.5 6.35 x 107 | 52.03 | 0,00364
c36 air | 0.605 4.07 8.25 1.23 x 16°°| 67.16 | 0.010
36 air | 0.500 5.5 8.25 1.96 x 10° | 90.75 | 0.0612
D30 Air 0.578 4.4 8.25 4.01 x 10°° 72.60 0.0184
D30 Air 0. 304 8.8 8.25 1.8 x 102 145.20 0.232
D30 air |o.200 | 11.0 8.25 4.38 x 104 | 181.50 | 0.368
D30 air |o0.111 | 13.2 8.25 | 5.69 x 1074 | 217.80 | 0.540
D30 Air | 0,034 | 15.4 8.25 9.35 x 104 | 254.10 | 0.756
D30 air | o 20.57 10.29 | 7.49 x 1077 | 423.12 | 30.83
D30 air |o0.553 | 10.45 18.15 3.73 x 102 | 379.33 |18.21
D30 air | 0.642 7.92 18.15 2.53 x 10> | 287.49 | 2.902
D30- Air |o0.692 6.6 18.15 | 7.32 x 107 | 239.58 | 1.642
D30 | 3.5% Nacl | 0,622 7.7 16.5 2.06 x 10°° | 254.10 | 1.293
D30 | 3.5% Nacl |o.500 | 11 16.5 6.83 x 10> | 363 3,344
D30 |3.5% Nac1{o0.200 | 11 825 | 7.87 x10° % | 181.50 |o0.334
c61 air |o.808 3.85 18.15 1.55 x 102 | 139.75 | o0.447
c61 air |o.833 3.3 18.15 8.03 x 10 ° | 119.79 |o.3
61 Air |o0.847 2.97 18.15 4.0l x 10°° | 107.81 |o.188
c61 Air 0.864 2.64 18.15 6.1 x 10°° 95.83 0.038
c61 Air |0.886 2.2 18.15 2.26 x 10°° | 79.86 |0.00021
c61 |3.5% nacl |o 10.67 5.33 3.0x 100 | 113.8¢ |o0.194
61 |3.5% Nacl |o 9.68 4.84 2.0 x 1074 93.70 | 0.145
c61 air |o 9.68 4.84 5.0 x 10°° 93.70 |0.145
61 |3.5% Nacl |o 8.12 4.06 6.75 x 10> | 65.90 |0.055
C61 |3.5% NaCl |0 7.04 3.42 3.95 x 10°° 49.56 0.035
c61 |3.58 nac1 |o 6.22 3.11 1.85 x 10> | 38.63 |o0.016
Cc61 |3.5% NaCl |0 5.17 2.58 3.8 x 10°° 26.73 0.0059
61 |3.5% NaCl |o 4.92 2.46 5.1 x 107/ 24.19 0.0013
70 |3.5% Nacl [0.333 | 5.5 5.5 4.78 x 10°° | 60.50 |0.0238
c70 |3.5% wacl |o.5 5.5 8.25 1.13 x 164 | 90.75 |o0.0778
c70 |3.5% Nacl {0.629 5.5 12.1 2.53 x 1004 | 133.10 |0.334
c70 |3.5% mac1 [0.714 | 5.5 16.5 9.02 x 1077 | 181.50 [0.63
C70 |3.5% NaCl [0.449 4.18 5.5 2.41 x 10°° | 45.98 |0.00378
c70 {3.5% NaCl |0.05 9.9 5.5 2.29 x 107 | 108.90 0.144
c70 [3.5% NaCl [0.638 3,52 8.25 4.52 x 10°° 58,08 |0.00651

| C70 [3.5% NaCl [0.03 15.4 8.25 2.41 x 107° | 254.10 1.045
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TABLE 3 (cont.)

Ispec. Env, R Ak Ky da/aN A ®
No. MN/m3/2 MN/m3/2 mm/cycle » MNz/m3
c70 |3.5% Nacl] ©= 0.222 15.4 12,1 4.52 x 1073 341.88 | 1.81
c73 {3.5% NaClf 0.379 4.95 5.5 2.36 x 107> 54,45 | 0.0337
c73 |3.5% Nacl] 0.176 7.7 5.5 1.35 x 107 | " 84.70 | 0.0055
Cc73 |3.5% NaCl 0,100 19.8 12.1 4.01 x 1072 479.76 | 11.96
c73 |3.5% NaCcl] 0.375 11 12.1 2.13 x 1075 255.20 | 0.92
c73 [3.5% Nacll 0.796 2.75 12.1 1.37 x 107° 66.55 | 0.0164
c73 |3.5% Nacl| 0,807 2.59 12.1 1.75 x 10°° 62.56 | 0.0028
C73 }3.5% Nacl| 0.596 4.18 8.25 3.1 x 107° . 68.97 | 0.0308|
Cc73 |3.5% Nacl] 0.517 7.7 12.1 8.0 x 107 186.34 | 0.470
c73 |3.5% Nacl| o0.846 2.75 16.5 1.14 x 10 9 90.75 | 0.152
c73 |3.5% nac1| o0.875 2.2 16.5 4.52 x 10°° 72.60 | 0.044
c73 |3.5% nacl| o0.887 1.98 16.5 6.6 x 1070 65.34 | 0.0134
c73 |[3.5% Nacl] 0.892 1.87 16.5 1.31 x 107° 61.71 { 0.0021
C73 |[3.5% NaCl| 0.463 12.1 16.5 8.64 x 10> 329.30 |5.13
c73 |3.5% macl] 0.429 13.2 16.5 | 3.05 x 102 | 435.60 |9.15
c73 [3.5% nacl| o0.397 14.3 16.5 9.91 x 10 > | 471.90 | 25.36
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TABLE 4

Spec. Env. R AK Kn da/aN A

No. MN/m 3/2 MN/m 3/2 mm/cycle - MN%m 3 ¢
64 Air o 3.45 ‘1.72 - 11.9 -
c64 Air o 4 2 - 16 -
c64 Air o 4.51 2.25 5.27 x 10/ | 20.34 0.00559
c64 Air 0 5.06 2.53 1.33 x 100 | 25.60 0.0167
c64 Air 0 5.83 2.91 3.9 x 10°° 33.99 0.0348
c64 Air o 6.6 3.3 5.03 x 10°° | 43.56 0.0563
c64 Air 0 7.7 3.85 1.28 x 107> | 59.29  0.0938
c64 Air o 8.8 4.4 4.95.x 107> | 77.44 0.1403
c64 Air o 9.9 4.95 3.02 x 107> | 98.01 0.198
c64 Air o 11 5.5 5.45 x 107> |121 "0.270
c64 Air o 12.1 6.05 6.3 x 10° |146.41 0.361
c64 Air 0 13.2 6.6 1.24 x 107 {174.24 0.4
c64 Air o 14.3 7.15 1.1 x 104 |204.49  0.625
c64 Air o 15.4" 7.7 1.68 x 10 [237.16  o0.824
63 Air o 16.5 8.25 2.0 x 10 |272.25 0.993
63 Air o 17.6 8.8 4.26 x 104 |309.76 1.336
c63 Air o) 18.15 9.07 2.95 x 10"4 329.42  1.566
c63 Air 0 18.7 9.35 4.2 x 104 |319.69 1.857
63 Air o 18.15 9.07 3.14 x 107% [ 320.42  1.566
c63 Air o 19.8 9.9 6.5 x 10% [392.04 2.743
63 Air o 20.35 10.17 1.16 x 107° [414.12  3.465
c63 Air o 20.9 10.45 1.72 x 107> [436.81  4.57
c72 Air 0.1 19.8 12.1 2.87 x 10°° | 479.16  6.29
c72 Air 0.158] 17.6 12.1 1.05 x 107 ° | 425.92  5.185
c72 Air 0.222 15.4 12.1 2.8 x 102 |372.68 2.035
c72 Air 0.333 12.1 12.1 '1.63 x 1077 | 202.82  1.333
c72 Air 0.571 6.6 12.1 6.85 x 10 ° | 159.72  0.389
c72 Air 0.666] 6.6 16.5 1.35 x 104 | 217.80  1.016
c72 Air 0.250 6.6 5.5 1.26 x 10°°| 72.60 0.0758
c72 Air 0.692 4.4 12.1 2.5 x 107> | 106.48 0.171
c72 Air 0.111 8.8 5.5 2.38 x 10°| 96.80 0.139
c72 Air 0.463 11.0 16.5 3.87 x 10 °| 363.0 12.66
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TABLE 4 (cont.)

[spec. Eny. R Ak 12 K. 22 da/aN ‘ Az ; i)
No, MN/m " MN/m mm/cycle 1 MN™/m
c72 Air o 22 11.0 5.65 x 107 | 484 19.04
c71 Air 0,765 4,4 16.5 7.95 x 107> | 145.2 0.609
c71 Air 0.818 | -3.3 16.5 4.x x 10 |108.9 0.326
c71 Air 0.760 | 3.3 12.1 1.6 x 10> | 79.86 | 0.0823
c71 Air 0.429 | . 4.4 5.5 2.12 x 100 48.40 | 0.0192
c71 Air 0.795| 2.75 12.1 4.7 x 10° | 66.55 | 0.0387
c71 Air ‘0.814| 2.48 12.1 2.0 x 10° | 60.02 | o0.0181
c71 Air 0.825| 2.31 12.1 7.1 x 107 | 55.90 | 0.00529
c71 Air 0.835| 2.2 12.1 No growth | 53.24 -
71 Air 0.860 | 2.48 16.5 1.68 x 10| 81.84 | 0.155
c71 Air 0.875| 2.2 16.5 1.41 x 107> | 72.60 | 0.103
c71 Air 0.905| 1.65 16.5 1.68 x 100 54.45 | 0.00771
c71 Air 0.908 l.Sé 16.5 No growth 52.14 -
c71 Air 0.471| 3.96 5.5 '3.55 x 107 /| 43.56 | 0.00813
c71 Air 0.497 3.70 5.5 No growth 40.7 -
c71 Air 0.538| 9.9 16.5 1.73 x 103} 326.7 | 6.64
c71 Air 0.579 | 8.8 16.5 7.98 x 10 1| 200.4 | 3.68
c71 3.5% NaCl o 3.45 1.72 No growth 11.9 -
c71 3.5% NaCl o 4 2 No growth 16 -
c71 | 3.53 Nacl | © 4.51 2.25 5.07 x 10/ | 20.34 | 0.00487
el | 3.58nac1 | o 5.06 2.53 1.55 x 10 °| 25.60 | 0.0167
c71 3.5% NaCl 0 '5.83 2.91 4.32 x 10°%| 33.99 | 0.035
c71 | 3.58 Nacl | © 6.6 3.3 8.46 x 10°°| 43.56 | 0.0566
c71 | 3.5% macl | o© 7.7 3.85 1.15 x 10°°| 59.29 | 0.0942
c74 | 3.53 macl | o 8.8 4.4 2.41 x 107°| 77.44 | 0.141
c74 | 3.5% Nacl | © 9.9 4.95 3.57 x 10 2| 98.01 | 0.199
c74 3.5 NaCl | © 11 5.5 5.34'x 10°| 121 0.272
c74 3.5% NaCl o) 12,1 6.05 5.98 x 10°| 146.41 | 0.363
c74 3.5% NaCl o 13.2 6.6 1.3 x 10 7| 174,24 0.479
c74a | 3.53mac1| o | 14.3 7.15 1.33 x 10| 204.49 | 0.629
c74 3.5% NaCl o 15.4 7.7 1.58 x 1074 237.16| 0.831
c74 | 3.5 nac1 | o 16.5 8.25 2.18 x 104 272.25( 1.112
c74 3.5% NaCl o) 17.6 8.8 3.37 x 10| 309.76 | 1.525
c79 | 3.52 nac1 | o 18.15 9.07 3.76 x 10| 329.42] 1.983
€79 | 3.5% NaCl | o© 18.7 9.35 4.9 x 1004 | 349.69| 2.425
c79 | 3.5% mac1| o 9.8 9.9 7.67 x 10 %] 392.04] 3.958
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|Spec. Env. R AR K da/aN A o
No. w/m 2| mym 32 m/cycle | % 3
c72 |3.5% Nacl 0 20,35 10.17 1.03 x 107> | 414.12 | 5.457
Cc79 |3.5% NaCl o 20,9 10,45 2.13 x 107> | 436,81 | 8.412
c83 [3.5% Nacl 0.1 19,8 12.1 3,57 x 10> | 479.16 | 34.3
c83 [3.5% Nac1 0.158 | '17.6 12,1 9.02 x 10°%| 425.92 | 6.239
c83 |3.5% Nacl 0.222| 15.4 12.1 2.9 x 107 | 372.68 | 3.023
c83 |3.5% wac1 0.333| 12.1 12.1 1.83 x 10 | 292.82 | 1.52
c83 [3.5% NaCl 0.571| 6.6 12.1 6.0 x 10> | 159.72 | 0.407
€83 |3.5% NaCl 0.25 6.6 5.5 1.34 x 10°° 72.6 0.0779
c83 [3.5% Nac1 0.666 6.6 16.5 | 1.45 x 107 | 217.8 | 1.08
c83 |3.5% NaCl 0.765 | 4.4 16.5 6.68 x 10° | 145.2 | 0.629
c83 [3.5% wacl 0.818 3.3 16.5 3.65 x 10°° | 108.9 |o0.335
c83 |3.5% Nac1 0.86 2.48 16.5 2.1 x 107" 81.84 | 0.159
c83 [3.5% Nacl 0.875 2.2 16.5 1.19 x 107> | 72.6 |o.106
c83 |3.5% Nacl 0.905 1.65 16.5 8.71 x 1077 | 54.45 | 0.00789
83 |3.5% Nac1 0.908 1.58 16.5 - 52.14 -
C68 |3.5% NaCl 0.463| 11 16.5 5.68 x 1075 | 363 19,38
c68 [3.5% Nacl 0.538 9.9 16.5 2.15 x 107> | 326.7 | 7.25
68 |3.5% Nacl 0.579 8.8 16.5 5.06 x 104 | 200.4 | 3.759
C68 |3.5% NaCl 0.111 8.8 5.5 2.6 x 10°° 96.8 0.141
C68 |3.5% NaCl 0.429 4.4 5.5 2.32 x 10 | 48.4 0.0192
c68 |3.5% NacCl 0.471 3.80 5.5 3.25 x 107/ 41.10 | 0.00415
C68 |3.5% NaCl 0.497 3.70 5.5 - 40.7 -
c68 |3.5% Nacl 0.76 3.3 12.1 1.43 x 107> | 79.86 | 0.0815
C68 |3:5% Nacl 0.795 2.75 12.1 6.53 x 10°° | 66.55 |0.0369
C68 |3.5% NaCl 0.814 2.48 12.1 2.07 x 10 60.02 | 0.0181
C68 |3.5% NaCl 0.825 2.31 12.1 5.89 x 10/ 55.90 | 0.00336
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Spec. Env, R AK Kn _ da/dN A

. No. ' MN/m3/2-- MN/m 32| mm/cycle MI\Iz/m3 ®

MS5 Air 0 45.4 22.7 5.7 x 1077 2060 |0.261
NS5 air | 0 50 25 8.05 x 10| 2500 |0.335
MS5 Air 0 54.46 27,23 | 1.18 x 10°°| 2066 |0.427
S5 air | o 59.02 29.51 | 1.46 x 1073 3483 |o0.542
MS5 Air o) 40.89 20.45 5.9 x 10°° 1672 | 0.202
MS5 Air 0 35.33 18.16 | 3.52 x 10°%| 1320 |o0.151
MS5 air | o 27,25 13.63 | 1.96 x 1074 743 |o0.0775
MS5 Air o 24.24 12,12 | 1.5 x 1074 '588 | 0.0595
MSS Air o 21.20 10.60 1.27 x 107° 449 |0.0438
MS5 Air o 18.2 9.1 6.1 x 10°° 331 |o.0253
MS5 Air o) 12.15 6.08 1.88 x 107° 148 | o0.0112
MS6 Air o 7 3.5 9.65 x 10/ 49 | 0.00094
MS6 Air (o] 6.22 3.11 No growth 38.7 -
MS6 Air o) 77.85 38.92 4.42 x 1073] 6060 |1.61
MS6 Air o 68.35 34,17 | 2.32 x 1073| 4672 |o0.89%
MS6 Air o 49.68 24.84 7.25 x 10| 2468 |0.33
MsS6 Air 0.052 56.9 31.6 1.52 x 1075 3600 | 0.54
MS6 Air 0.142 47.5 31.6 '1.01 x 10 3| 3000 {o0.41
MS6 Air 0.333 31.6 31.6 5.25 x 1004 2000 |o0.232
MS6 Air 0.6 15.8 31.6 2.25 x 1004 1000 |0.0915
MS6 air | o.s18 6.33 31.6 | 6.0 x10° 400 |o.018
MS6 air | o 47.5 23.75 | 1.06 x 1073| 2256 |o0.202
MS6 Air 0.86 4.75 31.6 1.17 x 10°| 300 | 0.00625
MS6 Air 0.11 25.32 15.8 1.58 x 104 800 | 0.07
MS6 Air 0.333 15.8 15.8 9.0 x 107> 500 | 0.0356
MS6 Air 0.538 9.49 15.8 2.7 % 10°° 300 | 0.0139
MS6 Air 0.6 7.9 15.8 1.61 x 107> 250 | 0.0085
MS6 Bir 0.666 6.33 15.8 5.2 x 107° 200 | 0.00318
MS6 Air 0.694 5.7 15.8 7.4 x 1077 180 | 0.00106
MS6 Air o) 8.7 4.35 7.6 x 10 ° 75.6| 0.00365
MS6 air | o.878 4.11 31.6 2.15 x 10°°| 260 | o0.00164
MS6 Air | 0.932 3.36 47.5 1.59 x 10°° 319 | 0.00202
MS6 Air 0.917 4,11 47.5 2.81 x 107° 390 | 0.0123
MS7 Air o 88.61 44.30 | 1.48 x 107%| 7852 | 3.98
MS7 Air o 81. 80 40.90 6.65 x 10 5| 6691 | 2.15
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TABLE 5 (cont,)

