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ABSTRACT 

A linear elastic fracture mechanics approach has been applied to an 

investigation of the fatigue crack propagation process in three 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 amplitude and mean level of the stress intensity factor, 

environment and loading frequency have 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 enables 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 LM3O. 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 B515 mild steel was found 

to be controlled by the range of the J contour integral in the loading 

cycle which was calculated both experimentally and theoretically for the 

contoured double cantilever beam geometry. The influence7of unloading on 

J is discussed. The J integral has also been calculated for monotonic load-

ing, and a critical J
lc value for crack propagation 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 under 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 phases belong to the pre-crack life or crack initiation 

period. The propagation of the macro-crack belongs to the crack propagation 

period. In unnotched specimens or components 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. 
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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 

which 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 development 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) from which 

fatigue cracks grew. The intensive slip process 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 Stubbingtcn 

and Forsyth (3) on copper and nickel and Klesnil and Lulas (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- 

centration and distribution, and may lead to other structural changes such 

as polygonisatdon, recrystallisation etc. 

PluMbridge and Ryder (5) and Grosskreutz (6) published to date the 

two more elaborate reviews in fatigue crack initiation. They conclude 

that crack initiation process in pure, single phase materials differs 

from that in polyphase materials. Hence in the first case slip band 
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initiation is very common, especially on the slip planes with the highest 

resolved shear stress (61, The slip band has at its surface a notch-

peak geometry giving the characteristic intrusion and extrusion aspect. The 

slip bands are soft compared with the matrix and have a dislocation cell 
,r 

structure (4). Cottrell (7) has shown that slip band extrusions are produced 

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 extrusion 

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 low7amplitude fatigue stressing (number of 

cycles to failure, Nf greater than 10
6) the cracks often initiate from 

intrusions and propagate through the slip bands. According to Wood (9) the 

process starts withsubsurface 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 (N, < 10
5 

cycles) the initiation of fatigue cracks often occurs at 

grain boundaries. In this regime the intrusion mechanism described in (8) 
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may be opperative. Wood. en proposed a mechanism to describe high strain 

fatigue crack initiation 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. Under 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 important materials, the crack initiation mechanisms may 

also be derived from slip band and twin boundary initiation. However two 

important mechanisms are unique to polyphase alloys and occur in a large 

number 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-solution 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 solid 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 preci-

pitate softens the material by creating a fine sub-grain 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 
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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 

interface or from a crack within an inclusion. 'Inclusion cracking was 

observed by Pearson (13) in the aluminium alloys BS L65 and DTD 5050. 

Grosskreutz and Shaw (14)_ reported that cracks initiated at inclusion 

"clusters", zones of several undissolved 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 interface debounding (14). 

Crack initiation at inclusions has also been observed in mild 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 crack initiation are not 

completely understood. 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 of 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 yet completely understood. Quantitative theories 

for predicting the crack initiation time for each major initiation mechanism 

have not yet been put forward. 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 first 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. This well known S-N curve is still one of the basic tools for fatigue 

design and interpretation of data. Since the Wohler days comprehensive 

collections of data on fatigue strengths 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 10
8 
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, 

G
UTS was the first empirical measure of fatigue behaviour. It gives only a 

rough correlation and it is called the fatigue ratio. The fatigue 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 

figures should be taken. 

Many attempts have been made to express the shape of the S-N curve 

in a mathematical form. One of the earliest equations is the Basquin 

relation (21). 

0
a
IN

f = const. 

where ±Cla  is the stress range(zero mean load) .and y is a constant. The 
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above equation is applicable only to elastic macroscopic behaviour and 

within the steeply falling initial region of the S-N curve. Frost (221 

compiled other more recent and elaborate equations for elastic loading 

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

1.4.2 The Effect of Mean Stress 

If the mean stress am  applied to a specimen in addition to a given 

alternating stress varies from zero, the stress amplitude G
a  to cause 

failure in N
f cycles varies with it. Goodman (2.3) derived one of the 

earliest equations to predict the mean stress effect. 

Ga 	Crf 

Gm  

GUTS 
(1.2) 

where G is the fatigue limit or the fatigue strength at 108 cycles. The 

above equation gives a linear relationship between aa and G. The Gerber 

parabola (24) is another well known relation 

= G 	( 	)
2) 

a 	f GUTS 
(1. 3) 

A more conservative design approach has been suggested by Soderberg. The 

maximum possible value of mean stress was taken as the yield stress, a 
ys

, of 

the material. The soderberg equation substitutes ays for G
U 
 in equation 
TS  

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

Ga 
Gf 	•1 

Cm) 
(1.4) 

with n=1 for the Goodman equation, n = 2 for the Gerber equation and 

a
t 

= G
ys  in the Soderberg modification. The above relation is often re-

ferred to as the R-M relation since it shows the relationship 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 (251 work on 

fatigue design. 
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Data obtained on wrought ductile metallic alloys (steels, aluminium 

alloys, brass etc.1 subjected to tensile mean stresses fall between the 

Goodman and Gerber lines (191. The relative merits of the above equations 

in predicting the trends in the experimental data are extensively dis-

cussed in (19) and (22). 

1.4.3 Fatigue Under Varying Stress Amplitude; 	Cumulative Damage 

The laws presented in the previous paragraphs refer to fatigue under 

constant stress amplitude. In practice most components are subjected in 

service to cyclic loadings of varying amplitude with the variation in stress 

level following either a regular 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 a
al' 0  a2' G 

 a3 '' '' which correspond to failure lifes of 
-  

Nfl, Nf2, Nf3.... and the actual number of cycles at 
6a1' oat` 6a3 

	 is 

N1, N2, N
3 
	 then the damage will accumulate in such a way that 

N
1  N

2 	
N
3 	

N. 
+ — + — + 	 _ E 1 _ 

Nfl 
N
12 

Nf3 	Nfi 
(1.5) 

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 simulate. service conditions. 

The random loading is analysed using probability distributions. 
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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 same material and testing conditions the S-N curve 

for a notched specimen normally lies below that for a plain specimen. 

The ratio of the plain fatigue limit to the corresponding notched fatigue 

limit is called the fatigue-strength reduction factor, Kf. 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 

K
f
-1 

q 

 K
t 
 -1 

(1.6) 

when K
f 
= Kt, q = 1 and the material is said to be fully notch sensitive; 

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

It has been suggested that q is a material constant, but from the 

experimental data in the literature it is clear that q depends on the mat-

erial, specimen size and notch geometry. 

Some other parameters 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 even in a 

uniaxially loaded specimen. The effect of the stress gradient at the notch 

root is also important. The theoretical elastic stress distribution around 

'a notch implies that the maximum stress occurs only at a point or line 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 before 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 radius, 

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. 

Frost and Greenan (29) observed non-propagating cracks 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 different values 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. Above this K
t value the minimum propagation stress 

remains constant and independent of Kt, and the stress necessary to initiate 

a non-propagating crack is lower than the crack propagation stress, and 

higher than the plain fatigue limit divided by Kt. Frost's criteria for 

crack propagation in notched plates containing edge cracks (29) is such 

that the crack will grow if G
a

3
a> CO, where a is the edge crack length 

and CO  is a constant. If aa
3
a < 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 VC 

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- 



ation was related to the ratio AK//p (321 where AK is the range of the 

stress intensity factor in the loading cycle (Appendix Al and p is the 

radius of curvature at the notch root. For crack initiation to occur both 

AK//p 	and the maximum stress at the notch root a MaX  must exceed a certain 

value (32,33). However the correlation with a
max 

seems rather fortuitous 

because a
max was obtained from a linear elastic stress analysis and the 

calculated max 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) phenomenon has 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, 

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 shear 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 fatigue limits in pure 

torsion and pure bending. The ellipse equation was 

a
b
2 	a2 

a
fb
2 a

ft
2 
= 1 (1. 7) 

where a and a
ft are the fatigue limits in pure bending and torsion fb 

respectively, and ab  and at  are the stress ranges due to bending and torsion 

respectively at the fatigue limit under combined stress loading. For brittle 

and notched specimens an ellipse arc given by 
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described the results better, 

The effect of combined stresses on notched specimens is more 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 have been presented in the previous sections. However some 

components 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 105 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 constant strain amplitude (strain-

cycling) or with cycles of constant load amplitude (load-cycling). 

(A) Strain Cycling 

Constant strain 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 ampli-

tude tests on a wide range of materials and showed that the results can be 

represented by an equation of the type 

ml  
AE
t
N
f 

= C' (1-9) 

where AC
t is the total strain range, and C' and ml are material constants. 
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Manson 	C35I has shown that the resistance of a metal to total strain 

cycling can be considered as the summation of its plastic and elastic 

strain resistance. Thus 

Ac = Ac + Ac 
t 	p 	e  

C1.101 

where \C and Ac
e 
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 that for 

design purposes only the latter may be known. 

Constant plastic strain amplitude data 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 straip range. Coffin (36) found that the plastic strain amplitude 

Ac /2 was related to N
f 
in the form 

p 

AE /2 = 6f (2N
f  )
c  

where c'
f' 
 the fatigue ductility.coefficient, is the plastic strain inter-

cept at the first reversal (2Nf  = 1), and c, the fatigue ductility ex-

ponent, is the.slope of the logarithmic plastic strain amplitude-life plot. 

cf.' may be related with the monotonic fracture ductility E. Landgraf (37) 

has obtained some correlations among these variables. For the majority of 

metals C ' = CE  is a reasonably good approximation and the value of c ranges 

from -0.5 to -0.8 (37). 

The response 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 

the 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 



- 14 - 

amplitudes are connected, a curve called the cyclic stress-strain 

curve is obtained. For cyclic work-hardening materials the cyclic stress-

strain curves lie above, and for cyclic work-softening materials below the 

monotonic stress-strain curves. 

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

of the form 	
C
a 

= K'(AE /2111' 	 (1.12) 

where K' and n' are the cyclic strenoth 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 exponent (38). The same author attempted 

to relate the cyclic plastic strain energy to the fatigue damage process. 

The plastic strain energy per cycle and the total plastic strain energy were 

calculated from 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 and 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. 

Morrow and Sinclair (41) have observed experimentally this relaxation of 

mean stress, which decreased as the strain amplitude about a constant mean 

strain was reduced. Assuming a stress-strain relationship they predicted the 

mean stress relaxation as a function'of the strain amplitude and the number 

of cycles. 
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(B1 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 have been re-

cognized. This cyclic creep behaviour will be reviewed 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 6). 

Two important conclusions can be drawn from the relevant literature: 

1. When prismatic members are subjected to periodic, uniaxial longitudinal 

stress 0, 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 the stress amplitude as well as with 

mean stress. Cyclic creep occurs during the entire life of the specimen 

and causes a necked-out type 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 point, 

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 relatina the cyclic creep strain c with 
cc 

the applied stress a, in the form 

cc = C
1Nym 
	

(1.13) 

where C
1 and m are constants to be determined experimentally. If the mean 

stress is compressive the cyclic creep may he negative (43) and even with 
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zero mean stress slight cyclic creep occurs (391_, When cyclic creep 

tests are conducted between zero and a maximum nominal stress range the 

peak value of true stress rises as the 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) used a true stress limit 

and reported 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 comparatively little theoreti-

cal attention. Ilulgahy (46) derived a plasticity model for cyclic creep 

under homogeneous plastic deformation but no 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 led to 

conclude that each metal might have 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 fatigue limit 

has been reviewed in paragraph 1.4.4. In low-cycle fatigue plastic de-

formation often occurs either at the notch root or in the whole specimen. 

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

crack 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, They concluded that 

2-- -7-- 
K
f 

Isa  AEE = Lo-ACE (1.14) 

where Acy and AE are the nominal stress and strain ranges, Aa and SE are the 

local stress and strain ranges at the notch root and E is the Young's Modulus. 

Using Eq. 111.14)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 specimen. 

Wundt C50) published an extensive literature review on the effect 

of notches on low-cycle fatigue. It considers 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 is also 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. Recent work by Mowbray et al (53) seems to 

indicate that finite element elastic-plastic analysis can accurately com- 

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 technique 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 (water, salt 

solution etc.) is lower than that measured 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 denendent 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 cor-

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. In a cor-

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 solution) 	is dripped 

slowly on the specimen surface, 	the fatigue strength is lower than 

if the specimen is 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 life depends largely on the rate of crack growth. 

Some corrosion fatigue data from notched specimens in brine is presented 

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

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 environments, 

and was successfully used in the present 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. 

Early 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 development of crevices or 

fissures. McAdam's conclusions were based on the physical examination of 

broken specimens. 	However, Duquette (59) argued that the formation of pits 

is not a requirement for corrosion fatigue.• 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 1.31 which 

results in premature crack nucleation and growth. Crack propagation is 

accelerated by the corrosion created notch and by the preferential dissol-

ution at the base of the growing crack. This mechanism was found to be 

operative in low carbon steels. Stubbington and Forsyth (60) performed 

rotating bending tests in salt spray on both high purity and commercial 

Al-Zn-Mg alloys and showed that corrosion fatigue cracking was a transcrys-

talline phenomenon. In the high-purity alloy, cracks developed from corrosion 

pits within the grains, while the transcrystalline cracks were initiated 

from intergranular pits in the Al-Zn-Mg alloy. Evans (61) in an electro-

chemical theory considers the corrosive attack of a specimen in a wet en-

vironment as an electrochemical process in which certain areas are anodic 

with respect to others. The whole surface consists therefore of a series 

of anodes and cathodes. This division might arise from electrochemical 

attack at plastically deformed areas in which the non-deformed metal acts as 

cathode. Based 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 

Duquette (57) as the principal mechanism of corrosion fatigue failure. A ". 

review of surface film rupture theories may be found in (57) , together with 

theories that support the idea that the corrosion fatigue phenomenon is 

caused by a lOwering 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 macrocrack, that is, its growth behaviour is dictated by 

the amount that it opens and closes during the fatigue cycle. 

Until recent years the fatigue crack propagation phenomenon has 

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, together 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 discontinuity. The necessity to assume the existance of cracked 

members in engineering structures is now generally accepted. This know-

ledge of the crack growth rate characteristics of the 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 

low 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; when 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 conditions 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 fracture problem 

it is logical to use Fracture Mechanics to analyse fatigue crack growth 

data. A review of the relevant definitions, 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 stages (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 penetrates only a few tenths 

of milimeter into the specimen. At a critical crack length the crack turns 

and propagates along a plane at.90 deg. to the stress axis. This tensile 

mode is called Stage II propagation, and the change in the crack direction 

occurs when the local stress concentration at the crack tip reaches a critical 

value. 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, inclusions 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 

work 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 propagation 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 

Striationshave been observed by many metallurgical researchers on 

fatigue crack propagation (63-65) using optical and scanning electron micro-

scopes. Bowles (66) investigated the metal physics aspects of the structure 

associated with the fatigue crack tip with the transmission electron micro-

scope to detect the local dislocation distribution. 

The general characteristics and mechanism of formation of ductile 

striations have been studied in great detail (63). The mechanism 

maybe 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, K
max' 

and the 

range, AK, of the applied stress intensity factor increase. 	The 

ductile striation is characteristic of ductile metals under medium to 

large fatigue load amplitudes. It has, however, been observed.in'high 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% NaC1 solution). The ductile striations 
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formed in 7178-T6 in 3.5% NaC1 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 facets parallel toi.1001plane, 

and thus contain an element of cleavage. Ductile striations usually form 

on plateaus parallel to the general fracture plane and perpendicular to the 

axis of maximum tensile stress (63). The mechanism of brittle striation 

formation is not fully understood and is influenced by the chemical composi-

tion of the matrix. 

Intergranularfracture is a microfracture mode in which the fracture 

has been observed to propagate along grain boundaries. Lattice irregularities 

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 gradient zones or precipitate parti-

cles of secondary phases. If the constituent particles are numerous 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 the 

common microfracture mode for stress corrosion cracking of high strength alu-

minium alloys. 

• The multiplicity of slip systems, high dislocation density, and ease 

of cross slip are strong reasons against the occurence of cleavage fracture 

in fCC materials (63). Forsyth (11) 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 C11). It is possible that these markings are fine 

striations and that the steps represent different levels along which the 

crack propagates. The exact mechanism of stepwise growth is not fully under-

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 analysis in the description 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 loads, commonly termed subcritical 

crack growth. Subcritical crack growth covers all processes in which a crack 

slowly propagates at a K level below the critical value Kc  corresponding 

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 fatigue 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 crack tip; (Appendix A). Since crack extension occurs in this highly 

stressed region it is reasonable to assume that the intensity of the crack 

tip stress field as represented by K should control the rate of crack ex-

tension. The cyclic crack growth 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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AK = K 	K 
max min 

(1.15) 

and 

K 	= u
max 

Y 	(1.16a1 	K . = a 	Y 	(1..16b) 
max man min 

where K
max 

and amax are the maximum stress intensity factor and the maxi-

mumgrossstressrespectivelyandKritn andumin are the minimum values 

of the above variables in the loading cycle. Equations (1.16a) and (1.16b) 

are the.lgeneral 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 other variables, 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 plasticdefortation in the specimen. The specimen should be under 

linear elastic stresses and 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 crack growth theories are now quite 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 the infinite sheet. The final equation obtained was 
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. 3 3/2 

= 
da C2aa  
(TN' 	1/2 

(0 	) w01/2 ys  

(1.17) 

where C
2 is a cons tant and w0 

 is the size of the plastic zone near the 

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

later corrected by Paris (69) as 

2 
da 

c a a 

dN (a -0- ) ys 
(1.18) 

where C3 is a constant. 

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

The result was 

da = 
dN 

 

(1.19) 

 

where C
4 is a constant. 

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

rate to be a function of the local stress ao and the stress anet' 

da 
dN 

= F(00 	
t 

) = F(K a 	) net 
(1.20) 

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

log
10 dN 

- 121 = 0.00509 
Ktanet 

- 5.472 
Ka34 -34 t net  (1.21) 

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

and obtained the equation 

da n  
dN = n2a 

(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 
= C6 (4K) 

m2 
dN 6 (1.23) 
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where C
6 

and m2 are constants. It should be pointed.out that using the 

definition of the stress intensity factor (Eqs.(1.16a,b)and Eq. A5-Appendix A) 

all the above mentioned laws can be reduced to the Paris' law by choosing 

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), giving a proportionality factor between da/dN and 

(AK) 4. 

Energy theories involve the computation of the energy associated 

with the plastic zone size. Rice (74) stated that the separation of the 

crack surfaces occurs when the total absorbed hysteresis 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 (LK)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 on fatigue crack propagation. • 

Lehr (76) and Schwalbe (77) theories have assumed that crack pro-

pagation is caused by cumulative damage due to strain cycling of the mat-

erial at the crack tip (76) or that a characteristic plastic displacement 

near the crack tip is equal to the crack propagation during each load • 

cycle (77). In both Refs. (76) and (77) it was found that da/dN was 

dependent on (AK)2. 

Frost and Dixon (78) and Tomkins (79) also obtained 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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account, while in (73-76, 78,79) an ideal plastic material was considered. 

1.7.3 	Phenomenological Analysis of the Fatigue Crack Propagation Curve 

The most common tecfinique 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 (81) and Crooker 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 propagation as exemplified in Fig. 2. 

In Region I, for many materials, it has been shown that there exists a cri- 

tical range of stress intensity AKth  below which crack propagation does 

not occur, or occurs extremely slowly (da/dN < 10
-7 

Mm /cycle). In this 

region da/dN depends strongly on AK. Region II is the intermediate region 

in which Paris' law seems to apply with da/dN depending on some power of 

AK of the order 2 to 10.. In Region III da/dN is again strongly depend- 

ent on AK as K
max 

approaches the fracture toughness, K
c
. The curve shown 

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

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

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 mean stress, 

threshold behaviour,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 thejnean stress effect, threshold behaviour or 

theincreaseincrackgrowthrateasK.approaches K. When these 
max 

trends began to be experimentally observed crack growth laws predicting 

the above phenomena started to appear in the literature. 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 (84). 

In this paragraph only the more relevant "law." will be presented, and 

will be divided into two categories: semi-empirical, those using funda-

mental parameters to produce relationships which fit experimental data, and 

theoretical. 

(A) Semi-empirical Relationships 

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

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

form 
P
1 

da 	C7(AK) 

dN K
c(1-R)-AK 

0 
where R is the stress ratio 	

min 
 

Amax 
K
max 

K . 
min 

(1.24) 

and C7 and p1 are constants. The above equation has been extensively com-

pared with crack growth rate data obtained by Hudson (86,87). 

Erdogan and Ratwani (88) extended Forman's equation to consider 

Region I behaviour. The resulting equation was 

da C8(1131)
p2
(AK-AK )P3  

dN 	K
c(11-(31)AK 

(1.25) 
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where- 61  =-(KITix  Kilij/AK, and C8, p2  and p3  are constants. 

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

specimens. The value of K
lc (Appendix A) was applied instead of K. 
r 

Pearson modified Eq. 1.24 to give 

da 	C9
(AK)134 

(1.26) dN [(1-11)Klc-Ad 1/2  

where C9 and p4 are constants. Equation 1.26 drew attention to the fact 

that K
lc 

(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- 

criticalrangefromAK
h 
 to Kc. The equations are t 

da C
10
(AKID5  - AKth

P -A ) 

dN 	0 	 (1.27a) 
[(1-R)Kc- 

, 

and 

da C10 (AK 7 AKth
1138 

dN [(1-R) Kc - AK] clo 
(1.27b) 

where C
l0

,p
51
p
61
p
71
p8  and qo  are constants. 

Elber (91) has shown that a fatigue crack can be closed at its tip 

for a fraction of the loading amplitude. The stresses necessary for crack 

opening were obtained experimentally (91) and it was assumed that crack 

propagation can only occur when the crack is fully open. The crack closure 

phenomenon was attributed to the presence of compressive residual stresses 

as a result Of the zone of tensile yielding (plastic zone) at the crack 

tip, left in the wake of the propagating crack. Elber measured crack 

closure stresses for different applied mean stresses and found that the pro-

portion of the stress range during which the crack.was open, U7  was a linear 

function of R:  

U1= B
1 
 + B

2
R 	 (1.28) 
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where B
1 

and B
2 
are material constants. Thus an effective stress inten-

sity factor AKef  was defined as 

AKef 
= %K 

• 

and the crack growth rate expressed as 

da/dN = B
3(AKef) ql = B (UAK) 

ql 
3 o- 

(1.29) 

(1.30) 

where B
3 
and q

I are constants. Since %increases with the stress ratio 

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

stress ratio. Elber found data in the literature 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 R
cut above which da/dN versus AK data does not shift 

to faster rates with increasing stress ratios. The R
cut 

is the R value 

above whichthe crack is always open (U0= 1). Hence for AK >A1(01  and 

R >R
cut'

AK
ef 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) shotild 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-perfectly plastic material could give agreement with experimental 

results obtained in a real work-hardening material. 

All the equations described so far were derived 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, although there has been some controversy in the literature 

about this point. It seems that high strength steels are more mean 

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

showed a comparatively 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/dN = D1AG 	 (1.31) 

where D
1 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 influence on steels were obtained by Priddle (97) and Klesnil and 

Lukas (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 -  = 1 (Knax 	1W1  = P,(2AKKm) 
1 
	

(1.32) 

where f3 and nl  are constants, could be applied with considerable success 

in the analysis of Region II crack propagation data in high_strength alumini- 

um-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 theories based on the energy approach pre-

sented in paragraph 1.7.2 do not predict any influence of mean stress. 

However some recent theoretical analyses are available in which this 

influence is considered. Thus Cherepanov and Halmanov 0102) derived a 

crack propagation equation for an idealelastic-plastic body using dimension- 
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analysis in the energy equation of crack propagation. This haS two terms; 

the irreversible deformation work done by the plastic zone as it displaces 

in the direction of the crack extension as a rigid unit, and the irreversible 

deformation 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 

K 2  K -2 	K - K 2) 
da 	max - min 	

en 
c 	max 

= -C11 	2 	2 

	

K
c 	

K
c 
 - K

min
2 

(1.33) 

where C
11 

is a constant. 

Paris (103) adopted an energy approach for crack propagation. This was 

based on the assumption that the rate of change of elastic energy during 

fracture equals the rate of absorption of energy as plastic deformation. He 

suggested later (104) that the concept of an alternating plastic zone, 

cycling between compressive and tensile yield and proportional in size to 

(AK/2a s)
2 

y
, within a larger pulsating plastic zone created in the first cycle 

and proportional to 
(Kmax

/a
ys
)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-

mental data. 

Each of the two plastic zones mentioned above was considered by Raju(105) 

as being split up into two parts with a neutral curve (106) on which the stress 

conditions do not vary with crack extension. Fig. 3 shows the four crack 

tip plastic zones considered. Zones A and D are within the pulsating plastic 

zone, whereas zones B and C are within the alternating plastic zone. SinCe 

reversed yielding occurs only in the alternating plastic zone a hysteresis 

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 7,ones B and C it did not depend on da/dN since the energy 

increase in zone B was approximately the same as the decrease in zone C. In 
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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 

da 
C
12
(1-R)

4-q 
 2K
4  

, 	max  
dN 

K2 K2 c 
 
max 

(1.34) 

where C
12 and q2 are constants. 

Erdogan (107) considered the crack propagation in terms of dislocat-

ion movement within the plastic zone and introduced the alternating and 

the pulsating plastic zones considered above. The equation obtained was 

da 
C' K 2a1 AK2a2 dN C12 max  (1.35) 

where al'a2 and C12  are constants. Roberts and Kibler (108) introduced 

into equation (1.35) the increase in crack growth rate as K
max 

approaches K. 