Env,

AK

K

da/dN

Spec. n )

No. 1\'11‘1/1113/2 MN/Jm3/2 mm/cycle MN2/m3
MS7 Air o 85.13 42,56 | 9.1 x 107> | 7247 |2.83
MS7 Air 0.887 3.80 31.6 No growth 240 -
Ms7 Air o} 7.75 3.87 4.05 x-107° 60 [0.00206
Ms7 Air 0 72.47 35.23 | 2.21 x 1073| 5250 |1.145
MS7 Air 0.5 31.6 47.5 9.25 x 10 7| 3000 |0.465
MS7 Air 0.396 41.14 47.5 1.14 x 10> 3960 |o.683
MS7 Air 0.765 12.66 47.5 2.69 x 1071 1200 [0.13
MS7 Air 0.875 6.33 47.6 1.37 x 10°*| 600 |[0.0415
MS7 air | 0.25 57 47.5 2.32 x 107> s400 |1.27
MS7 Air 0.09 79.1 47.5 1.18 x 107 2| 7500 |3.25
MS7 Air 0.05 85.44 47.5 1.81 x 10 2| 8100 |4.65
MS7 Air 0.882 3.96 31.6 5.08 x 10 /| 250 |0.00048
MS7 Air 0.932 3.32 47.5 2.6 x 10/ 315 [0.00021
MS7 Air 0.935 3.17 47.5 No growth 300 -
MS8 3.5% NaCl o 72,31 36.16 3.35 x 10 0| 5229 |1.186
Ms8  |3.5% mac1 | © 50.63 25.32 | 9.15 x 10 %] 2560 |o0.357
MS8 3,5% NaCl o 79.11 39.55 5.45 x 10 > | 6250 |1.848
Ms8 3.5% NaCl o} 86.71 43,35 1.6 x 1072 7519 |3.577
MS8 3.5% NaCl o 42,72 21.36 5.85 x 10 7| 1825 |0.299
Ms8  |3.5% Nacl | ©0.091 79.11 47.5 1.22 x 10°2| 7500 |[3.538
MS8  |3,5% NaCl | 0.666 6.33 15.8 5.6 x 100 200 |0.00262
Ms8  |3.5% macl | © 9.49 4.75 | 1.19 x 107° 90 |o0.00525
MS8 3.5% NaCl o) 15.8 7.9 3.6 x 10°° 250 |0.0224
MS8  [3.5% Nacl | © 25.32 12.66 | 1.41 x 10°Y| 640 |o.0668
MS8  |3.5% Nacl | © 31.61 15.30 | 2.98 x 10| 1000 o.115
MS8  |3.5% Nacl | 0.11 25. 32 15.8 1.6 x 1072 goo [o0.071
MS8 3.5% NaCl 0.33 15.8 15.8 8.0 x 10°° 500 |0.0359
MS9 3.5% NaCl 0 18.99 9.5 3.5 x 100 360 |0.0346
MS9 3.5% NaCl o) 37.97 18.98 4.4 x 102 1440 |0.171
Ms9  [3.5% wac1 | o 7.91 3.95 | 2.5 x 107°® 552.5(0.0013
MS9 3.5% NaCl 0 6.96 3.48 1.25 x 10’6 48.4]0.000871
MS9  |3.5% Nacl | o 57 28.5 1.02 x 10| 3240 |0.502
MS9  [3.5% wacl | 0.305 50.63 47.5 1.2 x 1072 | 4800 |1.041
MS9  [3.5% Nacl | o 63.2 31.6 1.97 x 102 | 4000 |0.706
Ms9  |3.5% Nacl | ©0.396 41.14 47.5 1.0 x1 10°3| 3900 |o.720
MS9  |3.5% Nacl | o0.211 41.14 31.6 6.7 x 1004 | 2600 [0.349
MS9 3,5% NaCl 0.5 31.6 47,5 8.9 x 10 7 3000 |0.479
MS9 3.5% NaCl | 0.33 31.6 31.6 5.5 x 10 7 2000 ]0.238
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TABLE 5 (cont.)

Spec. Env, R AK K da/AaN A ®

No. MN/m3/2 | 1“'1N/m3‘/2 mm/Cycie I’INz/m3

MS9 | 3.5% Nacl | 0.715 15.8 47.5 | 3.5 x 107 | 1500 ]o.181
MS9 3.5% NacCl 0.6 15.8 31.6 2.4 x 102 1000 |0.0932
MS9 | 3.5% Nacl | 0.875 6.33 47,5 | 1.43 x 10%| 600 |0.0405
Ms9 | 3.5% Nacl | o0.818 6.33 31.6 7.1 x 107> 400 |0.0179
MS9 | 3.5% Nacl | 0.428 12.66 15.8 4.45 x 10°| 400 |0.0247
ms9 | 3.5% Nacl | 0.911 4.43 47.5 2.53 x 107°| 420 |o.0147
M39 | 3.5% Nacl | ©.861 4.75 - 31.6 1.3 x 107> 300 |0.00591
MS9 3.5% NaCl 0.878 4.11 3l.6 2.25 x 10°° 260 |o0.00118
MS10 | 3.5% Nacl | 0.666 12.66 31.6 3.55 x 1074|800 |0.0673
Ms10 | 3.5% Nacl | 0.9 5 47.5 3.13 x 10°] 475 |o0.0225

'Ms10 | 3.5% Nacl | 0.923 3.8 47.5 1.16 x 10°°]| 361 |0.00642
Mslo 3.5% NaCcl 0.935 3.2 47.5 No growth 304 -
MSlo | 3.5% Nacl | 0.143 71.2 47.5 2.44 x 103| 6764 |2.354
MS10 | 3.5% Nacl | 0.929 3.5 47.5 3.65 x 10°| 332 |0.00237
Ms1o | 3.5% NaCl o 6.68 3.34 3.57 x 10 /| 44.62 | 0.000476
MSlo 3.5% NaCl 0 6.2 3.1 No growth 38.44 -
MS10 Air o 17.78 8.80 | 4.5 x 107> | 316.12 | 0.0297
MS10 Air 0 13.18 ©6.59 | 1.93 x 107°| 173.71 |0.0142
MS10 Air 0 11.22 5.56 | 1.33 x 10> 125.88 | 0.0905
MS10 Air 0 8.32 4.16 | 5.87 x 10°°| 69.22 ] 0.00306
MS10 Air 0.584 8. 32 15.8 1.46 x 107> 262.91 | 0.00454
MS1o Air 0 93.34 46.67 | 5.12 x 10°2| 8712 |9.657
MS10 | 3.5% Nacl | 0.685 5.9 15.8 1.95 x 1070 186.44 | 0.00124
Mslo | 3,5% Nacl | 0.881 4 31.6 3.5 x 1077 | 252.8 |0.00033
MS1O | 3.5% NaCl 0.884 3.9 - 31.6 No growth 246.48 -
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TABLE 6
Cyclic Crack Growti'l_ Dat;a for BS15 at a Frequency of 0,25 Hz

Spec. Env, R Ak - Km3/2 da/danN ; , o

No. MN/m MN/m mm/cycle | MN* /m

MS1 Air | o 11.39 5.69 | 1.49 x 107> 129.73 | 0.0093
MS1 Air o} 17.72 8.86 4.8 x 10°° | 314 0.029

MS1 air | o 22 11 9.4 x 10> | 483.7 | 0.0475
MS1 air | o 23.58 11.79 | 1.18 x 107*| 555.79 | 0.0559
MS1 air | o 24,62 12.31 | 1.86 x 10°%| 606.24 | 0.061 |
MS1 Air o 39.87 19.94 | 4.3 x 104 | 1500 0.188
|ms1 Air 0. 43.67 21.84 5.2 x 10 | 1907 0.237 s
Ms1 Aair | o 45.89 22.95 | 6.33 x 1074 | 2106 0.267 |
MS1 Air | o 53.8 26.9 8.35 x 107+ | 2804 0.415

Ms1 air | o 63,29 31.65 | 1.4 x 107> | 4006 0.682 |
MS2 air | o 8.13 4.07 | 6.33 x10°} 66.10 | 0.00266 |
MS2 Air | o 12.85 6.43 | 1.93 x 107° | 165.12 | 0.013 |
MS2 air | o 20.87 10.43 | 5.6 x 107> | 435.65 |o0.0424
MS2 air | o 23.04 11.52 | 1.04 x 20°%|530.72 |0.053 |
MS2 Air | o 25.7 12.85 | 1.58 x 10°% | 660.28 | 0.0670 |
MS2 Air 0 27.9 13.95 1.9 x 104 | 779.03 | 0.082 i
MS2 air | o 30.38 15.19° | 3.4 x 1072 | 922,04 | 0.0995
MS2 air | o 32.9 16.45 | 3.62 x 1074 1083 0.120

MS2 air | o 35.4 17.7 4.48 x 107% | 1253 0.142

MS2 air | o 50.63 25.32 | 6.9 x 10°% | 2564 0.348

MS2 air | 0.433 25 31.6 | 3.65 x 1007|1580 | 0.17

MS2 Air | 0.333 31.6 - 31.6 7.05 x 1074 | 1997 0.232

MS2 Air | 0.2 63.25 47.5 3.5 x 10> | 6009 1.602

MS2 air | o 57.87 28.98 | 1.02 x 107> | 3349 0.512

MS2 Air o} 63.2 31.6 6.0 x 10> | 3904 1.012

MS3 air | o 7,09 3.05 | 2.12 x 10°°| 50.97 | 0.00102
MS3 Air | 0.428 12.66 15.8 5.95 x 10 ° | 400 0.0247
MS3 Air | 0.666 6.33 15.8 5.93 x 107 | 200 0.00318
MS3 air | o0.11 25,32 15.8 1.71 x 10674 800 0.07

MS3 air | o 31.6 15.8 2.16 x 10°%] 1000 0.0858
MS3 Air 0.2 31.6 23.7 5.8 x 104 | 1500 -

Ms3 Air | 0.765 6.33 23.7 1.32 x 107° | 300 -

MS3 Air | 0.304 25.3 23.7 3.6 x 1074 | 1200 -

MS3 pir | o.111 37.95 23.7 | 4.82 x 1074} 1800 -
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TABLE 6 (con_t.)

Spec, Env, R AR Km da/daN _ A o
No. MN/m?’/2 MN/m3/2 mm/cycle MN,Z/m3
Ms3 air | 0,034 - 44.28 23,7 5.75 x 10| 2100 -
MS3 pir | 0.666 2.66 31.6 1.62 x 1077 | 8oo 0.0655
MS3 air | 0.739 9.49 31.6 4.1 x 10°° | 600 0.0418
MS3 Air 0.05 56.96 31.6 1.47 x 107> | 3600 0.542
MS3 Air | 0.155 69.58 47.5 5.45 x 107> | 6600 2.06
Ms4 pir | 0.428 18.98 23.7  |1.97 x 107?900 -
MS4 pir | 0.645 10.24 23,7 2.64 x 10°° | 485.37 -
MS4 air | 0.562 8.86 15.8 2.03 x 107> | 280 0.0117
MS4 air | 0.875 6.33 47.5 1.1 x 107 | 600 0.0414
MS4 Air | 0.686 5.88 15.8 1.4 x 102 | 186 0.000424
MS4 air | 0.836 4.63 31.6 2.65 x 107> | 356 0.0128
MS4 Air 0.85 5.12 31.6. 2.37 x 10 ° | 324 0.0090
Ms4 3.5% NaCl| O 56.92 28.46 |2.03 x 107> | 3240 |o.488
MS4 3.5% Nacl| O 86.97 43.48  |9.22 x 1073 | 7564 3.411
MS4 3,5% NaCl| 0.305 50.6 47.5 4.98 x 107 | 4807 0.989
Ms4 3,5% NaCl| 0.2 63,2 47.5 6.53 x 10 ° | 6000 1.581
MS4 3.5% NaCl| 0.429 37.95 47.5 2.6 x 10> | 3600 0.61
MS4 3.5% NaCl| 0.517 31.6 47.5 2.03 x 1073 | 3000 0.463
MS4 3.5% NaCl| 0.579 25. 3 47.5 1.68 x 1072 | 2400  0.337
MS4 3.5% Nacl| o 23.72 11.86 [3.85 x 10°% |562.5 |0.0566
Ms4  |3.5% NaCl| O 18.98 9.99 2.8 x10°? |360 0.0339
Ms4 3,5% NaCl| o 11.07 5.53  |[7.56 x 107> {122.5 |0.00853
MS4 3.5% NaCl| o 9.49 4,74 3.78 x 10> | 90 0.00515
Ms4 3.5% NaCl| O 7.91 3.95 [2.24 x 10°° | 62.5 |0.00231
MS4 3.5% NaCl| O 6.96 3.48 19.1 x10°° | 48.4 |o0.000862
Ms4 3.5% NaCl| O 6.33 3.16 No growth 40 ' -
MS4 3.5% NaCl| 0.666 6.33 15.8 1.82 x 107 | 200 0.00234
Ms4 3.5% NaCl| 0.695 5.69 15.8 5.79 x 10°° | 180 0.00052
MS11  [3.5% Nacl| O 29.73 14.86 |7.264 x 107% 883.75" |0.09461
Ms11 3.5% NaCl 44.28 22.14 1.4 x 1073 {1960 0.245
Ms1l | 3.5 nacl| o 63.3 31.65 13.27 x10™> |4000  |o.683
Ms1l  |3.5% Nacl| o 37.95 18.98 |1.05 x 107° |1440  |0.1675
Ms1l |3.5% nacl| o 25.3 12.65 |4.72 x 107? |640 0.0655
Ms1l | 3.5% Nacl| o 47.44 23.72  [2.84 x 107> | 2250  o.293
Ms11 3.5% NaCl| o 12,65 6.32 4.76 x 107> | 1600 0.0125
MS11 [3.5% NaCl| o 17.39 8.70 11.67 x 1074 [302.41 |0.0279
MS11  |3.5% maci| o0.111 50.6 31.6 4.65 x 10> [ 3200  |o.449
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TABLE & (cont,)

Spec. Env, R AR K da/aN A

m . i
No. MN/m3/2 MN/mB/2 mm/cycle MNz/m3
Ms1l | 3.5% Nacl| 0.25 | 37.95 31.6 1.41 x 10 3| 2400 0.315
MS11 | 3.5% Nacl]| 0,333 | 31.6 31.6 1.25 x 1073 2000 0.232
MS11 | 3,5% NaCl| 0.428 25.3 31.6 1.02 x 1073} 1600 0.172
MS11l | 3.5% NacCl| o, 15,8 7.9 1.05 x 10°4] 250 0.0211
Ms12 | 3.5% Nacl| o 28.46 14,23 [5.02 x 1074 s10 0.0857
MS12 | 3.5% Nacl] o 6.64 3.32  |1.51 x 107 44.00 |0.00017
Ms12 | 3.5% Nacl| 0.873 4.27 31.6 2.23 x 10 °| 269.86 |0.00029
Ms12 | 3.5% Nacl| 0.704 5.5 15.8 1.23 x 10°°| 173.8  |0.00010
Ms12 3.5% NaCl} 0,708 5.4 15.8 No growth 1.70.64 -
MS12 air | o 6.5 3.25 |1.06 x 10°®| 42.25 |o0.00070
MS12 Air o 70 .35 6.1 x 10> | 4900 2.46
MS23 3,5% NaCl| 0.667 18.98 47.5 1.2 x 10> | 1800 0.227
M523 | 3.5% Nacl| 0.765 12.65 47.5 7.5 x 104 | 1200 0.128
Ms23 | 3.5% Nacl| 0.538 18.98 31.6 7.02 x 1074] 1200 0.117
Ms23 | 3.5% Nacl| 0.666 12.65 31.6 4.62 x 10°4] soo 0.0658
Ms23 | 3.5% Nacl| 0.111 25.3 15.8 4.1 x 10°% | 800 0.0695
MS23 | 3.5% NaCl| 0.25 18.98 15.8 3.35 x 1077 600 0.0464
Ms23 3.5% NaCl| 0.428 12.65 15.8 1.95 x 10~ %] 400 0.0271
Ms23 | 3.5% Nacl| 0.778 7.9 31.6 2.33 x 104} 500 0.0292
Ms23 | 3.5% Nacl| 0.538 9.49 15.8 6.84 x 107°| 300 0.0133
Ms23 | 3.5% Nacl| o.s18 6.33 31.6 8.46 x 10™°| 400 0.0175
Ms23 | 3.5% Nacl] 0.875 6.33 47.5 2.6 x 10¢ | 600 0.041
Ms23 | 3.5% Nacl| 0.936 3.16 47.5 No growth | 300 -
Ms23 | 3.5% Nacl| 0.905 4.74 47.5 7.63 x 10 °| 450 0.0185
Ms23 | 3.5% Nacl| 0.923 3.8 47.5 4.76 x 10°°| 360 0.00614
MS23 | 3.5% Nacl| 0.927 3.61 47.5 7.45 x 10°°| 342 0.000814
MS23 | 3.5% Nacl| 0.86 4.74 31.6 5.79 x 10°| 300 0.00585
Ms23 | 3.5% Nacl| 0.878 4.11 31.6 1.26 x 10} 260  |o.oo0115
MS23 3.5% NacCl| 0.887 3.8 31.6 No growth 240 -
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TABLE 7

Cyclic Crack Growth Data for LM30 in Laboratory Air and 3,5% NaCl at

a Frequency of 0.25 Hz

-Spec. Env, R AK Km da A

No. MN/m3/2 MN/m3/2 mm/cycle MNZ/m3 ?
F10 Air o 18.99 9.5 |1.53 x 10t | 360.62 | 3.322
F10 Air o} 17.41 8.7 2.28 x 1072 | 303.1 1.657
F10 Air o 16.61 8.3 | 1.38 x 1072 | 275.89 | 1.248
F10 Air o 15.82 7.91 | 8.61 x 1073 | 250.27 | 0.962
F10 Rir o} 14.24 7.12 | 2.83 x 1073 | 202.77 | o0.589
F10 Air 0 13.45 6.72 | 1.65 x 103 | 180.9 | 0.461
F10 air | o 12.66 6.33 | 1.02 x 103 | 160.27 | 0.317
F10 Air 0 11.87 5.94 | 3.25 x 1004 | 140.89 | 0.274
F10 Air o} 11.08 5.54 | 2.44 x 100% | 122.76 | 0.204
F10 Air 0 10.28 5.14 | 1.22 x 104 | 105.67 | 0.144
F10 BAir o} 9.49 4.75 | 7.72 x 107 90.06 | 0.0634
F10 Air o 8.70 4.35 | 3.09 x 107> | 75.69 | 0.0531
F10 Air 0 7.91 '3.96 | 5.69 x 10°°| 62.57 | 0.0179
F10 Air o 7.12 3.56 | No growth 50.69 -
Fl0 Air o 6.33 3.17 | No growth 40.07 -
F11 Air 0 11.0 5.5 | 2.41 x 1004} 121 0.140
F11 Air 0.05 10 5.5 | 1.06 x 100%| 110 0.105
F11 Air 0.158 8 5.5 | 2.14 x 107> | 88 0.0409
Fl11 Air 0.222 7 5.5 1.64 x 16°° 77 0.0114
Fl1 Air 0.333 5.5 5.5 No growth 60.5 -
F17 3.5% Nacl | o© 7.91 3.96 | 8.9 x 107> 62.57 | 0.0519
F17 3,52 Nacl | ©O 8.7 4.35 | 1.4 x 104 75.69 | 0.103
F17 3.5% Nacl | © 9.49 4.75 | 2.68 x 100%| 90.06 | 0.165
F17 3.5% Nacl | o© 10.28 5.14 | 7.85 x 10| 105.67 | 0.241
F17 3.5% Nacl | © 11.08 5.54 | 9.56 x 10 2| 122.76 | 0.336
F18 3.5% NaCcl | © 10.28 5.14 | 8.35 x 1074 | 105.67 | 0.224
F18  [3.5% Nacl | o© 11.08 5.54 | 1.12 x 10> | 122.76 | 0.310
F18 3.5% NaCl 0 7.37 3.68 | 3.0 x 107> 54.32 | 0.0208
F18 3.5% NaCl o 6.33 3.17 | No growth 40.07 -
F18 3.5% NacCl o} 5.54 2.77 | No growth 30.69 -
F18 3.5% NaCl 0 11.87 5.94 | 1.84 x 10 5| 140.89 | 0.417
F18 3.5% NaCl | © 12.66 6.33 | 3.29 x 1073 | 160.27| 0.552
F18 3.5% Nacl | o© 13.45 6.72 | 4.68 x 10 5| 180.9 | 0.726
F18 3.5% NaCl o 14,24 7.12 | 6.46 x 10°3| 202.77| 0.960
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TABIE 7 (cont.)