The modified equation was 

da/dN - 
C13(11 AK3  

(1.36) K (1+1 AK 

 

where C
13 is a constant and 81is defined in Eq. (1.25). 

Walker (109) introduced the effective range. of the stress intensity 
m
3 factor AK concept in the form AK = (1-R) 	K

max
, where m3  is a constant. 

Then 

da 
= f (AK) 

dN (1.37) 

Kraft's tensile ligament instability model (TLIN) (110, 111) assumes 

that the instability necessary for fatigue crack propagation is caused by 

the separation of microstructural tensile ligaments at the 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 predict 

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 (1121 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 and high strength steels without a yiEld point 

would be. However much experimental data obtained on mild and low allo" 

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

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

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 strongly 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 presence of the environment, 

and the rate of fatigue crack growth is usually accelerated at any given K 

value. As K approaches Kc  or Klc  the environmental 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 growth are most fully developed at low values of the stress 

intensity factorwheremore time is spent on testing. At very high values of 

AK fast crack growth rates do not allow time for corrosive attack to intervene 

and the crack growth rate is then not significantly influenced by the envir-

onment, 

In high strength Al-alloys Krupp et al (1141 have grouped environments 

by their severity as follows; vacuum: no effect; dry gases, wet gases, 

water and salt solution: increasing effects of environment. 
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Speidel et al C1151 observed that corrosion fatigue cracks can 

propagate either intergranularly or transgranularly depending on the orien-

tation of the principal stress axis with respect to the preferred orientation 

of the grain boundaries. Wrought commercial high-strength Al-alloys gen-

erally have an elongated grain structure, the degree of orientation and 

its direction depending on the processing variables. In plate material, the 

grain boundaries are preferentially 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. Stress corrosion cracks in 

high strength Al-alloys exposed to aqueous solutions always grow along grain 

boundaries (116). A meaningful comparison of stress corrosion cracking 

and corrosion fatigue is therefore only possible if both types of test are 

performed so that the material is stressed in the short transverse direction 

(S direction) and the crack grows along the rolling or longitudinal direction. 

Referring to Fig. 2 three different regions may be considered in the 

environmental fatigue crack growth rate curve. For the particular case of 

aluminium alloys in salt solutions, which is of most 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 

AK
th 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 to aqueous solutions has been the subject of many studies, and a 

number of hypotheses have been proposed to explain their behaviour. Among 

the phenomena responsible for this behaviour are anodic dissolution, speci-

fic absorption, hydrogen embrittlement, surface layer stresses etc. At 

the present stage very little is known about.the microstructural mechanism 
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of corrosion fatigue crack propagation, An electrochemical model has been 

derived in (1151 but the relationship da/dN against AK was not found. 

Cherepanov and Halmanov (1171 found out 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 that 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 hydrogen, driven into the crack tip 

region by the reaction of water with the freshly created aluminium crack 

surfaces. Wei (120) examined the effect of water and its constituents on 

the rate of crack growth in the high strength aluminium alloy 7075-T651 and 

confirmed the findings in (118,119). Water accelerated the rate of fatigue 

crack growth by a factor of 10 in relation to a 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 a thermally activated process, 

with the apparent activation energy being strongly dependent on AK. 

Reviews of the 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 

growth rate in Region II depends on the test frequency (119). The frequency 

effect means that with lower frequencies the increase in crack growth rate 

would be greater than for higher frequencies, due to the increased testing 

time involved. The reduction in environment sensitivity at higher K levels 

(Region III1 was explained (122) by a reduction in the effectiveness of the 

pressure mechanism of hydrogen embrittlement 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 1.7.7, 
• 

For the aluminium alloys 2024-T3 and 7075-T6 tested in a 3.5% NaC1 solution, 

the onset of the transition corresponded to the K level at which the 

fatigue crack growth rate curves in air and in 3.5% NaC1 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 Region III still occurs. 

Fatigue crack 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 (12.3), who expressed 

the crack growth rate as 

da 	
D(t) A G dN (1.38) 

D(t) is a function varying inversely with the frequency, attaining a constant 

minimum value for the frequency level 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). Oxidation 

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

rack 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 strength 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 is -the same as that for crack growth 

under sustained loads (SCC). 	In the Wei and Landes 

model (127) the rate of fatigue crack growth in an aggressive environment 

is considered to be the sum of the rate of fatigue crack growth 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 aggressive environment. The.following expression 

has been derivelfor this approach 

(L2t.)
c 	`AN' 

= rA al r +J  dt K (t) dt 
	

(1.39) 

Aa 
where (TR)c  is the rate of fatigue crack growth in an aggressive environ- 

ment, Ar
r 
 is the rate of fatigue crack growth in an inert environment 

AN  

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 value of K in stress corrosion cracking K 
ISCC 

is higher than AK
th 

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 Kisccboth in high strength 

. 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 above, around or below Kiscc  (115). This clearly 

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 superposition 

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 



da 	1 	 
dN SCC 	f(K 	K - 

max min)  K 	
F(K)dK 

. 
min 

K 
max 

(1.40) 
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of the Wei and Landes superposition model. In this case the onset 

of Region III in the -- 
da 

versus AK curve should always occur at stress 
dN 

intensities higher than K 	and it is necessary that the SCC growth rate 
ISCC 

be comparable or higher Ulan the fatigue crack growth rates. Nicholson(130) 

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

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

Gerberich et al (131) derived 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 	and AK
th 

which is usually verified. Assuming that Kmin>AK
th the stress 

K
ISCC 

corrosion contribution on the fatigue crack growth rate is given by 

where f is the frequency of the loading 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 Kmin> AKth  Eq. (1.40) 

becomes 

1 
K 	- AK 	

K
max 

dN SCC f 	th)  
da 

= ( 
x
AK 

	f F(K)dK 	(1.41) 
4K• 

th 

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 limitations. The agreement obtained in some cases might be 

considered as fortuitous since there is as yet 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 referred to before 

in paragraph 1.4.4 and in 'Refs. (29-31). Frost's expression a3a> C
o 

was one of the first relationships proposing a criterion for crack pro-

pagation. Later the same author (81) reanalysed the non-propagating crack 

growth data contained in Refs. (29-31) and others in terms of AK, and ob-

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

materials. Then in the last five years a great deal of data has been 

obtained for extremely slow fatigue crack propagation (da/dN < 10 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 of  or cf. The 

equation for da/dN is 

da 	a 
----. 	

n+1 
a 	f(a,w)-  
a
a

f n 	2 
(1.42) 

where n is the strain hardening exponent, p* is the Webber (28) micro- 

support effect constant, w is the specimen width and f(a,w) is a dimension-

less correction factor for the finite width of the specimens. For the 

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

as 

371-  AK
th. 	2 

= 	(0.1E)
2
P* = 0) 	(1.43) 

AKth 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 AKth_. 

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

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

It was found that AKth_  decreased with increasing frequency above 300 Hz 

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

greater than a critical value R
el. 

The trend in variation of AKth with 

R was explained by crack closure phenomena (91). In mild steels and low 

alloy steels data taken from Refs. 94-99 and analysed by Jerram and Priddle 

(134) showed that AK decreased linearly with R, but no limiting value 
th 

seemed to be reached. Harrison (135) reanalysed data taken from several 

papers by Frost (e.g. refs. 29-31) and found that for R = 0 the AK
th value 

was normally greater than 1.5 x 10 41  x E(/in). Grandt and Gallagher (136) 

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

cribed the results for 0< R< 0.8 with the equation. 

AKth = (AKth)R=0 
(1-R

2
) 

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

Y 
AKth = (&Kth)R=0(1-R

2
)
l 

(1.44) 

(1.45) 

where yl  is a material parameter. Cooke et al (137) obtained threshold data 

for EN24 steel and found that in a vacuum the value of yi  in equation 

(1.45) was 0 while for air it was 0.5. Thus there was no dependence on 

R in vacuum. 

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

in an aggresSiveenvironment. However, if crack blunting occurs AK
th is 

not significantly affected by the environment. In steels Bucci et al (138) • 

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

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 crack growth rate with frequency is partly due to 
; r 

the environment. Thus tests in aluminium alloys 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 (140) 

showed that in 2024-T3 aluminium alloy and SM-50 steel, both tested in 

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

decreased with increasing frequency f according to the equations 

3 	
_.c/4 
	 q5 	

_.
c/6 da 

dN = C14 
 (AK)(f)(1.46a) and s = C15  (ILK) 	

(f) 	(1.46b) 

where C14,q3,q4,C15,q5  and q6  are constants. 

(B) The Specimen Thickness 

The 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 (141) 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 propagate under plane strain condition but 

approaching the specimen free end it rotates 45°  in relation to the tensile 

axis and specimen thickness, creating plane stress conditions. The rotat- 
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ion of the fracture plane occurs when the ratio plastic zone size/specimen 

thickness attains a critical value between 0.5 and 1. (141) which for 

high strength aluminium alloys corresponds to specimen thicknesses in 

the range 1-4 mm. Often the acceleration in fatigue crack growth 

rate occurs before the transition. In Appendix A the plastic zone size in 

a sheet specimen is shown schematically. The state of stress and the plastic 

zone change from plane strain and 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 strain plastic 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 out 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 compressive 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 contributed 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 

cycle 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 

da_ r 	
(1-biR) 	q8  
	 AK 

did "1.6. (1-R) 
(1.47) 



- 46- 

where b
1, 

q8 
and C are constants. 

15 

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 data discussed in the 

precedent paragraphs refer to constant amplitude loading; that is the 

cyclic maximum and minimum values of load are kept constant throughout the 

test. When 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 load level and the 

establishment of a rate of growth commensurate with that for constant 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 transient 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 propagated 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 ohenomena for a Ti-alloy 
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was reported by Wei and his co-workers 0148,149.,1501. Preliminary work.  

(149) showed that the number of cycles for delay ND  was a function of AKl' 

AK2' R1, N1  and f1 

f(AK1,- Ak2' R1, R2, N1, N2, fl, f21 
	

[1.48) 

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 AK1/AK2  delay increases with increasing AK2. 

The phenomenon is highly complex with ND  found also to be dependent on 

R
2 and N1.  

The influence 'of the environment in the delay has been experimentally 

studied in (150). Comparison of.delay data obtained in dehumidified argon, 

air and distilled water indicated that air and distilled water have little 

effect on delay. ND  increased with increasing K 
'max /K2max and N

1, decreased 

with increasing 
K2max. 

 It was observed that the variation of N
D with K2max 

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-T3 aluminium alloys. The 

results obtained in (150) in 3.5% NaC1 solution were not understood due to 

the large amount of scatter involved. The effect of the sheet thickness on 

the delay obtained after a single peak overload was recently studied by 

Mills and Hertzberg (152). The results indicated that for the same over-

load ND increased with decreasing specimen thickness, and the amount of crack 

growth affected by the delay (aD  in Fig. 5) agreed well with the plastic 

zone size left by the overload. 

Several models have already been proposed to predict the value of ND. 

The Wheeler 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 modified model predicted, within a factor of two, the ex-

perimental data for the number of delay cycles following a single overload 

in 2024-T3 aluminium alloy, 4340 steel and Ti-6A1-4V 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 due to 

crack closure. 

Fatigue crack propagation under random loading has only received some 

attention recently despite 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 amplitude 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 Straihs 

Fatigue crack growth can result from cycling with the maximum stress 

above or below the gross yield stress. The latter problem has been handled 

. by applying LEFM and has already been reviewed. With the approach of gross 

yielding LEFM technique& are no longer applicable. There 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 (159). Their 

observations on the nature of crack tip blunting and resharpening provided 

a better understanding of the low cycle fatigue 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 

ci  da 0 a i 9  
dN = "17 

(1. 49) 

where C17 and q9 
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 

cl d 

	

	10 a 
dN C18 (A 6  t ll;)  (1.50) 

where C18 and q10 are constants. The parameter Ac
tva
r-  
 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 

da ci  dm - ulga(Acp)ll (1.51) 

where C19 
and q

11 
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 

A  (2n1+1) 
da 	'0

2
(  K'  )2"93  

dN = 	-1;1'2clUTS. 	
(2 n' +1) a  

(1.52) 

It can be seen that Eq. (1.51) has the same form as 1.50 and, after integra-

tion between the initial crack length. and the final crack length for unstable 

fracture gives the Coffin-Manson law Eq,(1.11). 

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 using also the COD 

approach was reported recently by McEvily (165). 

The energy interpretation of the J contour integral (Appendix A) was used 

by Dowling and Begley (166,167) to describe fatigue crack propagation data 

in the elastic and plastic regime. Preliminary work was carried out using com-

pact tension specimens (166) and center crackedand compact tension specimens 

were used in (167). The material tested was steel A535B, and agreement was 

found between the results for both geometries when plotted 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 

dN 	
12 da 

u z 
= C,,,(AJ) (1.53) 

where C
20 

and q
12 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 results are also only valid 

for long crack lengths. 

Mowbray (1681 has put forward a theoretical analysis relating the J 

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

derived was 

1/(112 N
f 	AW = const. (1.54) 

where W is the rangq in strain energy density and a12 is given by Eq.(1.5L), 
- 

Note that Eq. (1.5)hasthe same form as the Coffin-Manson equation with the 

plastic strain substituted by the applied strain energy density. Lamba (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 
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strain concentration at the notch_root when expressed in terms of J had the 

same form as that obtained from the Neuber approach, A life prediction for 

fatigue crack initiation was then proposed. Poulouse et al (170) have recently 

applied a non-linear energy toughness concept, Gf.c  to describe plastic cycling. 

In the aluminium alloy 2024-T3 it was found that Gfc  decreased with the number 

of cycles to failure (Nf 
<100) in a. similar 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 Propagation in Components 

or Structures 

1.8.1 Calculation of the Number of Cycles to Failure 

If the life 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 ai  exists in the body, Nf  will be the number 

of cycles necessary to propagate that crack of size ai  to a critical size, ac, 

enough to cause unstable fracture. The value of ai  is conditioned by the non-

destructive inspection technique available. A conservative figure is the mini-

mum flaw size thatthattechnicrue can detect. a
c 
is a function of stress, 

geometry and Kc  and may be obtained from the Eq. (A.4b) as 

2 
K
c 

a
c 
= 	 
. y

2a2 7 
max 

(1.55) 

Nf 
is then computed by integrating the appropriate crack growth rate 

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

obtained by 
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a
c 	da  

Nf = f  F(yAcy vim 
a. 

(1.56 ) 

with ac 
obtained by Eq.(1.551 It should be pointed out that the function 

F might depend as well in ,AKth, KC  and R. AKtk  is usually known experi-

mentally and the stress ratio influence can be expressed in terms of AK 

or K
max 

in which case the relationship with a is always possible. Some 

examples for the calculation of Nf  were discussed by Crooker (171) and 

Frendentahl (1721. The method described is applicable when the stress 

amplithde 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 extensively studied the pheno-

menon of fatigue crack propagation in welded plates using the fracture 

mechanics approach. Different types of welding. were tested and extensive 

testing was carried out both in the welded zone and the parent material. 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 

cycles to failure was obtained. A AK
th 
 value was assumed from which the 

safe working stress can be established. 

'Hirt and Fisher (176) investigated fatigue crack growth in welded 

beams both theoretically and experimentally. A fracture mechanics model 

• 
for cracks originating from the pores in the web-to-flange fillet weld was 

developed. Also the fatigue life of these welded beams was extremely 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 (1771 carried out more 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 crack growth 

equation for the evaluation of the fatigue strength of welded beams and trans-

verse fillet welds. Gurney (1781 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 

aircraft components may be found in some papers presented in the ASTM; 

STP 415, 486 and 495. 
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.CHAPTER TWO 

ENVIRONMENTAL FATIGUE CRACK PROPAGATION IN THE AL-ALLOYS 

RR58 AND LM3O AND MILD STEEL BS15 

The propagation of cracks under f.p.tigue conditions has been extensively 

studied in 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 the 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 industry, structural engineering, pressure 

Vessels etc.). .It was therefore decided to study fatigue crack propagation 

in one cast aluminium alloy (LM30) and also one mild steel (BS15) in 

two environments of practical interest. Corrosion fatigue failures may 

occur in engine blocks made of cast aluminium alloys such as LM 30; 

mild steel structures 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 



- 55- 

followed by water quenching. 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% carbon alloy steel which is largely used 

in welded structures. It was supplied in rolled plates 11.2 mm thick. 

The composition and principal mechanical properties of these materials 

are given in Table 1. 

.Tests were conducted in two different. environments: air (21°C and 

50% R,H.L and a 3.5% NaC1 solution in distilled water. The choice 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 crack length,'a, then dC/da will have a constant value. The stress 

intensity factor K is related to dC/da through the equation (Appendix A) 

K = P 	
 d1 

n 	

1/2 	
(2.1) 

I 
2B (1-V2)

da 

where the zubscript I refer to the tensile (opening) mode*. P is the applied 

load V is Poisson'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, the relationship between K and 

the load P will be independent of the crack length, and if fracture occurs 

at a constant load P
c the critical value of the stress intensity factor 

K will remain constant with the crack length. 

Constant dC/da specimens were previously designed by Mostovoy et al 

(1791., 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 determination. The specimen is analysed 

as a pair of cantilever beams built-in at the crack tip. Applying linear 

elastic beam theory a suitably contoured shape satisfies the condition 

dC/da = constant. This shape may be expressed by the relation 

3a
2 

1 

h
3 h 
+ — = m

o = const." (2.2) 

where h is the specimen height at the 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 technique was used to compute 

K (see Appendix A). Johnson and Radon (181) have chosen a value of 

m
o, which was used in the present work, such that the tested geometry 

is very close to one of the geometries derived 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 growth and stress corrosion cracking (SCC) can be studied 

under a constant K pattern but also the effects of loading history are pro-

perly assessed. 

2.1,3 Specimen Dimensions and Preparation 

The contoured DCB specimens (Fig. 6) used in the present test programme 
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all had the same overall dimensions and were provided with_side grooves 

on both faces. These help to ensure that the crack grows along the specimen 

midplane, and enhance plane strain conditions. 

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 with the short 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 190°C for 30 hours, to give a hardness (Hv) 

of 145±2. Side grooves 0.75 mm deep were milled on both sides of the speci-

mens. This side groove depth was considered satisfactory for maintaining 

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 crack ob-

servation, 

For LM3O the specimens had 28.5 mm gross thickness and were cut from 

the plate material so that the maximum specimen height coincided with the 

plate thickness (75mm). The side grooves were 9.5 mm deep, reducing the 

net specimen thickness almost to that of the 111158 specimens. It was necess-

ary to use deep side grooves to keep the crack propagation in the specimen 

midplane. 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 polished for ease of crack tip observation. 

Finally, the BS15 mild steel specimens were of 11.2 mm gross thickness 

the plate thickness) and were orientated to ensure that'the crack subsequently 

. grew along the rolling direction. This objective was achieved by providing 
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. the specimens with_ 3,5mm deep grooves on both _sides, The sane notching 

technique was used. 

2.1,4 Compliance Calibration and Calculation of Kc  

In order to calculate K by Eq. (2.11 the appropriate dC/da values 

are necessary. Also Kc  may thereby 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 had appeared 

iR the specimen. The compliance calibration for this material was carried out 

later during fatigue tests in the linear elastic regime. 

In aluminium alloys RR58 and LM3O the compliance calibration and 

calculation of Kc were obtained by precracking under monotonic load in air 

at 210C, 50% R.H. The crack starter was extended by a further 25-30 mm 

by loading the specimens in an Instron TT-C testing machine, ±44 kN load 

capacity, at a constant crosshead speed of 0.05 mm/min. 

The crack length was measured with a travelling microscope giving 10x 

magnification and reading to 0.01 mm. In RR5B, 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. 8). 

It may therefore be observed that this form of contoured DCB specimen satis-

fies experimentally the condition dC/da = const. Since P
c 
is assumed con-

stant the fracture toughness Kc  is obtained by substituting P by Pc  in Eq. (2.1) 

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 

within ±1% and Kc  values for various specimens ranged from 20.74 to 23.9 MN/m
3/2 
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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 

propagated slowly at constant load (Fig, 71 giving a linear variation 

of compliance with crack length as shown in Fig. 9. Kc  was obtained in the 

same way as for RR58, and, measured along the entire crack path, did not 

vary more than ±3%. Cracking load variations were within ±2% and the Kc  

values for various specimens are given in Table 2 and ranged from 18.59 

MN/m
3/2 

to 21.61 MN/m3/2. Thus K
c 
is lower for LM30 than for RR58. Linear 

elastic conditions were met in these precracking tests: unloading the 

specimen during and after precracking produced a linear load--deflection 

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 K
c 
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 crack propagation in RR58 in air (21°C and 50% R.H.);and 

in a 3.5% NaC1 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% NaC1 solution; the effects of load range, mean load and loading fre-

quency (0.25 and 35Hz). 
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3. Fatigue crack_ propagation in LM30 in air [21°C and 50% R,H,I and 

in a 3.5% NaC1 solution at a frequency of 0.25Hz; the effects of load 

range and mean load. 

2.1.6 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 regulate the maximum and mini-

mum loads. The operational frequency ranges from 0.1 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 1Hz. 

The Dowty is an electrohydraulic fatigue testing machine extensively 

described by Knight (183) with a range of frequency 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(120001bf). 

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 L1430 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 machines (due to the stiffnesses of the testing assemblies) was 

checked and found to be negligible; the repeatability of the results ob- . 

tained in both machines was within 5%. 

The 3.5% NaC1 solution was drip fed on to 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). 

This experimental set up is schematically 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 from Eq. (2.1). In RR58 and LM3O 

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. 8, 9 and 11) it 

can be seen that 

K 0: P
max 

(2.3.a) and K 	m P 
max 	

. 	
min (2.3h) 

AssoonasKmax andKinin areselected(orPmax andP.)the parameters mn 

Km and AK remain constant while the crack is propagating. 

2,2 Experimental Results 

2.2.1 Fatigue Crack Propagation in RR58 in Air (21°C and 50% R.H.) and 

in 3,5% NaC1 

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 

combined 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 the full subcritical range. 

At 0.15Hz tests were conducted with R = 0 (various K
m 
and AK values), 

at specific Km 
values (5.5, 8.25, 12.1, 16.5 and 18.15 MN/m

3/2
) 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/ 3/2) together with tests at R = 0, 

various K
m 
and AK values, and some tests at specific AK values. 

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

A typical linear relationship between crack length and number of 

cycles for tests at R = 0 is shown in Fig. 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/m
3/2

. Additional 

data for R = 0 may be found in a previous work by the author (184). 

Some results for low values of AK and still at R = 0 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 

rate ocurred when AK changed from 6.17 to 5.63 MN/m
3/2 

at which the crack 

growth rate obtained was 3.3 x 10
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
3/2

) the crack growth rate is rapidly decreasing towards the threshold 

level. 

Crack growth rate, da/dN, was obtained for each test and all the data 

obtained under R = 0 conditions is presented in Table 3. Fig. 14 shows 

da/dN plotted against AK with curve 1 fitting the data for R = 0 loading. 

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

varied at R = 0 inevitably include the influence of the mean value of stress 
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intensity as well, since K
m 
increases proportionately with increasing AK. 

Thus the results of tests in which_ R = 0 and Km 
 (and hence AK) is varied 

(curve 1 Fig. 14) may be described (in the linear region) by d crack pro- 

pagation law such as Eq. (1.231, but they cannot indicate the separate effects 

of AK and Km. 

In order to separate these individual effects; the two other series 

of tests were conducted. Thus for a specific value of Km 
(12.1 MN/m

3/2
) 

and with AK varying between 2.86 and 17.27 MN/m
3/2, all the results showed 

a linear dependence of crack growth on the number of cycles. Crack growth 

rate increased with AK, as shown in Fig. 15 for three consecutive tests. 

The numerical values of-
da 

corresponding to the tests performed under 
dN 

Km = constant conditions are given in Table 3, and are plotted against AK 

in Fig. 14. 	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 the 

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 

tests indicate that both K
m 
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 constant values of AK and varying mean stress intensity, K , the crack 

growth rate may be expected to vary within wide limits, and this was indeed 

the case. In tests at AK = 5.5 MN/m
3/2 

increasing K
m 
(from 2.75 to 

18.15 MN/m
3/2

) increased the crack growth rate by three orders of magnitude 

(from 2.5 x 10
,7 
 mm/cycle to 2.5 x 10

-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 Ce,g, curve lf  Fig, 141 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 vane, AKth. The higher crack growth rate in Region 

II can be described by basic equations such as the Paris equation. An even 

faster rate is observed in Region III, culminating in a 1/2 cycle loading 

when K
max 

will reach its critical value K 
 

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

(Fig. 14) suggests that the threshold values, AK
th 

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 = 0 form the typical sigmoidal 

curve 1 in Fig. 14, having a threshold value 5.5 MN/m
3/2 

- which may be read 

directly from the figure. Similarly values of AK
th 
 for curves 2-6 may be taken 

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 AK
th 

is dependent upon 

K
m, AK decreasing as K increases. th 

da 
(B) 	ThedN  nK Relation and the Effects of K

m 
and AK in Air at 35 Hz. 

Four typical tests at a constant value of K
m 
= 12.1 MN/m

3/2 
produced 

the results given in Fig. 17. It can be seen that the crack growth relation 

is linear and its rate decreases with AK.,Fig. 18 shows the results of 

three consecutive tests at a constant value of AK = 6.6 MN/m
3/2 

and with 

- K decreasing. The crack growth rate decreases by a factor of one order 

of magnitude as K
m 
is reduced from 16.5 td 5.5 MN/m

3/2
. 