Spec. Env, R Ax K da/daN A )
No, MN/mB/2 MN/mB/Z- mm/cycle MNZ/m3
F18 3.5% NaCl o) 15.82 7.91 | 1.29 x 1072] 250.27 | 1.770
F18 3.5% NaCl o) 17.41 8.7 2.46 xllo_z 303.1 4.188
F17 3.5% NaCl 0.671 4.75 12.1 3.27 x 10| 114.95 | 0.222
F17 Air 0.627 5.554 12.1 9.33. x 10 7| 134.06 | 0.397
F17 Air 0.585 6.33 12.1 | 2.08 x 107>| 153.18 | 0.608
F17 Air 0.507 7.91 12.1 6.17 x 10 °| 191.42 | 1.215
F17 Air 0.437 9.49 12.1 1.67 x 107 2| 229.65 |2.344
F17 Air 0.294 11.87 12.1 | 1.75 x 1071 287.25 | 9.968
F19 3.5% NaCl| © 19.93 9.96 | 1.22 397.2 | 26.91
F19 3.5% NaCl| o© 18.99 9.5 }11.25 x 1071 | 360.62 | 6.314
F19 3.5% Nacl| 0.209 15.82 12.1 {8.22 x 101 | 382.84 |31.68
F19 | 3.5% macl| 0.233 15.03 12.1 }1.96 x 10t | 363.72 {11.351
F19 3.5% Nacl| 0.259 14.24 12.1 |9.33 x 1072 | 344.6 6.612
F19 3.5% NaCl | 0.341 11.87 12.1 | 2.77 x 1072 | 287.25 | 2.499
F19 3.5% NaCl | 0.437 9.49 12.1 |1.13 x 1072 | 229.65 | 1.223
F19 3.5% NaCl | ©0.508 7.91 12.1 |5.5 x 107> | 191.42 | o.764
F19 3.5% NaCl 0.585 6.33 12.1 {2.14 x 10> | 153.18 0.441
F19 3.5% NaCl | 0.627 5.54 12.1 1.24 x 1072 | 134.06 | o0.312
F19 3.5% NaCl 0.671 4.75 12.1 5.11 x 1074 | 114.95 0.1
F16 Air 0.259 14.24 12.1 .}8.46 x 1072 | 344.6 4.839
F16 Air 0.233 15.03 12.1 |1.42 x 107t | 363.72 | 7.271
F16 Air 0.209 15.82 12.1  }5.13 x 10 % | 382.84 }13.122
F16 3.5% Nacl | o 11.0 5.5 |7.78 x 1074 | 121 0.186
F16 3.5% Nacl | ©0.05 10 5.5 14.55 x 107% | 110 0.144
F16 3.5% NaCl | 0.158 8 5.5 |1.52 x 107 | 88 0.0694
F16 3.5% NaCcl | 0.222 7 5.5 15.26 x 10° | 77 0.0354
F16 3.5% NaCl | 0.333 6 5.5 |1.22 x 107 | 60 0.00314
F16 3.5% NaCl | 0.719 3.96 12.1  {1.81 x 104 | 95.83 | 0.0925
F16 Air. 0.719 3.96 12.1  {2.45 x 10> | 95.83 | 0.0495
F16 Air 0.739 3.64 12.1 {3.27 x 10° | 88.09 | 0.0148
F16 3.5% Nacl | 0.739 3.64 12.1  {9.88 x 10> | 88.09 | 0.0569
F16 3,5% Nacl | 0.769 3.16 12.1 |5.07 x 108 | 76.47 | 0.00615
F16 3,5% NaCl 0.270 6.32 5.5 9.52 x 1070 69.52 0.0132
F16 Air o 20,25 10.13 {1.42 x 10° | 410.06 [27.136
F16 Air o) 18.20 9.1 3.85 x 102 | 331.09 2.993
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TABLE 8

Material Env, £ Kn R ARy ARy /E
w2y | on/ml?) on/m>’?) | /3

RRSS Air 0.15 | 2.75 0 5.5 2,32 x 10>
RR58 Air 0.15 5.5 0.4 4.73 1.99 x 1073
RRS8 Air 0.15 | 8.25 0.622 3.85 1.62 x 10>
RR58 Air 0.15 | 12.1 0.796 2.75 1.16 x 103
RR58 Air 0.15 | 16.5 £ 0.879 2.11 8.89 x 1074
RR58 Air 0.15 | 18.15 0.905 1.82 7.67 x 10~
RR58 Air 35 2.18 o 4,37 1.84 x 1073
RR58 Air 35 5.5 0.478 3.89 1.64 x 10 >
PR58 Air 35 12.1 0.832 2.22 9.36 x 10°°
RRS8 Air 35 16.5 10.906 1.62 6.83 x 107
RR58 3.5% NaCl 0.15 2.42 ) 4.84 2.04 x 10°°
RR58  [3.5% NaCl 0.15 5.5 0.471 3.96 1.67 x 10°°
RR58 3.5% NaCl 0.15 8.25 0.653 3.46 1.46 x 10°°
RRS8  |3.5% Nacl 0.15 | 12.1 0.811 2.53 1.07 x 10>
RRS58  [3.5% Nacl 0.15 | 16.5 0.895 1.82 7.67 x 1077
RR58  [3.5% NaCl 35 2.18 o 4.3 1.84 x 107°
RRS8 3.5% NaCl 35 5.5 0.487 3.80 1.6 x 10°°

RR58  [3.5% Nacl 35 12.1 0.829 2.26 9.53 x 10 %
RR58 3.5% NaCl 35 16.5 0.908 1.60 6.75 x 102
1130 Air 0.25 3.7 0 7.4 2.85 x 107>
LM30 Air 0.25 5.5 0.25 6.6 2.55 x 107>
LM30 Air 0.25 | 12.1 0.747 3.5 1.35 x 1073
LM30  [3.5% NaCl 0.25 |  3.45 0 6.9 2.66 x 107>
IM30  [3.5% NaCl 0.25 5.5 0.302 5.9 2.28 x 1073
LM30 3.5% NaCl 0.25 12.1 0.773 3.1 1.19 x 1073
BS15 Air 0.25 | 3.16 ) 6.33 9.67 x 10 %
BS15 Air 0.25 | 15.8 0.704 5.50 8.4 x 104

BS15 Air 0.25 23.7 0.82 4.69 7.15 x 10
BS15 Air 0.25 | 31.6 0.884 3.89 5.94 x 107
BS15 Air 0.25 | 47.5 0.933 3.28 5.0l x 10°%
BS15  |3.5% NaCl 0.25 3.16 o 6.33 9.67 x 1074
BS15  |3.5% Nacl 0.25 | 15.8 0.703 5.54 8.46 x 10 4
BS15  |3.5% NaCl 0.25 | 31.6 0.882 3.96 6.05 x 10°°
BS15  |3.53 NaCl 0.25 | 47.5 0.931 3,35 5.12 x 10 0
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TABLE 8 (cont.)

‘Values of the

da

. . 3 o
constants OL and AC:L»n the equation aN - %q)

-Materi.al Env, £ K. R AKth AKyy, /E
@z) | omv/m’ 2L on/m’?) | gmt’?
BS15 Air 35 3,16 0 6.33 9.67.x 1074
BS15 Air 35 15.8 0.701 5.62 8.59 x 107 %
BS15 Air 35 3l.6 0.88 4.02 6.14 x 104
BS15 Air 35 "47.5 10.927 3.41 5.21 x 1077
BS15  [3.5% NaCl 35 3.16 0 6.33 9.67 x 1072
BS15  [3.5% NaCl 35 15.8 0.703 5.54 8.46 x 10°°
BS15  [3.5% NaCl 35 31.6 0.882 3.96 6.05 x 10
BS15. [3.5% NaCl 35 47.5 0.931 3.35 5.12 x 107
TABLE 9

Material Environment Loading ’ AC' o
frequency (Hz) (mm/cycle)
RR53 Lab. aiz 0.15 9.71 x 107 1.36
RRS8 3.5% NaCl ' 0.15 2.5 x 10> 1.1
RR58 Lab. air 35 2,05 x 1074 1.148
RR58 3.5% NaCl 35 2.12 x 102 1.151
BSL5 Lab. air 0.25 2.1 x 1073 1.10
BS15 3.5% NaCl 0.25 4.41 x 1073 0.89
BSI5 Lab. air 35 2.1 x 1073 1.10
BS15 3.5% NaCl 35 2.1x10° | 1.10
LM30 Lab. air 0.25 5173 x 1073 | 1.72.
LM30 3.5% NaCl 0.25 6.49 x 103 1.45
Mild steel Air 25-30 2.21 x 1074 0.81
Cold rolled’ Air 24-30 2.17 x 1075 1.36
Mild steel - - - _
A533 B-1 hix 160 1.04 x 1073 1.07
ENia Air 100 6.53 x 10 2 1.40
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TABILE 10

Stress Corrosion Data for RR58 (Horizontal Specimen QOrientation)

Spec. t, K_ K Ks/Kb da/dt " a; r_ ai/rr
No. h ‘MN/mB/2 MN/mB/2 mm/s mm mm

c30 | 53 |21.45 |12.21 |o0.569 | 8.35-x 106 | 2.086 |o0.182 | 0.1812| 1.004
c3o | o |12.21 | 14.58 - 2.45 x 107° - - - -
c3o | o |14.58 |[15.07 - 1.46 x 107°| - - - -
c30 | 0 }15.07 15.57 - 2.22 x 107° - - - -
co | o |15.57 |16.12 - 2.54 x 107> - - - -
co | 1 [16.12 |16.67 - 4.01 x 10°° - - - -
c30o | 1.5|16.67 | 22.22 - 1.06 x 10 2 - - - -
c30 | 1.5[22.22 | 22.66 - 2.85 x 10°° - - - -
c29 {104 |22.191 | 10.03 |o0.452 | 6.83 x 10°¢ | 3.804 [0.1377] 0.1930 | 0.7
c2 | - |10.03 |13.53 - 2.21 x 10°° - - - -
c29 5 |13.53 15.09 - 2.18 x 10> - - - -
c29 | 5 [15.009 |19.34 - 6.3 x 10°° - - i, ;
c31 | 73 |20.84 |11.21 |o0.538 | 7.7 x 10°® | 2.455 |o.1488] 0.171 | o.87
c3a1 | o fi1.21 |15.97 - 2.54 x 10> - - - _
c31 15.97 13.64 - 1.36 x 10° | 0.371  |0.131 | 0.10 1.31
c31 | o |13.64 |21.78 - 5.25 x 10 ° - - - -
c32 | 86 |22.76 |11.88 [0.522 | 1.05 x 10> | 2.67 |0.201 | 0.2045 | 0.981
c32 | 5 [11.88 |13.2 - 1.49 x 10°° - - _ ;
c32 13.2 19.39 - 5.75 x 10 ° - - - -
32 19.39 | 20.22 - 6 x 10°° - - - _
33 22.42 |22.11 |o0.986 | 1.74 x 1074 | 0.028 - 0.1988 -
p31l [368 |22.44 7.76 |0.346 | 3.64 x 107’ | 7.353 |0.114 | 0.1483 | 0.575
p31 | o | 7.76 8.3 - 1.2 x 10° - - - -
D31 o 8.3 8.47 - 1.85 x 10 ° - - - -
D31 4 8.47 18.92 - 5.6 x 10°° - - - -
D31 0 {18.92 19.25 - 5.3 x 10°° - - - -
p3t | o |19.25 |21.34 - 6.1 x 10°° - - _ _
D31 1 {21.34 22 - 9 x 10°° - - - _
p31 | 1 |22 22.5 - 1.2 x 1072 - - - -
p28 [317 |[21.34 8.42 [(0.395 | 1.97 x 10°® | 5.423 |0.171 | 0.1793 | 0.954
p28 | 2 | 8.42 9.3 - 3.05 x 10 ° - - _ .
p28 | 5 | 9.3 17.93 - 5.6 x 107° - - - _
D28 | 5 |17.93 |{15.84 - 4.25 x 10> | 0.281 |0.098 | 0.1266 | 0.774
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‘TABLE 10 (cont.)

Spec., ti Kq KS/Kc da/dt P a; r, a; /r,
No. | h MN/InB/2 MN/mB/2 mn/s mm mm

D28 3 |15.84 20.3 - 5.05 x 10 - - - -
p28 | 98 | 20.3 10 - 5.2 x10° | 3.121 |0.152 [0.1623] 0.937
c62 | 37 |22 14.69 | 0.668 2.1 x 10°° 1.243 | 0.177 |0.1906| 0.929
c62 | 4 |14.69 16.5 - 2.42 x 10°| - - - -
c62 16.5 17.33 - 6.1 x 10°° - - - -
c62 | 33 |17.33 11.7 - 1.04 x 10| 1.194 |0.103 {0.1183| 0.871
c78 | 23 |22.42 17,25 [ 0.769 | 6.12 x 107°| 0.689 | 0.162 {0.198 | 0.8183
c78 | 2 |17.25 20.9 - 6.4 x 107° - - - -
c78 2.6| 20.9 19.36 - 6.4 x 10’5 0.166 | 0.143 }o0.172 | 0.8312
c78 3 119.36 20.56 - 6.4 x 10°° - - | - -
c78 | 92 | 20.56 9.9 - 3.82 x 10°°] 3.313 | 0.131 |o.166 | 0.787
c82 (145 | 22.94 10 0.434 | 3.86 x 107 4.309 |0.136 [0.2073] 0.6561
c82 | 15 |10 14.3 - 2.47 x 107> - - - -
ce2 | 9 |14.3 16.5 - 4.44 x 10°° - - - -
c82 8 ]16.5 18.2 - 5.7 x 10 - - - -
ce2 | 33 |18.2 10.58 - - 1.959 | 0.104 |0.1305| 0.7972
c80 | 54 | 23.6 13.26 | 0.562 1.51 x 10°°| 2.053 | 0.128 {0.2194| 0.5835
c80 2 13,26 15.4 - 2.25 x 107° - - - -
co | 4 |15.4 19.8 - 6.3 x 10°° - - - -
c80 | 45 |19.8 13.26 - 1.51 x 10°°| 1.229 | 0.164 |0.1544) 1.062
cso | 5 |13.26 20,32 - 6.2 x 10°° - - - -
cso {143 | 20.32 8.36 - 1.22 x 10°°| 4.908 |o0.124 |0.1626] 0.7625
csa (237 |23.21 8.66 | 0.373 | 2.02 x 10°°| 0.174 |0.174 lo.2222] 0.7211
css {280 |23.75 8.64 | 0.364 | 2.08 x 10°°| 0.181 |o0.181 |o.224 | 0.7832
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TABLE 11

Stress Corrosion Data for RR58 (Vertical Specimen Orientation)