Crack growth rates were obtained for each test, numerical values 

given in Table 4 and plotted against AK in Fig. 19. These results for given 
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K values at R 	0 together with curve 1 obtained from 

the R = 0,variable K
m 
tests, form a family of curves, These curves (1-41 

have a similar shape to those presented in Fig. 14 showing carves 1, 3 

and 4 the three different 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 = 10-7 mm/cycle. This 

task is facilitated by the existence of a few tests in which crack growth 

did not occur even after 107 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/m3/2 for R = 0 and then 

decrease as K
m increases. 

The fracture surface appearance. of one of the specimens can be seen 

in Fig. 20. (Spec. 1) A predominantly flat 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/dN- AK Relation and the Effect of Km  and AK in 3.5% NaCl 

A typical crack growth plot for tests conducted under R = 0 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 substantially in the 3.5% NaC1 solution in the tests performed at 

coMparatively low values of .AK; i.e. curve 4, Fig. 21. However no increase 

was recorded when the value of AK = K
max reached 19.66 MN/m

3/2
. Thus the 

crack growth rate in the fatigue tests performed at K
max 

values higher than 

19.66 MN/m3/2 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/m
3/2 are shown in Fig. 22. All the data in Fig. 22 also indicate 

a linear dependence of crack growth on number of cycles the crack growth 

rate increasing with AK, and accelerating in the 3.5% NaC1 solution 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/m
3/2

, 

produced the results given in Fig. 23. Again a linear relationship between 

crack growth and number of load cycles was obtained but the crack growth 

rate was not proportional to Km. These results indicate that in this en-

vironment too the Paris equation does not entirely explain the crack pro-

pagation phenomena in this material, and that both Km  and AK have separate 

influences on the crack growth rate similar to those obtained in air. 

Crack growth rate was calculated from 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 no crack growth was detected. 

AKth was obtained as the AK value for which da/dN is below 10
7 

mm/cycle 

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

value in 

3.506 NaCl for R = 0 loading was assumed to be 4.8 MN/m
3/2 

and AK
th 
 is seen 

to decrease as K
m 
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. 



-67- 

2,2,2 Fatigue. Crack Propagation in BS15 Mild Steel in Air C21°C and 

50% R.H.1 and in 3,5% NaCl 

In the literature review presented in Chapter 1 it was 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 therefore 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 different 

loading frequencies (0.25 and 35 Hz) under R = 0, variable Km  conditions; 

at specific constant values of K
m 
(15.8, 31.6 and 47.5 MN/ m

3/2
) and at 

various constant values of AK. 

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

Early tests were conducted at R = 0 and at various Km  and AK values. 

Results presented in Tables 5 and 6 show da/dN increasing both with AK 

and with K
m
. 

The crack growth curves obtained from tests at 35 Hz, in which K
m 

was maintained constant at 31.6 MN/m
3/2 

and AK was fixed at specific levels 

between 15.8 and 57 MN/m
3/2

, 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/m
3/2 

and 31.6 MN/m
3/2 

were repeated at a frequency 

of 0.25 Hz, and the results are shown superimposed on'the same line. Clearly 

there is no frequency effect under these conditions. Numerical results 



- 68 - 

appertaining to all the tests are given in Table 5 (0,25 HzL and Table 6 

(35 Hz1. 

Crack growth rate data for both frequencies are plottel as a 

function of AK in Fig. 26; a family of Km  = constant curves, corresponding 

to K
m 
= 15.8, 31,6 and 47.5 MN/m

3/2
, is shown together with the curve 

corresponding to R = 0 and various Km  conditions. Data for Km  = 23.7 

MN/m
3/2 

at 0.25 Hz was also obtained but is omitted from Fig. 26 for clarity 

The present results for R = 0 agree well with the Maddox data (174) 

Fig. 26 obtained in what is usually described as Region II of crack pro-

pagation. In general the effect of frequency 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 smaller. 

Hence the early Paris law again fails to explain the large variations in 

crack growth rates in tests at constant, but different AK levels. 

Threshold data in the form of AK
th 
 have been obtained from each 

curve in Fig. 26 by repeating the procedure previously adopted in RR58. 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 K
m 
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 frequency obtained in air (Fig. 

26) are also plotted. In this particular loading frequency (35Hz) the effect 

of the environment is negligible. 

The numerical values of AK
th have been obtained in the same way as 

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

value of AK
th  is for R = 0 and was assumed to be 6.33 MN/m

3/2
. Each curve 

in Fig. 27 has produced a different AK
th 
 value which is seen to decrease 
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as the applied Km  increases, Some tests conducted at applied AK values 

7 
below the assumed AK

th 
values failed to produce any growth after 10' cycles 

and were discontinued (see Figs. 26 and 271. 

Tests at the lower frequency (0.25 Hz) revealed 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 CFig. 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 was observed that the time for 

crack arrest, t
a
, (or the corresponding number of cycles) is increasing with 

AK and with the crack growth rate for the initially sharp crack. The tests 

performed at the three different constant values of K
m (15.8, 31.6 and 

47.5 MN/m
3/2

) 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 K
m
. 

The crack arrest phenomenon 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 10
4 

mm/cycle. A typical example is given in Fig. 31 

for two tests under R = 0 loading in which it is seen that no crack blunt-

ing and arrest occurred in test 1 for a AK value of 23.73 MN/m3/2. However 

in test 2, performed in the same specimen and following test 1 blunting 

has occurred after 130 h approximately for an applied AK value of 19 MN/m
3/2 

This latter value is below the limiting value of AK = 22.4 MN/m
3/2 

obtained 

for crack arrest under R = 0. (Fig. 29). 

It should be noted that the time interval selected 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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ion 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 

plot 
19._ 

against AK in Fig. 32 including the curves representing the re-

sults in air at thesame frequency, and taken out from Fig. 26. A family of 

curves can be drawn from the data points with curve 1 corresponding to the 

R = 0, (various K
m 
and AK). tests and curves (2-4) to the constant K

m 
tests. 

The effect of K
m on the crack growth rate for a sharp crack and at 

a given AK 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% NaC1 than in 

air, by a factor of 2 approximately. 

The threshold values, AK
th 

were obtained from the extrapolation of 

the lower crack growth rate data to 10
-7

mm/cycle. Each curve in Fig. 32 

produced a AK
th  value which is not influenced by the 3.5% NaC1 solution 

but decrease as K
m 
increases with a maximum value for R = 0 loading of 6.33 

MN/m3/2. 

When cycling at AK values below AK
th 
 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 and progressive blunting 

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

2.2.3 Fatigue Crack Propagation in LM3O 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 propagation data'in the entire subcritical range (from threshold to 

fast fracture).alid to compare the behaviour of a cast aluminium alloy 

(LM3O) with that of a high strength aluminium alloy (RR581. 

CA) The da/dN- AK Relation and the Effect of Km  and AK in Air 

The-experimental programme included tests at R = 0, various K
m 
and 

AK values, and tests at constant values of K
m 
namely 5.5 and 12.1 MN/m

3/2
. 

In all the tests a linear relationship between crack growth 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 against AK in Fig. 33. The 

pattern of the results is the same as that observed for RR58 and BS15. The 

family of curves in Fig. 33 (curves 1-3) shows these distinct regions of 

crack propagation. Curve 1 represents the R = 0, variable Km  tests and 

curves 2 and 3 the tests at constant K
m 
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 Region III is more exten-

sive in this alloy. 

Threshold data was obtained in the usual way (15-1  < 10 7 
mm/cycle) 

dN 

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/m
3/2

. 

(B)_ The 
da 

- AK Relation and the Effect of K
m 
and AK in 3.5% NaCl dN 

In this environment the tests were performed at the same K
m 
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 obtained 

with da/dN increasing with AK and Km. 
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The obtained crack rates, 
da 
 are plotted against AK in Fig. 33 

dN 

presenting a similar pattern to that of the results in air, Crack growth 

rate is accelerated in 3.5% NaC1 with the difference increasing as AK 

decreases. In Region IIT'very high crack growth rates were obtained re-

peating the pattern observed in air. 

AKA  valuesvalues were obtained with a maximum value of 6.9 MN/m3/2 for 

R = 0, 

One LM30 broken specimen is shown in Fig. 20 (Spec.. 3). The fracture 

surface is macroscopically flat produced by the largely developed plane 

strain 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 adequate 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 AK 

level in the immediately preceding test. (Tables 3-7). Hence any delay 

or transient acceleration phenomenon is effectively eliminated (See Para. 

1.7.SD) 

(Al 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 = 0 in laboratory air At a frequency of 35 Hz the value of AKth, 

obtained by extrapolation of the lower rate data, is 4,37 MN/m
3/2.

,Testing 

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

-than the 1.65MN/m
3/2

for pure aluminium and 2.09NM/m3/2 for a 4.5% Cu-Al alloy 

(BSL65) quoted by Frost(81). Both materials have been tested at frequencies be- 

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

of 2.75 MN/m
3/2

, but data presented by Donahue et al (187) gives 5.5 MN/m
3/2

, 

for the same alloy and test frequency. It should be pointed out that all 

the data for 2024-T3 were obtained on 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 comparable threshold 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/m
3/2 

(R = 0) reported by Schmidt and Paris (133) for 2024-T3 alloy (the same 

series as R168) at a very high frequency (300 Hz). 

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

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

both frequencies and environments. AKth  is only 12% lower in the 3.5% 

NaC1 solution than in air and is 20% lower at 35 ITz than at 0.15 Hz. 

There is no measurable difference between AKth  valuesat 35Hz in air and 

in 3.5% NaCl. Data from Feeney et al (67) obtained in 2024-T3 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 the 

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

creasing frequency. 

In LM30 the threshold values of AK are presented in Table 8 and 

plotted against K
m 
in Fig. 34. The value of AKth  for R = 0 (7.4 MN/m

3/2
)  • 

is higher than the comparative threshold results presented by Weiss (132). 
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and Donahue et al (187). for high strength aluminium alloys. Donahue et al 

(1871 reported an increase in AKth 
with decreasing yield stress. Since 

LM3O has considerable lower yield stress than RR58 this may explain the 

difference. 

An alternative plot of AKth/E against R is shown in Fig. 35. Tests 

at very 

results 

Fig. 	35. 

with 	a' 

high stress 

obtained below 

The curve 

AKth 

ratios (above 0.9) have not been completed, but the 

that value provide a good fit to a smooth curve.  

may be expressed by the relation 

r6Kthi 	
(1 	p2Nel (2.4) E 

= 0.55 for 

E 	jit = 0 

RR58 at 35 Hz; 	a' = 0.73 for RR58 at 0.15 Hz in air 

and 0.65 in 3.5% NaCl. For LM3O a' = 1.1 in air and 3.5% NaCl. The above 

equation is more general than the Grandt and Gallagher expression (136) 

in which a' = 1. 

A sudden change in the shape of similar curves observed by Schhndt 

and Paris (133) for 2024-T3 aluminium and A533 steel (albeit at lower 

values of R than those investigated here) was explained by a crack closure 

originally discussed by Elber (911 but it is doubtful that such. a-change 

would occur in RR58 and LM30. It should be mentioned here that the analysis 

of the fatigue tests on RR58 performed by Pearson (89) led to unexpected 

discrepancies; thus the possibility of behaviour different from that 

commonly observed in class 2C00 aluminium alloys should not be ruled out.. 

(B) Threshold Results in Mild Steel BS15 

Threshold data in the form of AKth  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 0 to about 0.95, as evidenced by the four 
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constant R lines drawn in the figures  The BS15 threshold results agree 

well with Frost's for cold rolled mild steel. At stress ratios near 0, 

A533 B-1 and EN3A mild steel have better threshold behaviour than the 

other steels. but when 0:5 < R <0.95 the best results are those for cold 

rolled mild steel and BS15. 

In Fig. 37 the factor AK,h/E is shown as a function of the stress 

ratio at the threshold points. ThiS curve is significant since it has 

been suggested that for a given stress ratio the factor AK
th 

 /E may be 

material dependent (135). When plotted on this basis it may be seen that 

for the present steels data does not fall on one single line. Hence, at 

least for these materials, the ratio AKth/E is not material independent. 

For cold rolled mild steel and BS15 Eq. (2.4) fits the threshold. 0_ata 

well with al = O.S. This equation gives better correlation of these results 

than the Grandt and Gallagher expression (136) shown superimposed on Fig. 37. 

A crack closure approach shows a reasonable correlation- with 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 + AK0  = constant 
	

(2.5) 

where K
cl is the value of the stress intensity factor necessary to open 

the crack and AK
0  is the stress intensity range above Kcl 

which must be 

exceeded for crack growth to occur. These definitions of Kci.  and AK0  

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

nth = K max  - K min = (Kcl + AK) (1-R ). 	 (2.6) 

Also, for K
min

>  AK
cl' 

crack growth does not occur when 1\1(
th 

= AK
0 
 = constant. 
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Thus when R = 0 

NE(  th_I  R=0 = Kcl 61(0 

andwhenK.>K 
Km. 	cl 

Al(th_  = (AK .)min 

(2,7a1 

(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 

closure approach is not appropriate for cold rolled mild steel nor BS15, 

and any attempt to use it will lead to a very conservative estimate of 

AKth.  

2.3.2 The Effect of Environment and loading Frequency 

(A) Environmental and Loading Frequency Effects in RR58 and LM3O 

Two K
m = constant curves were taken from Figs. 14 and 24 and a compari-

son between them is made in Fig. 38 together with the R = 0 curves, to 

assess the effect of 3.5% NaC1 solution on crack growth rate. 

In comparison with laboratory air the 3.5% NaC1 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 Region II and about one 

order of magnitude in Region I (Fig. 38). However at higher K 	values 
max 

e.g. 21 MN/m
3/2 

(Region III), no significant difference between 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 crack growth rate in a 3.5% NaCl solution is usual 

for aluminium alloys as 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 embrittle 
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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 

and at low frequencies (0.15Hz). Extensive dissolution not accompanied 

by material embrittlement'a't the crack tip leads to crack blunting (e.g. 

mild steel BS151. Local dissolution was experimentally observed in the 

crack tip region but it did not affect the geometry of the crack tip, i.e. 

the crack remained sharp during propagation. 

The effect of K
m 
is similar for both environments when compared with 

the R = 0 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 frequency 

decreases, but for lower LK values (Region I) the corresponding 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. As mentioned above, the 

frequency effect on crack growth rate in high strength aluminium alloys has 

only been studied in limited crack growth rate regions, usually in Region 

II (80, 114, 121, 122, 139, 140). In Region III it is seen that the results 

are strongly dependent on K. Hence in specimens with lower Kc  values the. 

transition from Region II to III occurs at lower AK values and the crack 

. growth rate may be higher at 35 Hz (curves 3, Fig. 39). 

Data presented by Bradshaw and Wheeler (139) for 5070A aluminium allo7 

shows that the crack Growth rate curves for loading frequencies of 100 and 

1 Hz cross at AK = 5.5 MN/m
3/2

. The data also strongly suggests a higher 

threshold value at the lower frequency. The present results support this 

trend with the crossover point (point A) occurring at a AK value of about 

7 MN/m
3/2 

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 gasfairl 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, nitrogdn and water vapour and the metal. Therefore 

this effect should be more pronounced at lower AK levels. The results pre-

sented in his work (139).and the present results do not support the 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 and water vapour 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 the frequency 

effect is necessary to clarify these points: 

For the LM30 cast aluminium alloy the data presented in Fig. 33 

indicates that the 3.5% NaC1 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 that on RR58. Thus 
la 

is accelerated by a 
dN 

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)_ Environmentaland 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 not been reported in these latter materials. 

Crack blunting and subsequent arrest are known to occur in stress 

corrosion, 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 
The existance of a critical value (--

dN)b 
 above which blunting does not 

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 cycld'but also to increase its 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. 

When the initial crack growth rate (sharp crack) is below A the 
dN b 

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 

da 
with increasing crack growthrate (below (T17)

b
) more time will be necessary 

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 growth 

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 

effects i.e. in the early stages of cracking when (dN) < AdNb  and in the over- 

all test if da  >(1a) 
dN dN b 

The stress conditions at the crack tip leading to deceleration and 

arrest of blunt cracks are discussed in (188). The tangential stress 
 

at a crack tip having a radius of curvature p may be qualitatively expressed 

by the equation derived by Heckel and Wagner (189). 
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6t -  
t AK 	 (2.81 

which shows that as p increases at  decreases. It is also assumed that the 

decreasing value of Qt  reduces the local value of AK. The effective value 

of AK, 
AKef' 

may characterize the stress distribution at the crack tip. 

AKef 
decreases as p increases and at arrest AK

ef 
might be equal to AK th' 

the threshold value of AK in the same environment and for a sharp crack. 

Further analytical work is necessary 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 AK values a corrosive 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 Semi-Empirical Fatigue Crack Propagation Model 

Propos6d Model 

All the data collected in the experimental programme showed that 

both AK and K
m 
have a significant influence on the fatigue crack growth pro- 

cess. The above influence is similar to that reported in the study of Region 

II fatigue crack propagation in high strength aluminium alloys and steels 

carried out by Arad et al (101) in this department. Thus Eq. (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 

da 
of the function 

a- 
= F(A) and considering Eq. (1.32) 

dN 
may be expressed in 

dN 

the form 

2  
dN 

(iXn1= (3(Kmax 
2 	

- K
min 

 ) ni 1 = a(2AKK
m
)ni= Bt(AKK

m 

with the constant a' = pni. Plotting log (da/dN)/B' against log AK for 

of 	
(2.9) 
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different Km 
values with a hypothetical value of ni= 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 '59). 

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

da 
against A are shown in Figs. 41, 42 and 43 for RR58, BS15 and LM30 

dN 

respectively. In the case of RR58 (Fig. 41) and LM3O (Fig. 43) and as 

already observed in the study of aluminium alloys 2024-T3 and 7075-T6 (101) 

the agreement with X in Region II is good between 10 4 mm/cycle and 10 2 

mm/cycle. In BS15 (Fig. 42) the agreement with A was obtained from 

5.0 x 10
-5 

mm/cycle to 2.0 x 10 3 mm/cycle - well inside the range of agree-

mentwithXforcoldrolledmildsteeland6N.-4C0-0.25C steel (101). It 

is apparent that the use of this parameter has the effect of bringing all 

the experimental data onto a single curve in Regions I1 and III, although 

in Region I A is dependent on K
m
. 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, Eq. (1.32) may therefore be described as follows: 

For lower crack growth rates (<2.5 x 10 5 
mm/cycle) X is strongly 

dependent on Km  and its threshold value Xth  = 2AKth  Km  influences crack 

growth in this region (Region I). 	A sharp increase in growth rate occurs 

for higher values of K
max approaching the critical value Kc. These two 

values provide the limiting conditions of the model 

lim da _ 
A- Ath  dN and lim 	da co . 

K 4-  K 	dN 
max c 

(2.10) 

Hence in the modified model the term X- X
th 
 should figure in the 
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X -X th 	2K
m(AK -AKth) 

da 
dN = Ac  

• 

(2.12) (I) where 
2 	2 
Kc 

- K
max 

K2-K2 
c max 
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numerator and K 	K
max 

in-the denominator. -A generalised equation. 
c 

may be chosen as 

and Ac 
and a are constants. 

In LEFM (Appendix A) the stress intensity factor K is related to 

the crack tip opening displacement (COD) and the J contour integral 

or crack extension force G (Appendix A). Hence Eq. (2.11) may be re-

written in terms of the crack opening displacement and crack extension 

force as 
G( Av -Avth  ) .... _ (AG-AGth da = A  	1-Ic dN 	c(1,1.  - v 	Gc -GMaxI b max 

(2.11) 

where Av = v 	- v , AG = G 	- G 	v 	and v , G 	and G 
max 	 . n min 	max min max min max sin  

are the maximum and minimum values of v and G respectively, Avth  is 

the threshold value of Av for crack extension, vc 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 AGth 
 is given by 

2 .2.  (K) -(K ) 
max th min th 

AG th 
(2.14) 

where (K
max 

)th  and 
(Km 

in )th are the maximum and minimum values of K at 

the threshold point. AG
th 

represents the variation in cyclic potential 

energy with crack length, assuming that crack growth is still obtained 

at the threshold point (which is approximately true since da/dN <10-7  

mm/cycle). 

The parameter (I) 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- Avth) increases and as 

v
max 

approaches to v
c
. These relations, Eqs. (2.11, 2.13) 	imply that 
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crack growth will occur when a certain level of Av >Avth  is attained and 

when v + v or G+ G unstable fracture is obtained. 
max c max c  

(B) The use of the Proposed Model for Representing Experimental Data 

In this section da/dN will be plotted against 0 not only for the 

investigated materials but also for relevant data on steel taken from 

the literature. 

In calculating 0 appropriate values of Kc  were taken. Thus for 

RR58 and LM30 the K
c 

value for the particular specimen being tested was 

assumed in the calculation (Table 2). For BS15 K
c 
was taken as 98 MN/m

3/2 

(190). In tables 3-7 the.numerical values of 0 are given. In RR58 at 0.15Hz 

da/dN is plotted against in Fig. 44. A linear relationship is apparent. 

The 0 plot for RR58 at 35 Hz is shown in Fig. 45 and for LM3O in Figs. 

46 and 47. The corresponding 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 appropriate cases for which the literature (94-97) gave sufficient 

data over a wide range of crack growth rates, the model 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 0 are shown in Figs. 

50-52 for tests in which the stress ratio R was constant. In these cases 

the parameter 0 could be calculated as 

2 
(1-R )(K 	-(K

2 
) 
t
.,1 

max max n./ 
(2.15) 

 

K2  - K
2 

c max 

 

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

a value of 125 MN/m3/2 had been established (96). 

0 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 C951, Fig, 50 a range 

of crack growth rates of 10
-7 

to 10
-3 mm/cycle, for cold rolled mild steel 

(94), Fig. 51, 10 7  to 10-2  mm/cycle and for A533 B-1 steel (SO), Fig. 52 

10
7 
to 10

-2 mm/cycle approximately. In each of the above cases the 

parameter (1) may be considered valid over the full subcritical range. In the 

case of EN3A mild steel (971, Fig. 53 the parameter appears equally valid, 

although in this case the maximum crack growth rate had been restricted to 

10
3 mm/cycle and the full range of Region 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 mid points of scatter bands at randomly chosen 
cl2
'values, since 

dN 

only scatter bands were available. 

The above results clearly demonstrate that for mild and low alloy 

steels the parameter 4 is capable of expressing by a single line data 

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-

lationshipis generally considered to be a good predictor of crack growth rates 

in metals. The satisfactory agreement given by the parameter (I) 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 and 

threshold behaviour which are not fully accounted for by other expressions 

mentioned earlier (Paragraph 1.7.4). The selection of materials can be most 

conveniently performed by using the parameter (I) without the inconvenience 

of the use of different equations for different stress ratios and indiff-

erent regions of crack propagation.. 
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(CL Trends of Variation in a and A Coefficients 

The numerical values of a and Ac  are given in Table 9. The inference 

taken from those values is that a and A
c 
are dependent on material, fre-

quency and environment, 

For RR58 tested in laboratory air when the frequency increased both 

a and Ac decreased. However in 3;5% NaC1 Acclecreasedbuta 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 frequency 

will lie above the curve for the higher frequency (Fig. 45) with the 

difference increasing for higher values of 0. • 

On the other hand the 3.5% NaC1 environment causes 

a decrease in a and an increase in A at 0./5 Hz when compared to the 

results in air. Consequently the data presented in Fig. 44 converge with 

increasing values of O,the accelerating effect of 3.5% NaC1 being practi-

cally non-existent for (D values greater than 10. (da/dN > 2.5 x 10 2 

mm/cycle), At 35 Hz a and Acare not dependent on the environment. 

For LM30 (Figs. 46 and 47) both a and AGshowed the same trend as for 

RR58. However the increase in Acfrom air to 3.5% NaC1 is smaller than that 

for RR58 (30% increase compared to a factor of about 2.5). The 0 plot shows, 

therefore, a considerable minot effect of the 3.5% NaCl solution on the 

crack growth rate for LM30. 

In BS15 and at 0.25 Hz a decreased and A
c increased when the environ-

ment was changed from air to 3.5% NaC1 (Figs. 4.8 and 49 and Table 9). 

The frequency effect in 3.5% NaCl led to a decrease in Ac  and an increase in 

a 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 a and A
c  for the other data on steel selected from the liter-

ature (94-97j are also shown in Table 9. a and A
c 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 be carried out in terms of crack growth rate 

resistance this material would-be the obvious choice. 

Another immediate advantage of the law described by Eq. (2.11) is 

illustrated byLthe fact that when plotting da/dN against 0 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 semi-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. (2.11) may be expressed in terms of the stress ratio as 

2 	2 2 
{Cl-R  )(Kmax - (Kmax)th ]

a 

" dN c 2 2 
K
c - Kmax 

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

2 2 K2 
max 

= Y 
Amax 

 7a , 

(K2 ) 	= Y2a2 7a. max th 	max i 

(2.16) 

2 
and K2 

c = Y2 amax .
7a
c 

(2.17c) 

Substituting Eqs. (2.17a,c) in Eq. (2.16) and simplifying Nf  may be ob-

tained by integrating the equation 

where ao is the initial flaw size. 

If a 	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 values of R. 