Spec, ti Kr K Ks/Kb da/dt a, r . /r
3/2 3/2 . v ity
No. h MN/m MN/m mm/s mm mm
c69 | o |z0.8 19.8 | 0.952 | 1.15 x 107% | 0.1033| - |o.170a | -
c69 | 2 |19.8 18.0 - 1.1 x 10 | o.21 - ) -
c69 | 1.2]18.0 16,75 | - 8.4 x 10° | 0.1585 | 0.088 |0.1276 |0.6896
C69 3 | 16,75 17.0 - 1.23 x 107 -~ - - -
c69 | 1 |17.0 17.5 - 1.28 x 102 - - - -
c69 | 2 |17.5 21.43 - 1.31 x 1072 - - - -
c69 | 8.7|21.43 15.2 - 5.42 x 1072 | 0.99 0.139 }0.1809 | 0.7685
cs1| 28 | 23.82 12.76 | 0.536 | 3.14 x 10> | 2.496 |0.224 |0.22347] 1.002
cs51| 2 |12.76 15.34 - 6.87 x 107> - - - -
C51 - 17.8] 15. 34 9.68 - 1.02 x 10°° | 1.518 | 0.0827 0.0927 { 0.892
cs1| 2 | 9.68 13.8 - 2.88x10° | - - - i}
cs1| 1.5 13.8 14.1 - 4.33 x 10°° - - - _
cs1| 2.5] 14.1 ' 15.66 - 6.17 x 107° - - - ;
cs1| 3 | 15.66 16.5 - 7.97 x 10°° - - i, ;
c66 | 42 | 22.72 11.13 | 0.489 | 1.68 x 107> | 3.162 | 0.153 |0.2033 | 0.7525
c66 o | 11.13 11.6 - 1.88 x 10°° - - - -
C66 o |11.6 12 - 2.28 x 10°° - - - -
c66 | 9.5| 12 8.45 - 5.49 x 1670 | 1.0166 | 0.0513]0.05567 | 0.9048
c66| o | 8.45 8.7 - 7.97 x 107° . - - ;
c66 | 2.5 8.7 10.15 - 1.29 x 10°° - - - _
66| 3 | 10,15 12.3 - 2.38 x 10 ° - - - -
ce6 | 4 |12.3 13.25 | - - 2.91 x 107° | - - - -
c67| 83 | 22.10 9,29 | 0.42 9.82 x 10°° | 4.641 | 0.148 | 0.1924 | 0.7694
c67| 4.5 9.29 12.76 - 2.28 x 10 ° - - - _
c67| 2.5| 12.76 13.25 - 2.86 x 107> - - - ;
c67| 6 | 13.25 14,5 - 4.07 x 10°° - - - -
c67| 31 ) 14.5 7.6 - 3.31 x 10°° 2.639 | 0.0796]{0.0828 | 0.9614
ce1| o | 23.75 23.1 | 0.973 | 2.28 x 107} | o0.057 - o.2222] -
c81| 0.75] 23.1 22.1 - 1.48 x 1071 | 0.093 | 0.228 {0.210 | 1.086
ce1l 154 | 22.1 6.64 - 1.32 x 108 | 10 0.162 | 0.1924 | 0.8421
cs1 4 | 6.64 22.1 - 1.52 x 1072 - - - -
c81{ 274 | 22.1 5.72 - 2.57 x 1071 | 13.86 | 0.190 | 0.1924| 0.9877
c81 2 5.72 6.1 - 6.97 x 10/ - - - -
c81 6 6.1 7 - 1.82 x 10°° - - - -
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TABLE

12

spec{ t, K, K KS/x(; da/adt y as r, aj/r,
No. | m wt/m3’? v’ ? rm/s (mm) | (o)
F12| 90 21.52 | 7.91 0.368 [1.94 x 10°° | 6.39 1.116 |1.092 | 1.022
F12| 7 7.91 | 9.5 - 5.16 x 100 | - - - -
F12| 15 9.5 | 8.5 - 5.23 x 10°% { 0.249 | 0.203 |0.213 | 0.953
F12 8.5 |11 - 7.4 x 10° | - - - -
F2] 2. | 11 |i2.34 - 5.96 x 10° | - - - -
F12| 1.5 12.34 [18.35 - 5.98 x 10> | - - - -
F12|130 18.35 | 5.9 - 7.22 x 1077 }8.673 | 0.695 {0.794 | 0.875
F12| - 5.9 5 - No growth 0.392 - 0.082 -
F13] 16.5 | 21.36 |19 0.889 |1.25 x 10 [ 0.264 | 0.833{1.084 | 0.768
F13| 38 19 15.82 - 7.78 % 10~° | 0.442 | 0.596 | 0.851 | 0.7
F13] 13 15.82 [14.24 - 7.93 x 102 ] 0.23¢4 | 0.527 |o.50 |o0.893
F13] 60 14.24 | 7.2 - 5.82 x 100 | 2.912 | 0.398 | 0.478 | 0.833
F13| - 7.2 | 4 - Fo growth | 2.24 - |o.112{ -
Fl14{ 7.5 20.9 |20 0.957 |2.29 x 107%]0.092 | 0.923{1.03 |0.896
ria| 26.5 | 20 15.76 - 4.3 x10°° |o.61 | 0.795[0.943]0.879
F14| 53 15.76 | 8.5 - 3.31 x 107 | 2.44 | 0.515])0.586 | 0.879
F14| 3.5 8.5 |18.5 - 4.89 x 10°| - - - -
Fl4] 9.5 | 18.5 |17.0 - 5.2 x 10> ]0.118 | 0.639 | 0.805 | 0. 794
rs| 42 17.0 |10.5 - 1.61 x 10°° | 1.621 | 0.614 | 0.681 | 0.902
GABLE 13
Theoretical and Experimental Deflection Values
"(DCB Specimen - BS15]
Monotonic Loading P = 5,5kN
{(All values in mm)
M M 5 5 R
a 6e1 Gpl 6)‘1 el 6p1 8 6!: Gexp
70 1.94 5.37 7.31 0.06 0.09 0.41 7.87 7.924
80 2.65 5.15 7.80 0.08 0.09 0.47 8.44 -
90 2.98 4.3 7.28 0.09 0.10 0.51 7.98 -
100 3.87 3.43 7.30 0.09 0.11 0.53 8.03 8.145
110 4,23 2.30 6.53 0.10 0.11 0.54 7.30 -
120 4.96 1.35 6.31 0.11 0.12 0.56 7.10 -
130 5.34 0.99 6.43 0.11 0.13 0.59 7.16 -
140 6.13 0.69 6.82 0.12 0.15 0.51 7.70 -
150 6.91 0.34 7.25 0.14 0.16 0.63 8.18 -
160 7.96 0.0 7.96 0.15 0.17 0.66 8.94 8.83
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TABLE 14

Theoretical and Experimental Data for Load Cycling -

DCB Specimen BS15

AP = 4.5 kN Spec. MSH
.
a N ~da/dN . (A&N)_t' (AcSN)exp Au (AJ)t (AJ)exp
mm mm/cycle mm mm Nmm N/mm . N/mm
70 1 1.62 x 102 3,282 3.36 1080 128.86 | 140.35
70.625 50 1.52 x 1072 3.427 3.55 1959 118.35 | 121.5
71.25 100 |1.3 x 1072 3.5 - - 96.94 -
73.375 250 1.15 x 102 3.702 - - 94.28 -
76.75 500 1.09 x 1072 4.03 4,29 4770 82.96 88.5
79.75 750 9.5 x 1073 4.288 - - 80.46 -
82.75 1000 |9.04 x 1073 4.54 4.79 6335 75. 22 79:1
87.875 1500 | 7.9 x 107> 4.915 - - 64.58 -
92.125 2000 7.7 x 1073 5.222 5.44 8315 69 64.62
96.125 2500 | 6.2 x 107> 5.448 - - 45.08 -
99.375 3000 5.5 x 1075 5.629 5.88 9575 39.05 45.55
102.5 3500 5.1 x 10> 5.788 - - 33.46 -
105.5 4000 4,58 x 10°° 5.904 6.28 10813 24.54 29.76
107.25 " 4500 4.58 x 10 ° 6.001 - - 24.54 -
109.5 5000 4.58 x 107> 6.084 6.41 11382 24.54 27.52
114 6000 | 4.28 x 107> 6.276 - - 24.54 -
118.5 7000 4.58 x 10> 6.452 6.76 11892 24.54 27.52
123.125 8000 4.58 x 10> 6.55 - - 24.54 -
127.625 9000 4.58 x 107> 6.798 7.1 12657 24.54 27.52
132.125 10000 4.58 x 10°° 6.985 7.29 13085 24.54 27.52
136.75 11000 4.58%x.10 > 7.149 7.46 13467 24.54 27.52
141.25 12000 4.58 x 107> 7.336 7.61 13805 25.54 27.52
145.75 13000 4.58 x 107> 7.508 7.8 14232 24.54 27.52
150.25 14000 4.58 x 107> 7.686 7.96 14592 24.54 27.52
155 15000 4.58 x 10 ° 7.874 8.14 14997 24.54 27.52
AP =5.0kN SPGC: MS15.
70 1 4.98 x 1072 4.522 4.618 6108 332.81 | 352.62
70. 375 10 4.57 x 10 2 4.308 4.59 6922 331.38 | 343.6
73.125 100 3,31 x 1072 5.016 5.41 9942 261.49 | 290.4
75.875 200 | 3.08 x 1072 5.61 5.92 13650 258.68 | 267.42
81.25 400 2.54 x 1072 6.882 7.22 19652 212.32 | 228.63
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TABLE 14 (cont.)

a N da/aN AL, (AGN)‘exp AU (AT) (AT) exp
mm mm/cycle mm mm Mmm N/mm N/mm
86 600 2.1 x 1072 7.718 | 8,09 - 185.16 | 204.12
90.5 800 2,02 x 10°° | 8.421 | 8.91 |25794 | 173.63 | 195.18
94.625 1000 1.7 x 1072 9.032 - - 129,5 -
98.75 1200 1.56 x 1072 9.502 | 10.13 32813 118.53 | 142.62
102.375 | 1400 1.4 x 1072 9.814 - - 115.02 -
105.625 | 1600 1.24 x 102 | 10.157 | 10.71 {32573 111.73 | 125.03
108.25 1800 1.08 x 1072 10.428 | - - 88.83 -
110.625 | 2000 8.8 x 1072 10.581 | 11.18 33688 69.12 | 81.77
112.375 | 2200 7.1 x 1073 10,72 - - 48.99 -
113.75 2400 6.8 x 103 10.744 | 11.32 34487 44.68 | 48.68
115.125 | 2600 6.8 x 10> 10.823 - - 33.5 -
116.375 | 2800 6.8 x 10°° 10.891 | 11.44 34816 29.21 | 32.48
117.75 3000 6.8 x 107° 10.901 - - 29.21 -
124.25 4000 6.8 x 10°° 11.158 | 11.86 36093 20.21 | 32.48
130.75 5000 6.8 x 10 ° 11.501 - - 29.21 -
137.25 6000 6.8 x 1075 11.817 | 12.48 38225 29.21 | 32.48
143.75 7000 6.8 x 10°° 11.992 - - 29.21 -
150.25 8000 6.8 x 10°° 12.24 | 13.15 40543 20.21 | 32.48
*|156.75 9000 6.8 x 107° 12.523 - - 29.21 -
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TABLE 15

' DCB Specimen BS15

AP = 5,5kN Spec. M517
a N da/an (b8, | @8 AN B S 0 o
mm mm/cycle mm mm mm Nmm N/mm N/mm
70 1 7.5 x 1072 | 7.92 7.98 [1.278 | 19686 | 515.9 | 536.84
70.625 | 10 [7.02 x 1072 s.142| 8.33 |1.270 | 20454 | 259.72] 469.63
72.250 50 [5.75 x 10°2| 8.682] 8.98 |1.261 | 22788 | 391.24] 414.56
74,5 100 5.28 x 10°2| 9.304| 9.5 |1.249 | 25863 | 373.6 | 397.85
80.75 250 [4.68 x 10 2| 10.951| 11.27 |1.208 | 34002 | 335.8 | 370.75
88.75 500 [3.66 x 1072| 12.954] 13.20 |1.145 | 41063 | 301.74| 316.03
95.875 750 |3.25 x 1072| 14.563| 14.81 |1.084 | 51607 | 278.32| 269.32
102 1000 [2.77 x 107%| 16.225| 16.21 [1.027 | 59824 | 239.47| 233.77
107.25 | 1250 [2.5 x 1072 | 16.822| 17.05 [0.977 | 62341 | 223.32| 216.26
112.125 | 1500 |2.23 x 1072] 17.752] 17.96 [0.930 | 66729 | 210.81| 206.98
116.125 | 1750 |1.98 x 1072] 18.302] 18.50 [0.980 | 69157 | 172.44| 198.07
119.875 | 2000 |1.83 x 1072| 18.762| 18.93 |o0.853 | 71128 | 157.38| 153.69
126.5 2500 |1.55 x 1072| 19.221| 19.44 |o0.788 | 72600 | 119.86| 119.22
131.875 | 3000 [1.25 x 1072| 19.882| 20.03 |0.735 | 75500 | 111.87{ 113.93
136.25 3500 |1.1 x 1072 | 20.365| 20.36 [0.692 | 77488 | 90.88| 101.49
140.25 4000 |9 x 1073 20.551| 20.71 |0.653 | 77936 | 77.36| 87.13
143.875 | 4500 8.2 x 107> | 20.792| 20.80 |o.618 | 78770 | 6s.12| 63.45
147.375 | 5000 | 7.3 x 1075 | 20.954] 21.18 |o.584 | 79428 | 60.35| 59.3:1
150.75 5500 |6.65 x 1075 21.201| 21.41 |o0.552 | 79946 | s51.89| 52.33
154.125 | 6000 [5.9 x 1073 | 21.383] 21.60 |o0.520 | 80432 | 43.75| 44.42
157.5 6500 | 4.8 x 107> | 21.503] 21.72 |o0.382 | 80904 | 35.8 35.72
160.875 | 7000 |4.8 x 107> | 21.614] 21.80 |0.376 | 81325 | 35.8 35.72
AP = 6.0 kN Spec. MS18
70 111.3 x 1071 | 12.204] 12.48 [1.380 | 33650 | 710.04 | 726.84
71 109.75 x 1072 12.563] 12.83 |1.383 | 35449 | 638.35 | 653.98
74.25 50| 7.75 x 1074 13.712| 14.09 |1.364 | 42161 | 520.04 | 531.76
77.875 100 [ 6.9 x 1072 | 15.134| 15.40 |1.339 | 49502 | 456.37 | 468.41
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TABLE 15 (cont,)

a N | dasan (A8 1. (A._S{.\])exp! ad® | oaue ), i_AJ)eXpJ
‘mm mm/cycle mm mm mm Nmm N/mm N/mm
8 45 200 [5.75 x 1072 | 17.101 | 17.41 |1.287] 60544 | 492.96 [451.26
94.125 400 | 4 x 1072 19.732 | 20.12 |1.199]| 74542 | 368.8  |[379.65
101.5 600 | 3.2 x 1072 |.21.383 | 21.68 [1.125] 82948 | 325.08 |[335.14
107.625 800 | 2.9 x 1072 | 22.904 | 23.13 [1.062] 90694 | 280.14 |290.08
112,75 1000 | 2.6 x 1072 | 23.897 | 24.27 |1.007| 95866 | 260.22 [261.93
117.75 1200 | 2.4 x 1072 | 24.782 | 25.11 |0.954| 100046 | 237.51 [251.51
122.375 1400 | 2.15 x 1072 | 25.509 | 25.91 |0.904| 104460 | 209.86 |[211.36
126.5 1600 | 2.0 x 1072 | 26.098 | 26.42 |o.859| 106700 | 178.74 [187.43
130,25 1800 1.8 x 1072 | 26.686 | 27.02 |0.819| 108940 | 160.0 [163.84
133,625 2000 | 1.6 x 1072 | 27.198 | 27.53 |0.783| 112140 | 143.62 [145.29
136.625 2200 |1.4 x 102 | 27.523 | 27.81 |o0.751| 113160 | 132.18 [133.09
139,375 2400 |1.33 x 1072 | 27.802 | 28.08 |0.721| 115050 | 128.23 [127.37
142 12600 | 1,24 x 1072 | 28.080 | 28.37 |0.694| 115770 | 117.79 |118.04
144,25 2800 |1.21 x 10 2 | 28.287 | 28.49 |0.67 | 116550 | 112.39 |110.0
146. 375 3000 |1.19 x 1072 | 28.572 | 28.58 |os48 | 117650 | 107.62 [107.75
148,375 3200 |1.1 x 1072 | 28.781 | 28.79 |0.627| 118360 | 100.21 | 98.2
150.125 3400 |9.75 x 1073 | 28.904 | 29.04 |0.609| 119060 | 91.48 [92.61
151.875 3600 [9.5 x 107> | 20.037 | 20.18 [0.501| 120300 | 77.65 | 88.08
AP = 6.5 kN Spec. M51Y
70 1|1.85 x 10 | 17.314 | 17.61 |1.495] 74453 | 1100.26 {1120.84
71,875 10 1.6 x 10" |18.208 | 18.69 [1.471] 81079 |[944.19 | 962.47
77.375 50 |1.26 x 107 | 20.885 | 21.33 |1.382| 97081 | 788.26 | 805.11
82.5 100 8.7 x 1072 | 23.006 | 23.5 |1.324|110100 | 584.36 | 600.35
90.5 200 7.3 x 1072 | 25.844 | 26.19 [1.277[125910 |482.31 | 501.27
97.125 300 6.8 x 1072 |27 770 | 28.18 [1.196|137456 | 450.08 | 455.98
102.75 400 5.9 x 1072 | 28.860 | 29.28 |1.145|143415 |a410.16 | 417.70
108.125 500 |5.2 x 1072 | 30.004 | 30.08 |1.066(147486 | 383.12 | 385.33
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FATIGUE CRACK GROWTH IN AN ALUMINIUM

ALLOY

€,
e

C. M. Branco* J.C. Radont L.E. Culver}

The effects of the mean stress-intensily factor, K, and the range of the stress intensily, AK. on crack propagation
phenomena in the Al-alloy RR58 have been studied using contoured double-cantilever bzam specimens providing
a constanl stress-intensity factor for all crack lengths.

Based on the experimental data available, a relationship of the following form, between the cyclic crack growth rate,

da/dN, and the tensile loading levels, has been proposed: :

da 2K (8K - AK)]?
dN - K%C - ’<m:.\z

where AK = (K,, — Kpidi Kpave Koin and K, are the maximtim, minimum and mean values of the stress-intensity

factor: AK, is the threshold value of AK for crack propagation; K¢ is the critical fracture toughness in plane strain

conditions; A and z are constants. In tests at room temperature (21 “C) in laboratory air and at a loading frequency

of 0.15 Hz, it was found that AK,, decreased with increasing values of K. x was equal to 1.36 and A4 equalled 3.16
x 1072 (in/cycle).