When a 1 integration of Eq. (2.18) is straightforward and gives 

'1 • 
Nf - 	[a 

o
-a c 1+ Caci .2nn (a c -a..) —en (ao 1 -a. ) 	(2.19 ) 

A
c
(1-R2  

The plot Nf against ao is presented in Fig. 54 for BS15 mild steel in 

air at R = 0. Two different curves are showed corresponding to usual 

working stress ranges 2 
	1 	

1evaluesofa-and ac 
were  

!vs 
and

calculated from Eqs. (2.17b) and (2.17c) with (Kmax) th = 6.33 MN/m3/2 

and the geometry considered in the example is that for which Y = lIvalue 

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
o 

to the critical size a
c
. N

f increases when both the 

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

when a -*a.. 
0 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-alloys are susceptible to stress corrosion cracking (SCC) 

in a hostile environment. They usually show intergranular 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 been obtained by ex-

posing suitably stressed smooth unnotched specimens 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 stressGSCC below 

which SCC is not observed within a given time. An extensive collection of 

SCC 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 of the SCC phenomenon in aluminium alloys. 

In the time to failure test it is often difficult to define the applied 

'stress with sufficient accuracy, since it can be highly localised by a surface 

defect, an internal defect or a corrosion pit. Furthermore, data obtained on 

nominally smooth. specimens included both the initiation and propagation phases 

of the stress corrosion process and these could not easily be separated. The 

initiation phase consists 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 conveniently 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. 

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 Prestley (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 normally to 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 substantially 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 the respective 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 toughness 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 constitute valuable information.for alloy development as well as 

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

cracks would not propagate or propagate extremely slowly. 

A flawed structure can be conveniently represented in the laboratory by 

a specimen containing an initial sharp crack, appropriately loaded in a hostile 

environment such as a solution of NaCl in water. Crack growth 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 

suitable for SCC studies, methods for the determination of 
KISCC 

 , experimental 

techniques of monitoring stress corrosion crack growth and the translation of 

laboratory data into practical service applications. 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 water using smooth and precracked specimens. They found 

a general agreement between the results from the two methods. 

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

Its geometry is particularly indicated for the experimental determination of 

crack growth rates in the S-L orientation. Also another advantage of the 

DCB specimen is the ease with which SCC data can be obtained from a. reduced 

number of specimens. The first extensive experimental work using this geometry 

was carried out by Hyatt (198). The environment was a 3.5% NaC1 solution and ten 

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

tested. 
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Jacobs and Marcus(199) have recently 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 factors 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. However in some material-environment combinations, 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 phenomenological trends in both Regions. Thus in Region I 

da/dt is strongly dependent on K, tending towards the threshold value K ISCC' 

In Region II there is a plateau velocity(da/dt independent of K);its extent 

depends on the material and environment. For most alloy-environment combinations 

Region II extends to Kc. In a few cases, however, as the applied K approaches 

Kc a sharp acceleration of crack growth occurs, forming what is called Region 

III. 

In some alloys having an equiaxed grain structure macroscopic crack 

branchingis possible. This phenomenon was studied by Speidel (202) who pro-

posed that crack branching may occur if a plateau region (K-independent) exists 

and the crack tip stress intensity at the point of branchingis at least 1.4 

times the stress intensity at which Region II begins. These conditions were 

considered necessary but not sufficient for crack branching. 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 Kit,. 

Later an elaborate theoretical treatment of crack twinning was carried out by 
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Cherepanov and Kuliev (2041. 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 4) between the branches. To 

calculate these stress intensity factors, theory of elasticity was applied for 

a semi-infinite straight slit with two symmetric straight branches. A value 

K
lb 

was identified, below which (and above 
KISCC 

 ) the crack propagated at a 

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

assumption that for IP= 45°K at the tip of one branch attains K
1C

, to be that 

at which K
1C

/Klb = 1.31 - comparing well with the experimental value 1.46. 

3.2.3 The Effect of Environment 

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 increases 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 

less than the crack growth rates obtained in gaseous solutions. In distilled 

water many aluminium alloys exhibit almost identical crack growth rates to 

those obtained in gaseous atmospheres of 100% relative humidity (116). 

It is of considerable practical importance to investigate SCC in aluminium 

alloys exposed to aqueous solutions containing chloride and other halides. 

These halides exist in marine environments and their influence in the cracking 

process must therefore be known if susceptible alloys are to be used in those' 
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environments. One of the most widely used laboratory simulations of sea 

water is the 3.5% NaC1 solution which was used in the present work. 

Data presented in (116) shows that in aqueous 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 K ISCC 

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

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

The electric potential 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 is also of 

great importance. It is known that in many applications components are sub-

jected to SCC above room temperature. TTF data obtained 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-T651 

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

ature was increased from -11
o
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 = V
oexp(-Q/R T) 
	

(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  e 	(-Q+bK)/IT 	(3.2) 

where b is a constant. The crack growth process was found to be thermally 

activated with constant but different activation energies in Region II.and 

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

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 effect of composition excepting a short note 

on the main metallurgical aspects of aluminium-alloys in (116). 

Precipitation hardening is of the utmost importance for high strength 

aluminium alloys (116); in particular the initial stages of precipitation 

hardening decrease the resistance to SCC while overaging can increase it. The 

selection of the proper heat treatment may be aided by testing precracked DCB 

specimens containing ageing gradients 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 
KISCC 

 and other mechanical properties is exten-

sively presented and discussed in (116). 

The quenching operation may, however, introduce residual stresses which 

can lead to extensive crack bowing. Hyatt (207) investigated this residual 

stress problem and found that crack bowing was caused by residual compressive 

stresses on the surfaces of the re-heat-treated DCB specimens. The residual 

stresses can be eliminated by plastically deforming the specimen after quench-

ing. Residual quenching stresses not only increase the chances of initiating 

stress corrosion cracks but also contribute to an acceleration in the averaae' 

growth rate. This results from the increased COD and K levels at the crack 
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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 cast aluminium alloys have been 

found by the author. Since these alloys usually contain large percentages 

of silicalit 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 metallurgical 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 mechanisms near the crack tip at the 

scale of atomic dimensions - at which, however, 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 available SCC 

• theories prior to 1972. A similar presentation herein will-extend to work pub-

lished since this date. 

3.3.1 Activation Energy Theories 

*In this group are included 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 energy 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 calculating 

the elastic stress field for blunt cracks (188) it was concluded that td 

avoid crack blunting the 'dissolution velocity should be more strcigly depend-

ent on stress than a one-half power 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 Eq. (3.2) with 

(3.3) 

and 
2V  b - 	 

Orpl 1/2  
(3.4) 

In the above equations Qo  is the stress-free activation energy, Vm  is the 

molar volume, 'y is the fracture surface energy and Vu  is the activation 

volume. 

The model predicted very well the experimental results for Region I 

crack propagation obtained in (202). Moreover, the slopes of Region I crack 

growth curves of high strength aluminium alloys are very closely approximated 

by Eqs. (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) on strain enhanced corrosion 

mechanisms. 
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The TLIM model (2101 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. when 

K
lc  

c = 
E(2TrdT 12  

(3.5) 

The model assumes that a corrosive environment can reduce the value of c
c 
by 

attacking chemically the outer perimeter of each ligament, but no prediction 

of the da/dt - K curve is made . 
KISCC 

 is estimated to occur when the K 

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

ovs  
K
ISCC 	

(27FdT) 
- 	2

1-2v 	

(3.6) 

is then independent of the environment and is only influenced by metal- K
ISCC 

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 the 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 strain rates'.in an elastic-plastic material at the crack tip is, 

at this stage, far from being satisfactory. 

3,3.3 Hydrogen Embrittlement Theories 

The hydrogen embrittlement phenomenon has been extensively studied. Hirth 

and Johnson (212) have recently published a review paper on the subject. In 

SCC hydrogen embrittlement is more likely to occur in high strength steels. 
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da 
Leeuwen (213) obtained an equation for Region II of the 	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)demonstrated 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 high strength 

aluminium alloys based on metallurgical factors (e.g. microstructure and 

composition) are scarce. Nielsen (217) has adequately reviewed the main 

metallurgical factors involved, and Meyn (218) has published a fracto-

graphic study of SCC in Al-Zn,-Mg alloys. 
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Smith.. (219L developed a capillary model specifically taking into 

account the crack growth_rate as a function of crack length, fluid vis 

cosity and surface tension, contact angle and temperature. The capillary 

flow within the crack was theoretically analysed and was found to be related 

with the contact angle between the fluid and the crack surfaces. 

Liu (2201 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. Assuming 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: 

MK 
da 

	

	o  
o 

log (---/C') = y' +.( 	,) 
dt  

kcT6  2 

(3.7) 

where C' 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, kris the Boltzmann constant and (S2  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 balance approach. 

Thus an additional electrochemical energy component is added to the elastic 

strain energy, reducing the overall energy required for fracture. No experi-

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 

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% NaC1) but under static 

loading conditions (SCC). 

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

curve using two different wetting methods and to assess the 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 has 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 ofthese.is 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 RR58 and the cast aluminium alloy LM3O. Their composition and princi-

pal mechanical properties are presented iri 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 program was 3.5% NaC1 

solution, allowing a direct comparison with the fatigue crack propagation 

results. 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 

design, 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 Kc  are described in 2:1-.4 Kc  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 

Kc, the specimen could be used for SCC tests at any required stress corrosion 

load PSCC <Pc' producing a constant stress intensity field along the crack path. 

4.1.5 Testing Procedure 

The test rigs were individually calibrated with strain gauge load cells 

and the weight of the lever arms and loading pans accurately determined. 

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 reduce surface corrosion all the specimens were painted 

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 

longer 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 of a horizontal specimen and corro-

dent feeding arrangements are shown in Fig. 10. 

In the first series of tests on horizontally positioned specimens crack 

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-inserted into the rig„ 

reloaded, and the final crack length rechecked using the travelling microscope 

A second series 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 Experimetal Results 

4.2.1 Stress Corrosion Cracking in RR58 in 3.5% NaC1 

A typicalincrease of deflection, 6, 	with time for a test performed 

• 3/2 
immediately after initial precracking at Kc = 23.82 MN/m is shown in Fig.56. 

Crack growth stabilised to a constant rate of 3.1 x 10-5 rmls after a primary 
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incubation period, ti, of 28 hours, This curve pattern was very often ob-

served when the K level was reduced from the preceeding test on the same 

specimen. From this linear variation in deflection, S, with time, t, do/dt 

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

dCdt  6  3  _ 1 	dS  
da = da`P 	p 	da 

SCC 	SCC 
(4.1) 

and 
da 

da _ 11S 
dt/da _ 

	dt  
dt dt'da P dC (4.2) 

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 (secoridary) crack growth rate. The 

incubation period recorded in Fig. 56 was observed in a test with an applied 

K value (12.76 MN/m3/2) lower than that applied in the immediately pre- 

ceding test (23.82 MN/m
3/2) on the same specithen. Further typical examples 

are presented in Fig. 57, in which tests 1 and 4 show comparable (long) in- 

cUbation times. In test 1 the value of K applied was reduced from the pre- 

crackingKc valueof23.60MN/mV2 to13.26MN/m3/2 witht.=58h, while 

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 value in the immediately proceeding 

test 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 10 and 11). However this diff- 
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erence is due to the variation 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 and 

current stress intensity. Several tests were conducted to illustrate this 

point and a typical example is shown in Fig. 52 where tests 1 and 4 were 

performed under the same K value (13.2 MN/m
3/2) using the same specimen 

and showed practically the same crack 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 tests the incubation times were much shorter than those observed pre-

viously in tests 1 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 are 

identified in Fig. 58 (ti under decreased K and ti under increased K). 

Crack growth rates, da/dt, in the constant (secondary) rate regime 

for each test are plotted against the applied stress intensity factor K in 

Fig. 59. The crack growth rate results are presented in Table 10 for the 

horizontal specimens and Table 11 for the vertical specimens. 	Fig.59 

shows that results for the specimens tested in the vertical position are 

above those obtained for the horizontal specimens, and the "threshold" 

KISCC was found to be about 6 MN/m
3/2 

for the vertical specimens while it 

appears to be nearly 7.5 MN/m
3/2 

for the horizontal ones. The da/dt-K 

curves show three different regions of crack propagation. Region I extends 

from the threshold to about 17 MN/m3/2 (Fig. 59). Note that 
KISCC 

 has been 

established at crack growth rates close to 10 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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a short plateau OK. independent regionL extending from 17 to 21 MN/m
3/2  

in whiciLtbe growth rate for the vertical specimens is a factor of 2 

above that for the horizontal ones (4.0 x 10 5  to 8.0 x 10-5 mm/s1. In Region 

III the crack growth rate accelerates increasingly as the K:c  value is approach-

ed, with no measurable difference between the horizontal and vertical results. 