1 INTRODUCTION

While some of the laws suggest that the eritical para-

Increasing use of higher strength materials eonfronts the
structural engincer with formidable problems in the field
of fatigue, in particular those conneeted with erack
growth rates. The study of eraek propagation caused by
" the application of cyclic loading aims to provide data
of engineering materials in a form suitable for use in
stress analysis and design. A great deal of fatigue research
is now being directed towards a detailed investigation
of subcritical crack growth from the initiation period up
to the eritical crack size. The development of Linear
Elastic Fracture Mechanics (LEFM) concepts gave a
promising approach to the investigations of crack
growth in statically-loaded engineering structures ; stress-
intensity factors, K, are now known for a wide range of
cracked configurations. Subsequent application of LEFM
methods in eyclically-loaded situations offered yet
further possibilities for reliable evaluations of engineering
materials. Recent work (1){2)§ provided some evidence
that the LEFM approach may be eonveniently used to
describe the propagation of cracks under fatigue
conditions in aluminium alloys. Because of the increasing
volume of these alloys uscd in advaneed engineering
structures, more detailed information eoncerning their
behaviour is needed. One of the recently developed
Cu-Al alloys, RR58. used in the aeronautical industry
was chosen for the present study.

In the last ten years, a number of fatigue erack growth
‘laws’ have been proposed and are fully deseribed in (3).
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meter may be a function of stress or of strain, the majority
are based on LEFM conecpts. The basic and probably
most widely known crack propagation equation, due to
Paris, has been successfully applied to analyse cyclie
crack growth in many materials:

da

WEGBRT

where a is the crack length, N is the number of cycles and
C, and m are constants dependent on the material tested.
the environment and the conditions of cyclie loading.

In an investigation of fatigue crack growth in RR38,
Pearson (4) applied the equation

da (AK)™
W_CZ[(I—R)KC—AK:F T )]

where R is the stress ratio (K¢ = Ko/ K aad. C2 and my
are constants, and K¢ is the eritical fracture toughness.
Good agreement was found in the limited range between
107% and 107 in/cycle but at high values of AK some
diserepancies were observed.

Recent results of a comprehensive programme of work
on a range of materials (5) provided detailed imformation
on the effects of frequeney and of the mean level. K.
and the amplitude, AK, of the stress-intensity faector.
They led to a crack propagation model of the form

da

dN
where f§ and n are constants dependent upon the test
conditions. Because of the encouraging correlation of
the above results analysed by equation (3) it was decided
to apply the method to the present alloy RR58. Prelimin-
ary tests on this material indicated that the criterion
could probably find a wider application although the
tests had been restricted to a comparatively narrow
range of AK ; in particular. the effeet of eveling at very low
values of K—usually described as Region I and associ-

BRAK K )" = B(Kmax” — Kmin’)' . . .. (3)
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ated with a limiting threshold value, AK,-—was not
investigated. .

The forms of equations (1). (2) and (3) indicate that
crack growth will take place at any value of AK—even
very small values. However. it has been shown recently
(6) that there exists a critical range of stress intensity
below which crack propagation occurs either extremely
slowly or not at all. The thréshold value, AK,,, scems to
be dependent on the basic material properties and could
be expressed as

AKy=nE . . . . . . . . . . .@

where £ is Young’s modulus and # is a constant depen-
dent on the material tested. environment and loading
rate (7). Information on threshold values for structural
materials, such as higher strength Al-alloys or low-alloy
steels, is needed.

Early cyclic fatigue investigations performed on
metals, in particular on steels, indicated that the mean
stress was of only minor importance in the process of
‘crack propagation. However, other more recent work
(8) has shown that in certain materials the mean stress
effect may not be negligible. Some evidence that Al-alloys
belong to this class of materials is now available (9) but
information on the effects of variations in the mean
stress intensity in the full subcritical range and threshold
data for low frequencies are at present scarce.

This paper reports on a study of the effect of the mean
value of the stress-intensity factor, K. on the crack
propagation rate in 2.6 per ccnt Cu-Al alloy RR58 under
repeated tension fatigue conditions at 21 °C and at low
cyelic speeds. Also, the variation in the value of the
threshold stress intensity, AK,,, is discussed in terms of
K

me

2 EXPERIMENTAL

The compaosition and principal mechanical properties of
RR58 are presented in Table 1. The material was supplied

Table 1. RR58. Chemical composition and. principal
mechanical properties

g‘;"g’gf;g‘y’“ Cu | Mg |Mn | Si | Fe | T ’ 7n | Ni
) H i
weight) 2.64 | 1.65 0.031| 0.23 1.15]0.06 ‘().OGJ .15
Young's modulus, £ 10.84 x 10" Ibf/in?
(75.0 x 10° MN/m?)
Poisson’s ratio, v 0.33
(};iozpleggc:nd Ultimate tensile stress. {65 x 10% Iblfin?
2
10 strain [ ] (450 MN/m?)
rate) 0.1 per cent proof 53 x 10? Ibffin?
stress, oy ’ (367 MN/m?)
| Minimum clongation |6 per cent on ! in
gauge length

in plates 36 x 36 x 3in (910 x 910 x 76 mm) and the
DCB specimens (Fig. 1) were cut in such a way that the
crack propagated along the rolling dircction whilst the
load was applicd in the short transverse dircction. The

Journal Mcchanical Engincering Science @IMechE 1975

maximum height of the specimens corresponded to the
full thickness of the plate (3 in), thus the lowest toughness
values could be investigated.

~ Stress-intensity factors for plane strain conditions can
be calculated from the well-known relationship

E dcit
Kl:P[EZ_B’(Ar——V_Z)_d?EI )]

where P is the applied load, v is Poisson’s ratio, B is the
net fracture width and C is the comp'iance. For a suitably
shaped DCB festpiece, K, will remain constant with
crack length.

The design of the ‘contoured’ double-cantilever beam
specimen (Fig. I} was described in detail in (10). Basically.
in order to comply with the condition of dC/da =
constant, a contoured shape was chosen having the form

32 1
71«—3—+-’;=38 . . . . . . . . . '- (6)

where h is the specimen height at crack length a. Tests
performed with specimens of this geometry (10) showed
only a minimal (£ 2 per cent) variation of K. Deep side
grooves were provided in the mid-plane of symmetry on
both sides of the specimen to enhance plane strain
conditions and to help direct crack propagation. The
finished specimens were given a heat treatment consisting
of ageing at 190 °C for 30 hours in a salt bath; the resuit-
ing hardness values varied within the range 145-130
VPN (20 kg). The crack starter was a saw cut, extcuded
to a chevron noteh. and sharpened with a razor blade.

In order to establish static values of K,. at room
temperature, all specimens were pre-cracked and tesied
in an Instron tensile testing machine, type 7T-C,
10 000 1bf capacity, at a cross-head speed of 0.002 in/min
(0.05 m/min). The crack propagated smoothly and
without deviatiens from the crack plane, and the crack
length was monitored with a travelling microscope for
about 1in (25mm). A lincar variation of compliance
with crack length was obtained. The total load variation
along the test-length of the specimen (6 in approximatcly)
was within +2 per cent, which was found to be satis-
factory in the subsequent fatigue tests. Values of K, for
all specimens tested varied between 20400 and 21 850
Ibf/in? x in* (22.44 and 24.03 MN/m?). thus agreeing
with previously established values (10). It .should be
noted that all fracture toughness results quoted in this
paper were obtained from specimens 3 in (9.5 mm) thick.
It should be mentioned that the static K, value quoted
by Pearson (4) for the same alloy §in (12 mm) thick,
albeil tested in a different orientation, was 21 000 Ibf/in?
x in* (23.1 MN/m?).

The fatigue tests were carried out in a Denison T42C2
hydraulic testing machine specially fitied with a cycling
mechanism; basically, this consisted of two Ilimit
microswiiches to regulate the load. Tests were conducted
in laboratory air, 50 per cent r.h.at 21 °C, and at a cycling
frequency of 0.15 Hz with a tensile sinusoidal load wave.
Two test series were completed: in the first. cycling was
under constant K, conditions whilst AK was varicd; in
the second. cycling was under constant AK conditions.
K, being the variable. The crack propagation was
monitored with a travelling microscope of 50 x magnifi-
cation with an accuracy better than 0,0001 in (0.0025 mm).

The plastic zone side, r,,at the crack tip was calculated

Vol 17 No 4 1975
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Fig. 1. Contoured double-cantilever beam specimen

for plane strain conditions (11) from

1 K2
r,, —&EQ}— (7)

where oy is the yield stress mcasurcd at the appropriate
test conditions. For the highcest valuc of K., (= 19 380
Ibf/in? x in*), r, was 1.03 x 107%in (0.26 mm). This
value was considered small when compared with the
specimen nct thickness of 0.315in (8 inm).

3 RESULTS AND DISCUSSION
The dependence of crack growth on AK was investigated
in previous work (12) using tcnsilc cyclic tests at R = Q.
A typical linear rclationship betwcen crack length and
the number of cycles is shown in Fig. 2. Crack specd,
da/dN, incrcased with increasing values of applied AK.

Tt should be rememberced that the results of the tests
in which AK is varicd at R = 0 inevitably include thc
influencc of the mean value of stress intensity as well sincc
K, incrcases proportionately with incrcasing AK.
Thus, the rcsults of tests in which R = 0 and K, (and
henee AK) is varicd (curve 1. Fig. 3), may be described
(in the lincar rcgion) by a crack propagation law such as
equation (1). but thcy cannot indicate the separate
effects of AK and K.

In order o scparate the individual cffcets, two further
serics of tests were conducted. In the first scries, K, was
maintained at a constant value whilst AK was varied.
Thus, for a specific vaiuc of K, cqual to 11 0001bf/in?
x in? (12.1 MN/m?) and AK varying between 2600 and
15700 Ibf/in? x in* (2.86 and 17.27 MN/m?), the results
(Fig. 4) show a lincar dcpendcence of crack growth on the
number of foad cyclcs. Similar results were obtained
from Turther tests with K, constant and equal to 5000,
7500, 11000, 15000 and 16 35001bf/in? x in? (5.5, 8.25,
12.1, 16.5 and 18.15 MN/m?).

Crack growth ratcs were calculated for each test and
superimposed on Fig. 3 to form a family of curves
(2-6). for given K, values at R # 0, which may bc com-
parcd with curve { obtained from the R = 0, variable K,

Journal Mechanical Enginecering Science © 1Mech 1975
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Fig. 2. Crack growth at different values of AK (R = 0)

\

tests. Numcrical rcsults appertaining to thesc tests are
included in Tablc 2. The slopes of the crack growth
curves in Fig. 3 tend to dccreasc with incrcasing valucs
of mean strcss intensity, K. In tests performed at
constant values of AN and varying mcan stress intensity,
K, the crack growth ratc may be cxpected to vary within
wide limits. and this was the case. In the tests at AK =
5000 Ibfyin® x in* (5.5 MN/m?), incrcasing K,, (from
2500 to 16 500 1bf/in3) increascd the crack growth rate by
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three orders of magnitude (from 1072 to 10~ in/cycle).
However, this rate of increase did not remain constant
but decreascd with increasing AK.

In the second series of tests (Fig. 5), AK was maintained
constant whilst K, was varied. Again, a linear relation-
ship bestween the crack growth rate and the number of
load cycles was obtained, but the rate of increase of the
crack growth was not proportional to K_. These two
series of tests indicate that both K, and AK exert a
distinct influence on the crack g owth rates in alloy
RR58.

A fatigue crack growth curve (e.g. curve 1, Fig. 3) may
be divided into three parts. Region I represents a fatigue
threshold below which cracks do not propagate; in this
region, at very low crack growth rates, AK reaches a
threshold value. AK,,. The higher crack growth rate in
Region II can be described by basic equations such as
equation (1). An even faster rate is observed in Region
111, culminating in a § cycle loading when K, will reach
its critical value, K .

The stecp downward trend in Region I obtained in the
present tests (Fig. 3) suggests that the threshold values,
AK,,. can be confidently established at crack speeds
around 10~ *in/cycle (2.5 x 10”7 mmy/cycle). Data ob-
tained in the present programme for values of AK at
R = 0 form the typical sigmoidal curve 1 in Fig. 3, having
a threshold value of 5000 Ibf/in? (5.5 MN/m?) which may
be read directly from the figure. Values of AK,, for
curves 2-6 may be similarly taken from Fig. 3, the curves
being extrapolated to 108 in/cycle as indicated. Gther
tests conducted at values of AK below the quoted AK,,
failed to produce any growth from the statically pre-
cracked testpieces and were discontinued. It is clear
from the figure that the value of AK,, is dependent upon
K., AK,, deercasing as K, increases.

Some data available (13) suggest that AK,, eould be
considered as independent of cyclic conditions but these
disagree with thc present results on RRS38. Similar
discrepancies have previously been noted in steels (14).
but in other recent work (15) using Al-alloy 2024-T3
it was found that AK,, decreased as K, increased and as
frequency increased above 300 Hz. The above trends
were explained in terms of crack closure and crack-tip
heating respectively, but further experimental evidence,
particularly for the high-frequency regime, is needed.

The magnitude of 50001bf/in®> x in* obtained for
AK,, in the present R = 0 tests is high compared with
1500 Ibf/in? x in* (1.75 MN/m!) for pure aluminium
and 1900 Ibffin® x in* (2.09 MN/m?) for a 4.5 per cent
Cu-Al alloy (BSLG65) quoted in (6). both materials
having been tested at frequencies between 25 and
30Hz (16). It is, however, comparable with the value
of 6000 1bf/in? x in* (6.6 MN/m?) quoted by Pearson
(4) for 4 in thick RR58 at 25 Hz and at a growth rate of
10~ % in/cycle(2.5 x 1078 m/cycle). Ata testing frequency
of 20Hz, Hudson (17) obtained a threshold value of
2500 Ibf/in? x in* (2.75 MN/m?) for 2024-T3 Al-alloy,
but data presented in (13) give 5000 Ibf/in® x in?
for the same alloy and testing frequency. It should be
pointed out that all the data for 2024-T3 were obtained
on specimens of about 0.1 in (2.5 mm) thickncss while
Frost’s work (16) was on } in (6.25 mm) thick specimens,
although all the tests were under R = 0 conditions.
It seems that, in addition to the effect of K quoted above,
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Table 2. RR58. Crack growth rate and ¢ values [equation (10)] for a range of K, and AK at
0.15 Hz and 210 °C in air

K, AK Kyc 20K K, da/dN 5
(Ibffin? x in) (Ibffin? x in}) (ibf/in® x inf) (Ibffin? x in) {injcycle)
5000 4300 21550 43  x 107 25 x 1078 0.00364
5000 - 4500 21550 45 x 107 72 x 1078 0.0035
5000 5000 21550 50 x 10’ 31 x 1077 0.0208
5000 6000 21550 60 x 107 895 x 1077 0.0462
5000 7000 21550 70 x 107 198 x 10°¢ 0.0728
7500 3750 21550 5.625 x 107 485 x 1078 0.010
7500 4000 20400 60 x 107 158 x 1077 0.0184
7500 5000 21550 75 x 107 77 x 1077 0.0612
7500 8000 20400 120 x 107 71 x10°¢ 0.232
7500 10000 20400 150 x 107 1.715 x 1073 0.368
7500 12000 20400 180 x 10’ 224 x 10°% 0.540
7500 14000 20400 210 x 107 368 x 10°° 0.756
11000 2600 21550 572 x 107 69 x 1078 0.00705
11000 3000 © 21550 66 x 107 3.5 x 1077 0.0357
11000 3800 21550 836 x 107 86 x1077 0.089
11000 5000 21550 110 x 107 63 x107¢ 0.190
11000 5600 21500 ° 1232 x 107 475 x 107¢ 0.246
11000 7700 20500 1695 x 107 173 x 1073 0.565
11000 9220 20500 203  x 107 264 x 1073 0.835
11000 10570 20500 2325 x 107 7.18 x 1073 1.140
11000 12250 20500 269 x 107 1.08 x 107* 1.690
11000 13820 20500 304  x 107 136 x 10™* 2.480
11000 14905 20500 328 x 107 221 x 10~* 3.40
11000 15700 20500 345 x 10’ 788 x 1074 443
15000 2250 21550 6.75 x 107 445 x 1078 0.0074
15000 2600 21550 78 x 107 345 x 1077 0,061
15000 3100 21550 93 x 107 188 x107°¢ 0.143
15000 4100 21550 123 x 10’ 507 x 107¢ 0330
15000 7100 21500 213 x 107 24 x 1073 1.075
15000 11000 21500 33.0 x 107 19 x 10™¢ 6.80
15000 12000 21500 360 x 107 74 x107¢ 13.65
16500 2000 21850 66 x 107 89 x 1078 0.0021
16500 2400 21850 792 x 107 24 x 1077 0.03%
16500 2700 21850 89 x 107 1.58 x 1078 0.188
16500 3000 21600 99 x 107 316 x 10°¢ 03
16500 3500 21600 11.55 x 10’ 61 x107¢ 0.447
16500 6000 21600 198 x 107 288 x 10°° 1.64
16500 7200 21600 23.75 x 10’ 1.0 x 107% 290
16500 9500 21600 314 x 107 147 » 1073 18.2

1000 1bf/in? x in! = 1.0998 MN/m3?, 1 in = 254 mm.

in cm "
AK =17280 ibf/in xin"2
20——5
-
— s
= 15— 4 R H.B’
2 R
g 87
_)c: —3 \‘)b'qg/n/ .
g 10— ¢ -
S L, HV
A n”
05 L =
B w685 Mo
Km¢ E!/
o L& ! | I !
0 5 10 15 20x10°

Number of cycles

Fig. S. Crack growth at constant AK
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other SIgmﬁcant factors that may affect the value of
AK,, are specimen thickness, frequency and the method
of pre-cracking. In view of the discrepancies mentioned,
additional work is being conducted to further clarify
these points.

Specific threshold data, AK,,. evaluated from Fig. 3
are plotted as a function of K, in Fig. 6. together with
results from Frost (6) for alloy L65 and Feeney et al. (18)
for 2024-T3. The present results show that the magnitude
of the threshold level. AK,, decreases linearly with
increasing values of K, for K, values greater than
2500 1bfjin® x in* (R > 0). For steels (14)(19), AK,, was
also found to decrease with increasing K., but no linear
relationship was found.

bifdxin2  MN/m72
x103 6

LK,y

(2AK K,, — 2AK,K,) -0 when da/dN - 0
and
(Kyc — Kmad = 0 when da/dN — » (8)

Inserting these two conditions into equation (3), a
generalized equation is obtained, viz:

da .,
aN=,¢1¢,__....,...(9)

where A is a constant and

O 2K (AK AK‘h)
1 =K max
The generalized equation is presented in Fig. 8 and shows

-(10)

BSL 65 (6)
2024~T3, F=2Hz R=05, (18)

2 ,x “H\ Threshold
/ X o boundary
X -\"H. ;
X o
1 f T
t MN/in 72 =
i ' 2 25
0 lll_ i T | s ]______I__ ““““_"'\-..\__. d
0 5 10 15 20 x103
K Dbfintxin®2

Fig. 6. AK, versus K, at 0.15 Hz, in air at 21°C

As shown in Fig. 6, Feeney’s data, which were obtained
using a stress ratio of 0.5, a testing {requency of 2 Hz
and with the crack growing along the rolling direction,
agree well with the present results.  However, no such
agreement exists in relation to Frost’s data for a testing
frequency of 25-30 Hz. At low frequencies, no threshold
data for Al-alloys are available in the literature, but the
above results again seem to indicate a frequency depen-
dence of the threshold for crack propagation in these
alloys.

In a study of cyclic crack growth in various materials,
at constant K, and at constant AK (5), the authors
found it possible to express the results in the form given
in equation (3). As the results of the present tests on
RR 58 were obtained under comparable testing conditions
{temperature, strain rates. etc.), the use of equation (3)
may again be appropriate. The respective values of the
factor 2AK K, (= K2 — K,is2) in the cquation are
included in Table 2 and a logarithmic plot of the results,
including those from tests in which R =0 (Fig. 7),
indicates a family of fatiguc crack growth curves con-
verging into a single line at higher values of 2AK K.

The threshold value, 2AK,;, K, will influence crack
growth in Region 1. which is highly dependent on K,
whereas K¢ is the critical parameter at the instability
pomt. These two values provide the limiting conditions

Journal Mechanical Engineering Science ©1MechE 1975

a single linear relationship with % = 1.36 and 4 = 3.16
x 107 % in/cycle (8.03 x 10~ 7 m/cycle), which confirms
that for RR 53 this parameter correlates the crack growth
process well.

4 CONCLUSIONS
A study of the propagation of fatiguc cracks in contoured
double-cantilever beam specimens of Al-alloy RR58
under cyclic tension conditions at 0.15Hz and 21 °C
has been presented.

Fatigue crack growth rate is dependent upon the range
of the stress-intensity factor, AK, and its mean value,
K.

Fatxguc crack growth rate in RR58 can be described
as da/dN = A¢® where

K (AK — AK,)
¢ = 2
Kl(‘ Kmax

K¢ is the static fracture toughness and 4 and « are
constants.

The threshold stress-intensity factor, AK,,. decreases
linearly with increasing K, (Fig. 6).

The absolutc value of AK,, appears to depend on
cyclic frequency. A more detailed study of the frequency
effect is necessary for a full understanding,

Vol 17 No 4 1975
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Fig. 7. Crack growth rate versus 2AKK_ at 0.15 Hz, in
air at 21°C
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ABSTRACT : The effects of the mean stress intensity factor Km and
the range of the stress intensity A K on fatizue crack propagation
during wholly tensile loading cycles in the aluminum (Al) altoy
RRS58 in laboratory air and in a 3.5% NaCl solution have been
studied using contourcd doublc-cantilever beam specimens, In
general the fatizue crack growth rate in NaCl solution wag greater
"than in air under similar conditions except for tests in which high
values of the maximum stress intensity factor were used when no
significant difference was ohserved.

Based on the cxperimental data a relation between the cyelic
crack growth rate da/dN and the tensile loading levels has been
proposed. The threshold value of A K, a Ky, is approximately 12%
higher in air than in the 2.5% NaCl solution, and its value decreases
linearly with increasing values of Kn.

KEY WORDS: fracture properties, aluminum salloys, corrosion
fatigue, stresses, crack propagation

Failure of structural parts is frequently caused by the initia-
tion of eracks and their subsequent subcritical propagation to a
critical size. Aggressive environments and cyclic stresses may
adversely influence the speed of a propagating crack. The fatigue
process is normally divided into three stages: crack initiation,
crack propagation to a critical size, and unstable fast fracture.

If eyeling takes place at higher stresses most of the life of the
component is spent on crack propagation. Therefore, data to

' determine crack growth rates in structural materials are urgently

needed. ‘

The design approach used in the aircraft industry and for
other advanced engineering structures requires a precise knowl-
edge of crack propagation rates in structural matertals. Alumi-
num alloys are in increasing use in those structures, and one of
the recently developed copper-aluminum (Cu-Al) alloys, RR 58,
being used in aeronautieal designs (such as Concorde), was
considered relevant for the present study.

In the last ten years a large number of fatigue crack growth
“laws” has been proposed, an extensive review of which may be
found in Ref f. WI le some of the early laws suggest that the
crack growth rate da/dN may be a function of the applied stress
or of the crack length, most are based on linear elastic fracture
mechanics (LEFM) concepts Such equations are of the follow-
ing type:

da/dN = C:f(K) 1

t Graduate student, reacarch fellow, and senior lecturer, respectively,

Imperial College of Science and Technology, Department of Mechanieal
Engineering, Exhibition Road, London, England.

where C; is a constant depending on the material, environment,
frequency, ete., and K is the stress intensity factor that de-
scribes the intensity of the local stresses at the crack tip. For a
limited crack propagation range (frequently described as
Region II) and in the absence of environmental effects the well-
known Paris [2] equation had some success in fitting crack

growth data. W
s

da/dN = Cy(aK)™ - (2)
where AX is the range of the stress intensity factor = Kmax —
Kunin, and C; and n are constants depending on the material,
environment, and other cyclic conditions. The implication of
the above relation is that the mean level of the stress intensity
K., should be treated as of secondary importance compared to
AK. This line of approach has been further developed, and the
influence of K,, the importance of which has now bcen .ully
realized, and the stress ratio B = Kunin/Kuax investigated in
detail. Thus a relation proposcd by Forman et al [3] ts an ex-
ample of a modified Paris law in the following form:

da AKm™

w oSk S

Equation 3 has found applications in some Al alloys with
reasonable success (4]. However, as pointed out later [3], it
should be noted that it does not take into account the threshold
value for crack propagation aK.n. A simple but effective way to
incorporate the influence of the threshold stress intensity in the
Paris Eq 2 was suggested by Liu [6]:

da/dN = C,(aK — aAKw)" 4
and later by Donahue et al [7] in a more elaborate form:

Lil = _4_("’_ (AK? — aKuwY) (5)

dN xay B )

where Cs is a material constant, ay, is the yield stress, and E is
Young’s modulus. More recently other relations were developed
not only to describe precisely the stress ratio effect but also to
predict the fatizue erack growth rates for the entire range of
loading spectrum, from AKy, to K.. An interesting example may
be provided by the relation of Chu [S]:

da _ CyaKm — sKa™)
(1 —R) K. — oK

W (6)

Unfortunately, sufficient experimental evidence of the generat

validity of any of the above equations is not yet available.
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Thus, further work on particular aspects, such as on the effect

of the shape of loading cycles, environment, and other factors,

" for a range of materials is needed. Although it is known that, for

- differ from material to material

example, AKw deereases with K,, (that is, with the stress ratio B)
for several structural steels [9] and Al alloys [10], their exact
relation has not been successfully assessed. Similarly, frequency
and specimen thickness are two variables that will undoubtedly
influence aAK.;,, but their effects are again not adequately clear.
These and a variety of other factors connected with testing
methods, crack growth relationships, etc., are at present the
subjects of detailed studies by specific task groups organized
by the Subcommittee 4 on Suberitical Crack Growth of ASTM
Committee E-24 on Fracture Testing of Metals. They are
mentioned here as a particularly tmportant source of up-to-date
information.

Recent results of a comprehensive fatigue program in this
department on a range of polymers in low speed tensile cycling

(11] led to the dcvelopment of a simplified crack propagation -

model of the form )
da/dN = ga» M

where X = Kinax? — Kmin? = 24KK,, and 8 and » are constants
depending on the test conditions. Subscquent analysis of the
fatigue data obtained in tests on other viscoelastic materials
(6,12} confirmed the suitability of the proposed model in a wide
subcritieal region where other laws showed serious deviations
from experimental results. Also, application of Eq 7 to metals
met considerable success for Al alloys 2024-T3 and 7075-T6,
using data obtained trom Ket 4 at ditferent stress ratios over a
range of crack growth rates between 10-¢ and 1073 in./cycle
(10-% and 10-%* mm/eycle). Good agreement was also obtained
with medium carbon steel (/3] and cold rolled mild steel [£4]; a
detailed analysis of these results may be found in Ref 12.

It is well known that corrosive environments such as sedium’

chloride (NaCl) solutions accelerate fatigue crack growth rates
in Al alloys [/5-19]. The environment exerts its greatest effects
at low frequencies and low AK levels, where time dependent
corrosion phenomena have more time to develop. The rate of
fatigue crack growth is also affected by R in corrosive environ-
ments, but so far no single expression has been found to fit the
experimental data in a satisfactory way.

One recent approach to the corrosion fatigue problem is the
superposition model [20,21]. The fatigue crack growth rate in
an aggressive environment is computed by the sum of the cyelic
fatigue crack growth rate in an inert environment plus a term
obtained from a static stress corrosion erack growth rate test in
the same aggressive environment. The validity of these super-
position models in Al alloys is under discussion [21] particularly
because they imply the same rupture mechanism for different
deformation processe. .

Under variable amplitude loading a high tensile load followed
by lower tensile load might cause a delay in erack propagation
before the crack growth rate assumes a steady state value for the
low load. On the other hand, a transient acceleration might
occur when a low-high sequence is applied {22]. These interaction
effects scem to be deperdent on environment and frequency,
(23], and have been explained in
terins of residual stresses, erack tip closure, or crack tip ge-
ometry [22]. The above phenomena sre not discussed now
although they were previously noted in stress corrosmn studies

(24l

JOURNAL OF TESTING AND EVALUATION

The purpose of this paper is to report a study of the effect of
the mean value K,, and the range aAK of the stress intensity
factor on the crack propagation rate in Al alloy RR 53 under
repeated tension fatigue conditions at 21°C in laboratory air at
50% relative humidity and in a 3.59, NaCl solution at low
cyclic speeds of 0.15 Hz. Also, the change in the value of the
threshold stress intensity AK. is discussed in terms of K,, for
both environments.

Experimental

The composition and principal mechanical properties of the
Al alloy RR 58 are presented in Tables 1 and 2. The material
was supplied in plates 36 X 36 X 3 in. (914 X 914 X 76 mm)
from which crack-line-loaded double-cantilever beam (DCB)
specimens 3§ in. (9.525 mm) thick (Fig. 1) were prepared.
With this geometry the stress intensity factor is kept constant
over a wide range of crack lengths. Additionally, lateral side
grooves [0.03 in. {0.76 mm) deep] were introduced to enhance
plane strain conditions.

Specimens were heat-treatéd by aging at 190°C for 30 h and -
after aging the surface of the specimen was wire brushed and the
side grooves polished. Hardness values taken at 1-in. (25.4-mm)
intervals on both sides along the side grooves varied between
145-150 VHN (20 kg). The crack was opened with a saw cut
extended to a 45-deg chevron notch and sharpened with a razor
blade. The maximum height of the specimen correspended to
the full plate thickness, and the crack grew along the roliing

TABLE 1—Chemical composition of Al alloy RR 38.

Weight,

Element %

Copper (Cu) 2.64
Magnesium (Mg) 1.65
Manganese (Mn) 0.03
Silicon (Si) 0.23
Iron (Fe) 1.15
Titanium (Ti) 0.06
Zine (Zn) 0.06
Nickel (Ni) . 1.13

TABLE 2—Principal mechanical properties of Al alloy RR 58 at 21°C
and 107 strain rate.

Young's Modulus (E), psi (kPa) 10.81 X 10¢  (75.0 X 10%)
Poisszon's Ratio (») 0.33
Ultimate Tensile Strength (o),

ksi (MPa) 65 (450)
0.1% Yield Strength (eys), ksi (MPa) 53 (367)
Minimum Elongation (e), % 6
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- FIG. 1~-Crack-line-loaded double-cantilever beam contoured specimen,
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direction while the specimen was loaded in the short transverse
direction (S-L orientation). In this orientation fracture tough-
ness is lowest and the effects of stress corrosion and corrosion
fatigue are considerable.

Stress intensity factors may be calculated from the well-
known relation

N . \/
s
2B(1 = »?) da

P = applied load,

B = the net fracture width,

C = the compliance, and
= Poisson’s ratio.

(8)

where

For a suitably shaped DCB test piece K, will remain constant
(within 49, for the geometry used here) along the crack length

" of approximately 5 in. (127 mm). The design of the “contoured”

DCB specimen (Fig. 1) was described in detail in Ref 25.

To establish static values of K. at room temperature all the
specimens were precracked and then pulled in an Instron
tensile testing machine, Type TT-C, 10 000-lbf capacity at a
crosshead speed of 0.002 in. (0.05 mum)/min. The crack propa-
gated smoothly and without deviations from the cracking plane,
the crack length being monitered with a travelling microscope.
A linear variation of compliance with crack length was obtained
and the total load variation was within +29%, which was found
satisfactory in the subsequent fatigue tests. Critical values of
the plane strain static fracture toughness Kq varied between
20 400 and 21 800 psi X in.¥%, thus agreeing with previously
established values [25].

Asreported in Ref 25, it is to be expected that these Kq values
would decrease substantially with increasing thickness of speci-
men. To comparc the present results on RR 58 with other
Al alloys, fracture toughness tests on compact tension specimens
3% 1n. (9.525 am) and 1 in. (25.4 mm) thick complying with the
ASTM Test for Plane-Strain Fracture Toughness of Metallic
Materials (£ 399-74) are in progress.

The fatigue tests were carried out on specimens having their
crack planes in the horizontal position in a Denison T42C2
hydraulic universal testing machine specially fitted with a cycling
mechanism. Basically, this consisted of two limit microswitches
to regulate the load range. Tests were carried out in laboratory
air, 509, relative humidity at 21°C and also in a 3.5% NaCl
solution that was drip fed onto the crack surfaces through a
hypodermic needle attached to an aspirator bottle provided
with a flow regulator, maintaining a flow of about 6 drops per
minute (0.5 litre per day).

Cyclic tests were carried out under constant X, and AK con-
ditions. The cycliag frequency used was 0.15 Hz with a tensile
sinusoidal load wave. The crack length was monitored with a X50
magnification travelling microscope at an accuracy better than
0.0001 in. {0.00254 mm). When observation of the crack tip
beeame difficult due to corrosive attack the side grooves were

-eleaned and pohshcd

The plastic zone size at the erack tip r, was calculﬁtcd (assum-
ing & nearly plane strain situzxtion) {26] from

1 X

rLo= —

»
6r opd

(9)
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where oy, is the yield stress under the appropriate testing condi-
tions. The maximum value of r, did not exceed 10-? in. (0.254
mm), which was considered small compared to the specimen
net thickness-of 0.375 in. (9.525 mm).

Results and Discussion

The dependence of crack growth on AK was investigated in a
previous work [79] using wholly tensile cyclic tests at R = 0.

Data obtained in laboratory air for values of AKX at R = 0 are
plotted in Fig. 2: they can be represented by a sigmoidal curve
with an apparent threshold value of 5000 psi X in% (5.5
MN/m¥?) obtained by extrapolation of the lower rate data.
Testing in the region 107% € da/dV < 107 in./cycle (10710 £
da/dV < 107! m/ceycle) at low frequencies is very time con-
suming, however. Although comparable threshold data for a
range of frequeneies and R ratios for RR 58 are not available,
the present results are considered to be high even when com-
pared with the value of 3650 psi X in.'? (4.0 MN/m¥2) reported
by Schmidt and Puris [9] for 2024-T3 Al alloy (the same series
as RR 58) at a very high frequency of 300 Hz. The threshold
determination might be sensitive to the test method used, as
discussed by Bucci [27]. However, careful precautions, such as -
adequate precracking or avoidance of overloading and of
residual stresses, have been carricd out in the present tests. All
threshold data were obtained on cracks approximately 0.04 in.
(1.016 mm) long and the tests repeated. Moreover, work now in
progress on the same material (unpublished data) at a sub- -
stantially higher loading frcqueney of 50 Hz indicates only a
shght decrease of AKXy, with increasing testing frequency at
crack growth rates in the range of 10-% to 10~ in./cycle (10-1 to
10-1' m/cycle). It thus seems possible that the high threshold
value reported here might be genuine for this alloy in 3§ in.
(9.525 mm) thickness.

As menticned earlier, the basic Eq 2 described the results for
R = 0 reasonably well, although it does not account for the
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effect of the mean stress intensity K., which increases pro-
portionately with incrcasing aAK. However, the influence of both
factors is incorporated in the modified relation in Eq 7. To
separate the effects of the range of the stress intensity factor aK
from those of K., two series of tests were conducted, first at
constant values of K and then at constant AK values. Typical
results from K,, = constant tests are shown in Fig. 3 for tests
performed in laboratory air and in the 3.5% NaCl solution at
21°C. The figure indicates a linear dependence of crack growth
with number of cycles, the crack growth rate accelerating in the
3.5% NaCl solution when compared to tests in air at the same
K., and AK values. Similar results were obtained from a further
group of tests with K constant and equal to 5000, 7500, 11 000,
15 000, and 16 500 psi X in.¥? (5.5, 8.25, 12.1, 16.5, and 18.1
MN/m*?), respectively (see Tables 3 and 4).

Figure 4 shows a comparison between tests performed at
constant AK values of 5000 psi X in.¥? (5.5 MN/m®*?) while K,
was varied. Again a linear relation between crack growth rate
and number of load cycles was obtained, but the rate of increase
of crack growth rate was not proportional to K,,. These results
indicate that Eq 2 does not entirely explain the erack propaga-
tion phenomena in this material, and both K, and aK have a
distinct influence on the crack growth rates.

The variations of the crack growth rate da/dN with AK

{Figs. 2 and 5) show that both in laboratory air and in 3.5%

NaCl solution da/dV increases with K., for a given value of aK.
The slopes of the crack growth curves in Figs. 2 and 5 decrease
with increasing values of K,. Consequently, in the tests per-

- formed at constant values of AK and varying mean stress in-

tensity A, the crack growth rate wouid aiso be expected to vary
within wide limits. This is the case in the tests at AK = 5000
pst X in.¥? (5.5 MN/m¥?). Inereasing K, from 2500 to 16 500
psi X in? (2.75 to 18.1 MN/m¥*) has increased the crack
growth rate by more than three orders of magnitude. However,
this range of erack growth rates does not remain constant but
decreases with i increasing AK. Two K., = constant curves were
taken from Figs. 2 and 5 and a comparison between them is made
in Fig. 6, together with the R = 0 curves, tc assess the effect of
the 3.59, NaCl solution on the crack growth rate. In comparison
to laboratory air the 3.5% NaCl solution lowers the threshold
value for crack propagation aKy, and causes an increase in the
fatigue crack growth rates. However, at higher K. values, for
example 19000 psi X in.¥? (209 MN/m¥?), no significant
difference between the crack growth rates was observed. Acceler-

B (cm)
1 ashe /- Ao
= ‘m . T
e B ) _ s
L3 .
< . ax 12104 1.4 110% psi a2
T AR O L] —20
’g?”" - MaCl 'O a
g o«

CRACK

-0

1
20017

Ne® OF CyCLES

FIG. 3—RRS58 crack growth for Kn = 7500 pu X in.}t in air and in
’% NaCl solution at 21°C, 0.15 Hz. .

JOURNAL OF TESTING AND EVALUATION

TABLE 3——Te§t data in air.

Kn, ak, Ka,
psi X psi X psi X \, da/dN
in.11 in,ut  inan psiz X in. in./cycla é
5 000 4 300 21 550 4.3 X 107 2.5 X 10~ 0.00364
5000 4 500 21 550 4.5 X107 7.2 X 10~*  0.0085
5000 5 000 21 550 5.0 X 107 3.1 X 10-7  0.0208
5000 6000 21 550 6.0 X107 8.95 X 107 0.0462
5000 7000 21550 7.0 X107 1.98 Xx 10-* 0.0728
7 500 3 750 21 550 5.625 X 107 4.85 X 10+ 0.010
7 500 4000 20400 6.0 X 107 1.58 X 10-7 0.0184
.7 500 5000 21 550 7.5 X107 7.7 x 10— 0.0612
7 500 8000 20400 12.0 X 107 7.1 X 10-¢  0.232
7 500 10 000 20 400" 15.0 X 107 1.715 X 10-%  0.368
7 500 12 000 20 400 18.0 X 107 2.2¢ X 10-5  0.540
7 500 14 000 20 400 21.0 x 107 3.68 Xx 10-s 0.736
11 000 2 600 21 550 5.72 X 107 6.9 X 10-*  0.00705
“11 000 3 000 21 550 6.6 X 107 3.55 X 10-*  0.0357
11 000 3 800 21 550 8.36 X 107 8.6 X 10-7  0.089
11 000 5 000 21 530 11.0 X 107 6.3 X 10-* 0,190
11 000 5 600 21 500 12.32 X 107 4.75 X 10~¢ 0.246
11 000 7 00 20 500 16.95° X 10 1.73 X 10-% 0.565
11 000 9 220 20 500 20.3 X 107 2.64 X 10-s 0.835
11 000 10 570 20:500 22.24 X 107 7.18 X 10-s 1.140
11 000 12 250 20 500 26.9 X 107 1.08 X 10-s 1.690
11 000 13 820 20 500 30.4 X 107 1.36 X 10-¢+ 2,480
11 0C0 14 905 20 500 32.8 X 107 2,21 X 10-¢« 3.40
11 000 15 700 20 500 34.5 X 107 7.88 X 10—+ 4.43
+15 000 2 250 21 550 6.75 X 107 4.45 X 10— 0.0074
.15 000 2600 21 550 7.8 X 107 3.45 X 10-7  0.061
15600 3100 21 550 9.3 Xx 107 i.88 x10-¢ 0.143
15 000 4 1C0 21 550 12.3 X 107 3.07 X 10-¢ 0.330
15 000 7 100 21 500 21.3 X 107 2.4 X 10-3 1.075
15 000 11 0G0 21 500 33.0 X 107 1.9 X 10-¢+  6.80
15 000 12 000 21 500 36.0 X 107 7.4 X 10-¢+ 13.65
~16 5300 2000 21 850 6.6 X 107 8.9 X 10-+  0.0021
16 500 2 400 21 850 7.92 X 107 2.4 X 10-7  0.038
16 500 2 700 21 S50 8.9 X 10r 1.58 X 10-* 0.188
16 600 3 000 21 G6OO 9.9 X 107 3.16 X 10-¢ 0.3
16 500 3 300 21 600 11.55 X 107 6.1 X 10-%  0.447
+ 16 500 6 000 21 600 19.8 X 10? 2.88 X 10— 1.64
.16 500 7 200 21 600 23.75 X 107 1.0 X 10-«  2.00
16 300 9 500 21 600 31.4 X 102 1.47 X 10-3 18.2

1000 psi X in.¥t = 1.0998 MN/m¥t
1in. = 25.4 mm

ation of crack growth rates in a 3.59, NaCl solution is usual for
Alalloys, but corroston fatigue is a time-dependent phenomenon.
Environmental sensitivity is reduced at high values of Ky,
where the time available for water-metal reaction is shorter and
the crack growth process consists mainly of mechanical defor-
mation. _ ]

The effect of the mean stress intensity factor K, is similar for
both environments when compared with the B = 0 curves
(Fig. 6).

The lowering of AR, values in a 3.5%, NaCl solution has been
reported by Feeney et al {7] in 2024-T3 Al alloy, but Speidel
et al [14] found no such variation for alloy 7079 T-651. Both
sets of data were obtained with the same crack orientation as in
the present tests, and the testing frequencies were 2 and 4 Hg,
respectively.

The values of AK, shown in Fig. 6 are plotted apainst K, in
Fig. 7 and ARy is seen to decrease linearly with K., for both
environments. Note that the data from Feeney et al {17] super-
imposed on the fizure apgree well with the present results. An
alternative plot of AK,/# against R is shown in Fig. 8, and the
data confirm the validity of the Grandt and Gallagher expression
(28] in the range 0 < B < 0.9, namely:

aKw = (8Ku)r-s (1 — B (10)
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TABLE 4—Test dala in 8.6% NaCl. -

K., AK,
psi X psi X b Ka, da/dN, .
inre in/e psit X in. psi X in, 0t in./cycle ¢
"f5 000 3800 3.8 x 100 21 600 9.5 X 101 0.00378
V5000 4500 4.5 x100 21 600 1.88 X 10— 0.0337
J 5000 5000 5.0 x107 20700 9.3 X 10  0.0238
= 5000 7000 7.0 X 107 20 700 5.3 X 10~ 0.0955
v5000 90000 9.0 x 107 21 600 9.0 X 10~ 0.144
V750 3200 4.8 X 107 21 600 1.78 X 10~ 0.00651
v7 500 380 5.7 x107 20700 1.22 X 10-¢-  0.0308
~7500 5000 7.5 X107 21600 4.45 X 10-¢ 0.0778
-~ 7 500 10 000 15.0 x 107 21 600 3.1 X 10 0.334
L 7.500 14 000 21,0 X 107 21 600 9.5 X 10-s 1.045
Y11 000 2 350 5.175 X 10t 20 700 6.9 X-10-1 0.0028
v11 000 2 500 5.5 X107 20 700 5.4 X 10~ 0.0164
11 000 4000 8.80 X 107 21 800 7.2 X 10-s 0.132
¥ 11 000 5 000 11,0 X 107 21 600 1.0 X 10-s 0.334
Y11 000 7000 15.4 x lor 20 700 3.15 X 10— 0.470
~11 000 10 000 21.0 107 20 700 8.4 X 10— 0.92
~11 000 14 000 30.8 X 107 21 60O 1.78 X 10— 1.81
J11 000 18 000 39.6 X 107 20 700 1.58 X 10— 11.9
11 000 19 200 42,25 X 107 20 700 8.9 X 10~ 74.5
— 13000 1700 5.1 X 107 20 700 5.156 X 108 0.0021
~—15000 1800 5.4 X 101 21 800 2.6 X 10-7 0.0134
—15 000 2 000 6.0 X 101 20 700 1.78 X 10— 0.044
~— 15000 2500 7.5 X107 20 700 4.48 X 10— 0.152
--15 000 5000 15.0 X107 21 600 3.55 X 10~ 0.63 -
-~ 15 000 7 000 21,0 ¥ 107 21 300 8.1 X 10-s 1.29
— 15 000 10 000 30.0 X 107 21 SO0 2.69 X 10—+ 3.3
-~ 15 000 11 000 33.0 X 107 21 800 3.4 X 10-¢ 5.10
— 15 000 12 000 36.0 X 107 21 800 1.2 X 10— 9.15
~ 15 000 13 000 39.0 X 107 21 800 3.9 X 10-+ 25.3

2
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successfully used in the evaluation of a large number of Al alloys
and steels.

Teats ab very lugh stress raiivs {(above 0.5) Ive nvi been

completed, but results to date provide a good fit to & smooth
curve (Fig. 8) for both environments. A sudden change in the
shape of similar curves observed by Schmidt and Paris [9] on
2024-T3 aluminium and A533 steel, albeit at lower values of B
than those investigated here, was explained by a erack closure
originally discussed by Elber {29], but it is doubtful that such a
change would occur in RR 58. It should be mentioned here that
the analysis of the fatigue tests on RR 58 performed by Pearson
{301 in the crack growth range of 10-¢ to 10~ in./cycle (10-2 to
10-¢ m/cycle) led to unexpected discrepancies; thus the possi-
bility of behavior different from that commonly observed in class
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FIG. 5—RR58 crack growth rate versus aK in 3.5% NaCl, 0.16 Hz.
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FIG. 6—RR58 crack grouth rate versus aK in air and in 3.5% NaCl
at 21°C.

2000 Al alloys should not be ruled out. The discrepancies men-
tioned above and the excellent data fit provided by Eq 7 for Al
alloys support its application in further fatigue crack propaga-
tion studies.

A plot of crack growth rate against the parameter X is pre--
sented in Fig. 9. As already observed in the study of Al alloys
2024-713 and 7073-T6 {72], the agreement with X is good between
10-% and 107% in./cycle (10-8to 10—* m/cycle). Accelerated crack
growth rates were noted in the 3.5%, NaCl solution environment,
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but for higher values of A (Region III) the differences between
the air and NaCl environment became small.

The situation may be described as follows: For lower crack
growth rates (<10-% in./cycle) (<10~% m/eycle), A is strongly
dependent on K, and its threshold value influences crack growth
in this region (Region I). A sharp increasc in growth rate occurs
for higher values of Kn.x approaching the critical value Kgq
(Region III). These two values provide the limiting conditions

Lim da/dN = 0

A= Ah
and

Lim da/dN = w

. Kmar—Kg
A generalized equation
o da _
dy
where

Ape

P

A — An

¢ =

KQz - Kmnz

(11a)

.(llb')

(12)

(13)

and A and « arc constants is presented in Fig. 10. A linear rela-
tion of a slope a = 146 and A = 1.0 X 10-*in./cyele (2.5 X
= Lidand 4 = 6.11 X
10~%in./eyele (1.55 X 10-3m/eyele) for the 3.5% NuCl solution

10-¢ m/cyele) for Iaboratory air a

ul o
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is produced. It may be concluded that for RR 58 and in the two
investigated environments the parameter ¢ describes the crack
growth process well. However, thickness and frequency effects
require further investigation. Equation 12 offers the designer a
simple expression covering the full suberitical range, normalizing
the stress ratio effect and threshold behavior as well as the
approach to fast fracture not fully accounted for by other ex-
pressions mentioned carlier. The good agreement found for Al
alloys, mild steels, and polymers sugpests that futher investiga-
tions of other materinls might be rewarding.
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Conclusions

1. A study of the propagation of fatigue cracks in contoured
double cantilever beam specimens of Al alloy RR 58 under eyclic
tension at 0.15 Hz and 21°C in l.\boratory air and in a 3.5% NaCl
solution was presented.

2. Fatigue crack growth rate was found to be greater in the
3.5%, NaCl solution in comparison with an air environment, but
for higher values of the maximum value of the stress intensity
factor Kmax no measurable difference between the erack growth
rates in the two environments was observed.

3. Fatigue crack growth rate was found to be dependent on the
range of the stress intensity factor AK and its mean value K, for
both environments.

4, Fatigue crack growth rate can be described as da/dN =
A‘#a “'here ¢ = (x - Rth)/(I{02 - Kmsxz)n A= -I(mnx2 - Kminzg
M i3 the threshold value of A, Kg is the critical fracture tough-
ness, and 4 and « are constants.

5. The threshold stress intensity factor Ky, is only 12% lower
in the 3.5%, NaCl solution than in air and decreascs lmearly with
increasing K,,. The threshold data fitted well the Grandt and
Gallagher (28] expression AKy, = (AKw)reo (1 — R?), but the
threshold behavior could not be =atlsfactonly explained in

terms of crack closure,
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Growth of fatigue cracks in steels

C. M. Branco, J. C. Radon, and L. E. Culver

An cxtensive study of fatigue-crack growth in BSIS
mild steel has been made, in laboratory air at 21°C
and al two cycling frequencies, namely 0-25 and
35 Hz. A wide range of cyclic growth rates, starting
from the region associated with fatiguc thresholds
(10~ mm/cycle) up to the rcgion of rapid fracture,
was investigated using contoured DCB specimens
which provided constant stress-intensity factors over
the crack lengths of ~ 150 mm. It was found that for
BS15 a relationship between cyclic growth rate de/dN
and the tensile loading levels of the form
da/dN = A¢® was applicable. 4 and a are constants
and ¢ a parameter dependent upon the loading
conditions and material properties. The proposed
cquation is shown to be dependent upon the range of
crack-opening displacement, the plastic zone size, and
the J-contour integral. The relation has also been
successfully applied in analysing published crack
growth raic data obtained from four different steels as
well as some Al alloys. Threshold values of stress
intensity, varying with its mean, have been established,
but they do not correlate with crack closure. Instead
an explanation based upon the inclusion of the
threshold term in the above equation is proposed.

Paper No. MS 507. Manuscript received 31 July 1975; in final
form 9 December 1975. C. M. Branco, MSc, J. C. Radon, PhD,
and L.E. Culver, PhD, arc in the Department of Mechanical
Engincering at Imperial College of Science and Technology,
London.

The fatigue-failure process of engincering materials is not
completely understood and a gencral criterion for the
analysis of fatigue failures docs not yet exist. However, with
the development of linear elastic fracture mechanics (LEFM)
a considerable number of problems associated with the
assessment of service life of components, particularly in the
crack-propagation stage, has been solved.

The original concept of applying a stress-intensity factor
for characterization of the fatigue-crack behaviour of
engincering materials was first used by Paris.! This
relationship rclated the cyclic erack growth rate, da/dN, to
the range, AK, of the stress-intensity factor, K:

da _ Sam

AN G (AR ...
where C, and m arc constants dependent upon the material
and testing conditions. C, and m need to be determined ex-
perimentally.

Later it was proposed by Liu? that a certain threshold
level of AK, AKy,,must be exceeded for crack growth to
occur and the Paris equation was modified to

dg%' =G (AK —AKR)™ « o v e (2)

wherc C, and m, arc constants. More recently® another:

cquation based on crack opening displacement con-
siderations and including the threshold term AKy, was
suggested:

de _ G .2 . 2

AN~ Moyl (41\ ~ Ak’
where 0Oy, is the yield stress, £ is Young’s modulus and C, is
a constant.

It is now accepted that, in general and for metals in
particular, the curve showing crack-growth rate as a
function of AK presents three distinct regions. Region I is the
threshold zone, Region II is the intermediate linear crack
propagation region, and in Region 11l a sharp increase in
crack-growth rate occurs when the maximum value of the
stress-intensity  factor in the loading cyele, Ky,
approaches the critical value, K. An equation developed
recently for the Al alloy 5456-H117 and valid in the three
regions of crack propagation® is:

da _ . (DK - ARy™)

dV T (1 = R)Ke — AK™:
where C,, n,, 1y, and m, are constants and R is the stress
ratio (=K in/Kyax)- [t bas been shown®~7 that the
threshold, AK,,, decreases with increasing values of the
stress ratio, R, in a wide variety of Al alloys and stcels. Also,
the trend of the AKy, vs. R curve was explained in terms of
crack closure by Schinidt and Paris.® The crack-closure
concept as originally explained by Elber® implies that a
certain value of the stress-intensity factor, K, is necessary
to open the crack and furthermore that crack growth would
occur only when a certain stress-intensity range, AK,.
above K, is exceeded. AK,, was assumed to be constant
for any value of stress ratio, hence, in the AKXy, vs. R curve
a ‘plateau’ exists starting from the point Ry where
Kinin = Kcl-s ‘

A wide variety of threshold data was analysed by Grandt
and Gallagher® and a different expression to fit the
experimental data suggested:

AR = (AKgr=0 (1 =R% . . ... ... .. (5)

This cquation and also the present anthors’ results do not
support the crack-closure approach for the materials in-
vestigated. ’

In the particular cases of mild steel and other low-alloy
steels, data obtained by Frost ef al.,'® Pook,'! Paris ef al.,!
and Priddle’ suggested a considerable mean stress effect,
but expressions capable of describing the full subcritical
range on these materials are scarce. In particular, Cooke and
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List of symbols

a crack length

A constant in egns. (7) and
17

B net fracture width

C compliance

C,CyCy Gy constants in eqns. (1)-(4)

F Young’s modulus

K, stress-intensity factor in

Kmax, Km and Ky

AK = (K max

Kmth: Km:lxth- AKth

- Kmin)

Mode 1 loading

Maximum, mean and
minimum values of X in the
loading cycle

range of the stress-intensity
factor in the loading cycle
mean, maximum, and range
of the threshold value of K

Kc . critical valuc of K

a1, My, Ny exponents in eqns. (1), (2),
~and (4)

n, 0y, Ny exponents in egns. (4) and
6

N number of load cycles

P applied load

R stress ratio (=K 3in /K max}

Ry, threshold value of R

a exponent in eqns. (7) and
amn

B constant in eqn. {6)

8 N crack-opening displacement

6max ) 6min

Ab = (Smax — Smin)

(amnx)lh ’ (5|11i11)111 s

maximum and minimum
values of § in the loading
cycle

range of crack-opening
displacement in the loading
cycle

maximum, minimum, and

5hn range of the threshold value
of &
A= (Kmax? — Kmin?)  parameter in egns. (6) and
=2AKK, (14) ‘
Nh threshold value of A
v Poisson’s ratio
Oys 0-29% yield stress
oyuTS ultimate tensile strength
o= _22\;1)}{!\_2 parameter in eqns. (7), (8),
Kc® ~ K and (14)
K4 value of K necessary to close
: or open crack
§ AK, valuc of AK necessary for

crack propagation”

Beevers'® gbserved a marked dependence of the threshold on
the stress ratio R. They noted that the threshold value
increased with increasing yield stress and this was shown for
all five medium-carbon stecls investigated. A wide range of
steels was also tested by Nicholson and Priest!*® who
considered he influence of specimen geometrics, thickness as
well as crack-growth directions. and were able to cxpress
fatigue crack growth rates in a general form not dissimilar to
the Paris law. However, a subsequent study!*® of a high-
strength steel has led to the development of another and
more general relationship which takes into account not only
the ultimatc K¢ value, but also the influence of the
threshold. Maddox'® published limited crack growth data on
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BS15 at R=0. Agreement with the Paris equation was
obtained but no tests were performed at other stress ratios
nor at low crack-growth rates (Region I), and Region III was
not studied in detail.

Previous work!”@ on a range of metals and polymers
suggested a crack-propagation model, to include mean stress
effects, of the following form: -

where A =Kmax® —Kmin® = 2AKK,,. ana S and n are
constants. In Region II of crack propagation the above
equation has been applied with considerable success in the
analysis of a range of published data on high-strength Al
alloys and steels.!”@® One of the particular materials being
studied was cold-rolled mild steel'® where agrcement with \
was- obtained in the range of crack-growth rates from
2.5% 107% to 2.5x 10~ mm/cycle. A modification of eqn.
(6) was subsequently made!™™ to correlate crack-growth
rates in al! tliree regions:

da _ o

EN~A¢ ............... e @)
where

o= AThn (8)

. 2 - 2
I\C - I\max

M is the threshold value of N\ and A and a are constants.
Good correlation was obtained in the Al alloy RR58 over
the full subcritical range.

The aim of the work now reported was to investigate
fatigue crack propagation phenomena in BS15 mild steel in
laboratory air, 50% R.H. at 21°C, and at two difierent
cycling frequencies, 0-25 and 35 Hz, covering the full
subcritical range. The applicability of the model described by
eqn. (7 is also checked not only to BSIS but also to other
steel data available in the literature. Finally the relationship
provided by eqn. (7) to other fracture mechanics parameters
is discussed.

EXPERIMENTAL
The composition and mechanical properties of the mild steel
BS15 are: C 0-19-Mn 0-59-Si 0-028--P 0-02I-Ni
0.02—Cr 0-01-Mo 0-02-Nb 0-005%; 0y, =401 MN/m?,
oyuTs = 585 MN/m?, E=207 GN/m?, and r =0-3.
Crack-line-loaded contoured double cantilever beam
(DCB) specimens, 12 mm thick, were manufactured from
plate material and were orientated to cnsure that the
subsequent crack grew along the rolling direction. The
design of these specimens is described in detail in Ref. 17(c),
overall dimensions being 22-5mm length and 75 mim

‘maximum height. Side grooves, 4 mm deep. were used to

enhance plane-strain conditions and the crack was opened
with a saw cut extended to a 45° chevron notch and
sharpened with a razor blade. The side grooves were
polished for case of observation of the crack tip.

Stress-intensity  factors  were  calculated  from  the
relationship

l/l .
. E dC ‘
e L e 9
Re=t <2b’(} - da) ©)

where P is the applied load, B is the net fracture width, C is
the compliance. and a is the crack length. For a suitably
shapcd DCB testpiece the power term in eqn. (9). and
consequently K, will remain constant along the crack length
of ~ 150 mn.

Low-frcquency fatigue tests were carried out in laboratory
air, 50% R.H. at 21°C and 0-25 Hz in a 250 kN Avery
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1 BS15: crack growth for K,=const. and at various AK. Frequencies 0-25 and 35 Haz.

hydraulic universal testing machine fitted with a cycling
mechanism consisting of two limit microswitches to regulate
the load. Cyclic tension tests at a frequency of 35 Hz were
performed in a Dowty eclectrohydraulic fatigue testing
machine,!® also at 21 °C and in laboratory air 50% R.H. The
possibility of differences in the results arising purely from the
use of two different testing machines (due to the stiffnesses of
the testing assemblies) was checked and found to be
negligible; the repeatability of the results obtained in both
machines was within 59%.

At each frequency, tensile fatigue crack propagation tests
were conducted in turn at R =0, various K, conditions, at
constant AK, and at constant K, conditions. Crack
propagation was monitored with a travelling microscope,
50x magnification, with an accuracy better than 0-01 mm.
Crack-growth rates were calculated and threshold data
established under both progressively increasing and
decreasing AK levels in long-term tests of ~ 107 cycles.

On completion of each fatigue test appropriate dC/da
values were obtained, by pulling in an Instron teusile testing
machine type TT-C, 44 kN capacity. A linear relationship
between compliance and crack length was obtained.

RESULTS AND DISCUSSION
The crack-growth curves obtained from the tests at 35 Hz in
which K, was maintained constant at 1000 N/mm?*? and
AK was fixed at specific levels between 500 and
1800 N/mm?¥? are shown in Fig. 1. There is a typical linear
relationship in each case and the growth rate increases with
AK. The tests at AK equal to 1800 and 1000 N/mm?*? were
repeated at a frequency of 0-25 Hz and the results are
superimposed on Fig. 1. Clearly there is no frequency effect
under these conditions.

Crack growth rate data for both frequencies are plotted as
a function of AKX in Fig. 2 and a family of K, =constant
curves drawn, corresponding to K, =500, 1000 and
1500 N/mm?*?, together with the curve corresponding to
R=0, and various A, conditions. Data for
K =750 N/mm¥? at 0-25 Hz were also obtained, but
omitted for clarity in Fig. 2. The present results for R=0
agree well with the Maddox data,’® Fig. 2, obtained in what
is usually described as Region IJ of crack propagation. It is
also seen from the figure that in general the effect of
frequency is negligible and for a given AKX value crack-
growth rate increases with & ;. although as AK increases the
relative differences in crack-growth rates become smaller.
Hence the early Paris law does not explain the large
variations in crack-growth rates in tests at constant but

different AK levels. Evidently both AX and K, are
significant factors in the crack growth rate process in this
material.

Threshold data in the form of AKy;, have been obtained
from each curve in Fig.2 plus the K =750 N/mm¥?
threshold value extrapolated to 10-7 mm/cycle and they are
plotted against the mean value of the stress intensity at
threshold K, in Fig. 3. Other threshold data included in
Fig. 3 were obtained from four different steels!®~'* whose
crack growth rate characteristics will be analysed in more

]
S frequency, Hz

35 025 fr=
O @ R:=0 a
A A Ky=500N/mm 2
- o Km = 1000N/mm 2 )
0 6 4 Km=1500N/mm¥2
A
£
o ':f
A '-"."’j
10°}- [ S
’Ir'tﬁ'rl'_;l_lr“"
o i 7
[ L
% //l-'faff/k
< P
& r i '.’r -—d
= y
5 7
o

scatter band for
R =0 (Ref.16) ]

1 1 | T oeaees|
500 1000 2000 3000
&K, N/mm "2

2 BS15: relation between crack-growth rate and AK.
Frequencies 0-25 and 35 Haz.
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R=0 f O mild steel (Ref. 11)
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3 AKy, Vs. Kinen for five steels tested in air at 21°C.

detail later. The threshold data vary between stress ratios
from 0 to ~0-95 as evidenced by the four constant R lines
drawn in the figure. The BS135 threshold results agree well
with Frost’s cold-rolled mild steel. At stress ratios near 0,
A533 B-1 and EN3A mild steels have better threshold
behaviour than the other steels. But when 0-5 <R <0-95 the
best results belong to cold-rolled mild steel and BS15. An
alternative way of presenting the threshold data is given in
Fig. 4 where the factor AKyy,/E is shown as a function of the
threshold stress ratio Ryy,. The same relation exists between
R and Ry, as between Ky, and Kn. This curve is
significant since it has been suggested that for a given stress
ratio the factor AK,/F may be material-independent.'?
When plotted on this basis it is seen that for the Al alloy
RR58 and the present steels data do not fall on one single
line. Hence at least for these materials the ratio AK,/E is

3,

For cold-rolled mild stee]l and BS15 the following
proposed equation fits the threshold data well:

MKy = (AKipdr=0 VI—-R® o o oo . (10)

This equation gives a better correlation with these resuits
than the Grandt and Gallagher expression, egn. (5), shown
superimposed on Fig. 4.

A crack-closure approach shows a reasonable correlation
with data obtained for A533 B-1 steel'? as indicated in
Fig. 4, but no such agreement was obtained for BS15, the
crack-closure estimate fo: which is also shown in the figure.
This curve may be established since crack growth does not
occur for cycling conditions in which Kpin < Ky when

not material-independent. Koax = K+ AKg = constant. . . . . . .. . .. ()
=i = T g = ==
¥ Al-alloy RR58
! \..I\A533B crack closure (Ref.17(b))
; Q v AKm:(AK‘h)Rw;'f(T—RZ)
10 32=0— e i =
— ———__/
~ o ——O — — v
e (/\ =
: el ke S
i i S
w BS15 N
= i crack closure ra \\ &
¥ 5x10 |- estimate " S S e ;\g K
< \
2 \
th (“Km)R c(1-R ) \
\
L | S— | = - ._L_—}‘
0O 0-2 0-4 0-6 0-8 1-0

4 AKyn vs. Ry, for different steels {symbols as Fig. 3).

Metal Science May 1976

-



Branco, Radon, and Culver

Growth of fatigue cracks in steels

1563

O

T ] I
35 0-25 frequency, Hz
-

R=0

%

T T
35 025 frequency, Hz
© @ R=0 5 O
& & K,=500N/mm™2
ol O ® Km=1000N/mm32
107 0 4 Kp=1500N/mm>*2 -
€
163_ N =
o ;
U .@"g%
g ; s
E -
E 104 = . -
Z i
= Al
Y @ A
A o &
107} & o .
o f
A Bo
16%- & =
a (]
| ]
1O EPeet e — i
10° ) 103 107
AN mm

5 BS15: crack-growth rate vs. A. Frequencies 0-25 and
35 Hz, air 21°C.

Hence

AKyj, = (Kimax — Kmin) = (Kg+ AK) (1-R). . . (12)
Also for K., = K crack growth does not occur when

AK¢y, = AK, = constant. Thus, when R=0
(AKyyr-0=Ka+ BK, . . ..
and when K, 2 K
AKy, = (AR min

This condition is met when Ry,=0-5, enabling the two
straight lines forming the curve for BS15 to be drawn. The
inference then is that for all values of Ry, > 0-5 AK,/F:
should remain constant. That this is not the case is clearly
indicated by the data in Figs. 2—4. The crack-closure
approach is not appropriate for cold-rolled mild steel or
BSI5 and any attempt to use it will lead to a very
conservative estimate of AKy),.

The relationship between crack-growth rate and the
parameter A as defined in eqn. (6) is illustrated in Fig. 5. Use
of this parameter has the effect of bringing all the
experimental data into a single curve in Regions 11 and II1
although in Region I A is dependent on K,,. This latter
region is approaching threshold conditions and Region Il
represents an arca of lincar growth leading to a rapid
increase in growth rate at higher values of A in Region Iil.
Similar behaviour has recently been reported in cold-rolled
mild steel!”® and in the Al alloy RR58.17® The divergence
in Region 1 led to the suggestion of eqn. (7) as an improved
model for crack propagation and it should be noted that the

A A Kpm=500Nmm>2 0
jod. D@ Kn=1000 N/mm?>/2 C§)

¢ & Kp=1500N/mm2 g? T
107 -

3
Ib

da/dN, mm / cycle

10" 0 =1
%—) as11
0
©f
w09 f o .
A
0
0
107 e o Law
1% 103 10? 1! 1 10
(4]

6 BS15: crack-growth rate vs. ¢. Frequencies C-25 and
35 Hz, air 21°C.

parameter ¢ may be expressed as

A 2KmtAK — AK
R e T w (14)
Ke™ -~ Kmax K¢ —Kmax
This model satisfies the limiting conditions
Lim%%'*O and Lin1a%%—->oo- ... (15)
>\—> )\‘h Kmax")KC

In calculating 4 appropriate values of K- were taken from
the literature. For BS15 K¢ was taken as 3130 N/mm¥?
(Ref. 20) and this was assumed to be the same for the other
materials considered except for A533 B-1 where a value of
3800 N/mm¥? had been established.?!

Crack-growth rate in BS15 as a function of ¢ is shown in
Fig. 6 where it is seen that the test data from all tests have a
linear correlation over the complete range from threshold to
rapid fracture conditions. The model suggested as eqn. (7) is
clearly very satisfactory for correlating crack-propagation
phenomena in BS15 over the wide range considered. For the
matcrial the values of the constants are

A-=2.10x 103 mm/cycle
a 1:10

In appropriate cases where the literature!®- 13 gave
sufficicnt data over a wide range of crack-growth rates the
model has been applied to other materials. Relevant
threshold data have been indicated in Figs. 3 and 4 and the
variations of crack-growth rates with ¢ are shown in Figs
7-9 for tests in which the stress ratio R was constant. In
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7 Crack-yrowth rate vs. ¢. Mild steel, air 21°C (Ref. 11).

these cases the parameter ¢ could be calculated as

¢= (1- Rthz) (Kmax2
‘ KCZ Kmaxz
where Kpaxtnh 15 the threshold value of K., in the
particular stress-ratio curve being considered.

¢ may be considered a valid crack-growth parameter for
each of the materials over the range tested, e.g. for mild
steel,'* Fig.7, a range of crack-growth rates of
10-7-10-* mm/cycle; for cold-rolled mild steel,’® Fig. 8,
10--10-? mm/cycle; and for A533 B-1 steel'? Fig. 9,

K2 maxtn) (16)
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8 Crack-growth rate vs. ¢. Cold-rolied mild steel, air 21°C
(Ref. 10).
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10-7-10-2 mm/cycle approximately. In each of these cases
the paramcter may be considered valid over the full
subcritical range. In the case of EN3A mild stect,!* Fig. 10,
the parameter appears equally valid although in this case the
maximum crack growth rate had been restricted to
10-* mm/cycle and the full range of Region 1II may not
therefore have been explored. It should be noted that in Figs.
7 and 10 the authors’ actual data points are indicated, but in
Figs. 8 and 9 it was necessary to indicate the mid-points of
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10 Crack-growth rate vs. . EN3A mild steel, air 21°C
{Ref. 13).



scatter bands at randomly chosen da/dN values since only'

scatter bands werc available.

The above results clearly demonstrated that for mild steels
the paramcter ¢ is able to place in one single linc data
obtained at any values of AK, R, or A},. Similar checks on
high-strength Al alloys and steels will be made before the
rclationship is generally considered as a good predictor of
crack-growth rates in metals.

In LEFM the stress-intensity factor is related to tch crack-
opening displacement {,?? the plastic zone size rl,,"‘and the
J-contour integral.** Hence eqn. (7) may be rewritten, when
expressed in terms of the crack-opening displacement, as

da_ (Aa — Aby, )"
av 5C - amax

where A8 = 8max — Smin, Omax and d.;, are the maximum
and minimum values of & in the loading cycle,
Abih = Bmax ki — G minkn at the threshold, and & is the
critical value of § for unstable fracture. The above relation
implies that the crack-growth rate is proportional to the
crack-opening displacement and crack growth will occur
when a certain level of AS > Aby, is attained. Also when
Omax ~ 8¢ unstable fracture occurs. Eqn. (17) may also be
similarly expressed in terms of the plastic zone size or the J-
contour integral through the direct rclationship between
these quantities. However, the validity of this cquation
expressed in terms of the J-contour integral needs to be
- checked in situations where general yielding occurs and its
application is now being investigated.

CONCLUSIONS

A study has becn made of the growth of fatigue cracks in
BS15 mild steel in laboratory air at 0-25 and 35 Hz. Tests
were conducted in cyclic tension under conditions of R=0,
AK=constant, or K,,=constant.

. Both AK and K|, are significant factors in the crack-
growth process in this material.

2. Threshold valucs of AK may be established at a crack-
growth rate of ~ 10~ mm/cycle.

3. The fatigue threshold in BS15 and other matcrials is
not satisfactorily cstablishcd by the Schmidt and Paris
crack-closure approach.

4. The frequency effect is negligible over the range
considered.

5. A model to correlate crack-propagation data in mild
steel BS15 over the full subcritical range has been proposed
as

L Ap® *Mm—z

dN K¢® = Kinax

6. An analysis of data published by other authors has
shown this modecl to be equally satisfactory for a range of
other mild steels.

7. The above equation could be expressed alternatively in
terms of the crack-opening displacement, the plastic zone
size, or the J-contour integral.

where ¢ =
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