4,2.2, Stress Corrosion Cracking in LM30 in 3.5% NaC1 

Tests on this alloy were 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, 

withanincubationtimet..=90h in test 1 (K = 7.91MN/m3/2) corresponding 

to a reduction in K from the precracking K. value OK
c = 21.51MN/m

3/2 to K = 

7.91MN/m
3/2

. When K was next increased from 7.91 to 9.5MN/m3/2 a temporary 

increase in crack growth rate occurred, repeating the phenomenon already ob-

-served in RR58(Tests 2 and 3, Fig. 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. K_SCC obtained in the same experimental conditions as in RR58 I 

is about 5.5MN/m3/2 and Region II shows the K-independent plateau from 8.7 

to 18,35MN/m3/2 at crack growth rates close to 5.0 x 10 5mm/s. Region III 

covers the range of K values from 18.35MN/m3/2 to K
c' with a sharp acceler-

ation of crack growthrate towards the K
c value. 

4,3 Discussion of Results 

4,3,1 The Influence of Load History 

(Al Fredictkon 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 alloys. Instead similar 

curves have been obtained by Harrigan et al (2231 and Landes and Wei (224) 

from SCC tests of A1S1 434D and D6AC steels in distilled water, with an 

incubation time defined as the time of zero crack growth. 

In the present study it is more convenient 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 K
r. Its size, rr, can be calculated for plane strain con-

ditions using Eq. (A.10) 

2 
1 

K
r r = 

r 67 02 
ys.  

(4.3) 

The prior load caused a residual stress state at the crack tip. Here it has 

been assumed that the plastic zone size created 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 a localised load interaction zone, has been considered in (153, 

154) for a special case of fatigue crack crowth following.-a jingle overload. 

However the present approach is more general. While the crack tip re-

mains enveloped by the material plastically deformed(work hardened) during 

the previous load, the crack growth rate will be reduced. The crack length 

corresponding to the incubation stage, ai, would be of the same order of 

magnitude as rr. Experimental evidence is presented in .Tables 10, 11 and 12 

in Tdhich ai  is compared with r
r as calculated from Eq. (4.3). The plastic 

zone size values for LM3O (Table 12) are, in general, 5 times greater than 

those for RR58 (Tables 10 and 11). The difference is due to the lower yield 

stress of LM3O (150 N/mm) compared with that for RR58 (367 N/mm 2 ) . The corres- 

ponding experimental values ofai  do indeed show a similar variation. 

The incubation time will be primarily dependent upon the plastic zone 



- 107- 

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 

r  s 
= f(  K -K ti   

Ks 
(4.4) 

where f is an increasing function, since ti will increase with the difference 

Kr-Ks  and reduce with increasing Ks. The present incubation time results 

.(Tables 10,11 and 12) were plotted in the form of 

2 	2 
K -K 	r -r r s 	r s 
K

2 	rs 
s 

(4.5) 

in Fig. 62. It should be pointed out that while the crack tip is inside the 

plastic zone, r 
r  , rs  will not physically exist, but the incubation time will 

depend on Ks, which in turn can be expressed in terms of rs. A good 0,correlation 

was obtained in Fig. 62 by applying a power function 

112-2  .111  

n. 
t. = C r

2  s 
	•_c.11) 	 (4.6) 

-  
Ks 

with C.= 24.58h and n1 = 1.203 for the horizontally aligned RR58 specimens, 

and Cd= 11.549h and ni= 1.1562 for the vertical orientation. For LM30 

Ci= 33.79h and ni= 0.623. The constants Ciand nidepend on the material, 

Fig. 62) environment, wetting conditions (Fig. 62) and t,oSsibij 

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 + 	t3.  0  Sc  (4.7a1 

and for K /K 4 K 	/K 	t s c 	ISCC C 	i  m  (4.7b) 

In RR58 two curves, for horizontal and vertical orientation of the specimen, 

were obtained. Both are concave upwards and the curve for the horizontal 

specimen alignment again lies above the vertical results. The LM30 results 

are also included in Fig. 63 and lie below the corresponding curve for RR58. 

Thus, despite the fact that ai  is longer in LM30, the incubation time is 

shorter. This means that in LM30 the crack growth rate is faster in the in-

cubation period. 'Fig. 63 provides an indication of the incubation period 

in-the SCC tests; This influence increases with the decreasing total 

testing time. 

(B) The Incubation Time Under Increasing K 

Equation (4.6) can not be applied to predict incubation times when K 

is increased, 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 el 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 during the incubation times under increasing K is due to a process 

of local rupture which occurs when the already damaged material at the crack 

tip is subjected to a higher load. A theoretical explanation for the pheno-

menon may not 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 KISCC  is reduced from 7.5 to 6 MN/m
3/2

. The 
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difference in K-ISCC is attributed to 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 testing method as well 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 III which is 

very rarely observed in SCC studies of aluminium alloys, the difference 

between the horizontal and vertical crack alignment results is virtually 

non-existent, suggesting that at high K values the cracking process is 

mainly of mechanical origin although the presence of the corrosive envir-

onment is necessary. This is tonfirmed-bythe 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 

da A direct comparison between the dt ,K curves for RR58 and LM3O can be 

seen in Fig. 61. 
KISCC  is lower in LM3O (5.5 MN/m

3/2 compared to 7.5 MN/m
3/2 

for RR58). The plateau (K independent region) occurs at approximately the 

same crack growth rate despite the fact that in LM3O. Region II is more 

extensive than in RR58. Region III starts at lower K values in LM3O, due 

to its lower Kc values. 

The scatter hands bounding all the RR58 and LM3O results 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 6 times a day). 

Hence it may be expected that the corrosive action would be more effective 

. in the present tests. The RR58 and LM3O 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 (2251 yielded a rather high 	value 

 (14 MN/m3/2  ) while the maximum crack growth rates were cloSeiy comparable 

to those presented here. The present 
KISCC 

 value _ (6-7.5 MN/m
3/2

) 

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 the results obtained in (224) were obtained by daily wetting of the 

specimens with 3.5% NaC1 solution, it may be concluded that the more severe 

corrosive conditions obtained in the present tests are responsible for the 

low KISCC  results. Thus KISCC  should not be classified as a true material 

property, since it may be strongly influencedby the testing method. 

In Fig. 64 it is apparent that the cast aluminium alloy LM3O has 

inferior SCC properties to those of the 2000 series aluminium alloys con-

sidered; its 
KISCC  is lower and the plateau velocity is about one order of 

magnitude greater. As mentioned in Chapter 3 high percentages of silicon 

(as in I1430) cause comparatively poor stress corrosion resistance. Extensive 

silicon dissolution was experimentally observed in this alloy, confirming 

the importance of this element in the cracking process. Future studies on 

cast aluminium 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 to  draw definite conclusions. 

This would include the investigation of different wetting conditions, corro-

dents and temperatures. It is expected that increasing the wetting fre-

quency and temperature (116) would increase corrosive action. Tests on thicker 

specimens will produce a lower Kc  value (181) and the crack growth rate might 



increase due to the more developed plane strain conditions obtained in 

thicker specimens. 

4,3.3 Comparison between Static and Dynamic Crack Propagation 

The fatigue crack growth rate curve for RR58 under R = 0 loading in 

3,5% NaC1 (Fig, 241 is replotted in Fig. 61. The crack growth rates were 

da converted to a time basis da = f 	so that a direct comparison with the 
dt 	dN 

stress corrosion curve can be made. The result of this exercise clearly 

shows that under dynamic conditions the crack growth rate is considerably 

greater, and the threshold value lower. The difference in crack growth rate 

varies from one order of magnitude at lower K values to two for higher K 

Values. 

The superposition models described in Chapter 1 (1.7.6) are not appli- 

cable to the present data. Firstly K 	is considerably higher thanAK 
ISCC 	 th 

(Fig. 611, contradicting the superposition theory and secondly for K values 

greater than KISCC  the SCC growth rate must be comparable to or higher than 

the fatigue crack growth rate, which is clearly not the case. A similar 

analysis carried out for LM3O produced the same conclusions. 

The present results offer support to the criticism of the superposition 

principle. In order for the latter to be applicable, extremely high stress 

corrosion crack growth rates are necessary and the 
KISCC 

 value must be 

very low, 
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CHAPTER FIVE 

THE J INTEGRAL APPROACH.TO SLOW CRACK 

GROWTH UNDER MONOTONIC LOADING 

In Chapter 2 a procedure for calculating the critical value of the 

stress intensity factor for unstable crack propagation, Kc, was described. 

Using the contoured double cantilever- beam specimen (a constant K specimen), 

Kc 
was evaluated for the aluminium alloys RR58 and LM3O 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 extensive plastic 

deformation occurred before sudden crack propagation. 

In this Chapter non-linear fracture mechanics theory (J contour inte-

gral) will be applied to obtain a critical value of J, Jcf  for crack pro-

pagation. Firstly a theoretical method to calculate the J integral in the 

contoured DCB specimen will be derived. Secondly, the experimental deter-

mination of Jc 
for BS15 mild steel in two different specimen geometries 

(contoured DCBandcormDact tension) using the resistance curve test techni-

que (J against crack extension) will be reported. Finally 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 the 

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 0 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 

d(3. The curve is typical for mild steel. For other metals non-linear be- 
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haviour may be apparent from point 0. The line OA1C is the equivalent 

load-deflection curve for an initial crack length Ca+da). The shaded area 

therefore represents the potential energy lost in propagating the crack 

from a to (a+da). 

For a crack of width Bn J is defined by Eq.(A.20),The potential energy 

U is obtained from the equation 

U = -f6dP = U1 + U2. 

U1 
being the linear elastic term 

- 
Pyssel  - 

'1 	2 

(5.11.  

(5.21 

where Pys  is the yield load of the specimen and 6e1 
is the elastic deflect-

ion corresponding to P 
ys. The plastic (non-linear elastic) energy term, 

U2 is given by 

Ppl 
U
2 

= P
pl e + I 	(5 p1 dP 0 

(5.3) 

where P
pl = (P-P Ys

) and 6p1 = (6- 6e1). 

It is then assumed that after P has been attained the material follows ys 

a stress-strain law 

E
pl 

= AG
p1
n 	 (5.41 

where E
pl 

is the plastic strain, CY
pl 

= (Cr- ys), n is the strain hardening 

exponent and A is a constant. It can be shown using elementary relaticins 

that 

6 
	P 
 n 

pl pl (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 
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P 
U S

ys e p 
e 

6i 
+)- --2;--  01+11)-  (5.6) 

consequently 

d6 	d6 	 d6 pys(1 el 

	

PC da 
el ±  dpal 	 

2 da J = Bn 

6 d6p1 	1  \ dP 	el  (p1  
da (n+1)/ da 

2 
(n+1) (5.7) 

Provided that the boundary conditions are prescribed in terms of 

fixed loads, Eq. (5.7) allows the determination of the J values for any 

specimen geometry.6e1'  6
1,1, Pys  and their derivatives with respect to a 

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 el and  6pl 
can be calculated with 

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 nonlinear elastic beam theory 

is presented in Appendix B. 

(A) The Effect of the Bending Moment on Deflections 

M 
The elastic deflection due to the bending moment del is obtained by 

integration of the differential equation relating the curvature and the 

deflection of a beam 

d
2 
6
M 
 /dx2  

kel 
- 	

el 
 M _3/2 	 (5.8) 

1 + (d 	a  iy 
dx 

where k
el 

is the elastic bending moment curvature given by Eq. (B.3) in 
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Appendix B. 

The contour of the DCB 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 = h0 + h1(x - 30) 
	 . (5.9) 

and for x <30 mmtheheight was assumed to be constant (1st beam element, 

Fig. 66) where h = h0  = 12.4 mm, and hi.  = 0. 	The heights were considered 

to be the mean of the value corresponding to the crack plane and that cor-

responding to the longitudinal line limiting the side groove. This mean value 

of height produces the same moment of inertia as a single beam of constant 

gross thickness B. Consequently Eq. (5.9) is substituted into the curvature 

equation (Eq. (B.3)) to render it a function of x only. 

Numerical methods were applied to integrate the second order differential 

equation, (Eq. 5.8). Ille method presently used involved reduction of the 

order of the equation by putting 

dat'l  
el  

= Z
1 dx 

Eq. (5.8) then becomes 

dZ1/dx  
k
el 

- 
(1+Z)3/2 

1 

(5 .10) 

(5.11) 

Thus Eq. (5.11) was integrated between 0 and the crack length x = a in a 

computer program using the modified Euler method and also the Runge-Kutta 

method, both methods yielding very similar results. Finally, integration 

of Eq. (5.10) was carried out in the same program, using Simpson's rule with 

the Z
1 

values previously obtained in the first integration. 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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2
n 
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Appendix B. 

The plastic deflection caused by the bending moment, 6pl' 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 load, P 
Y8

, obtained from elementary beam theory, increased 

with crack length, (Fig. 67) for crack lengths in the range of practical 

interest (70 to 160 mm). The appropriate value of Pys  was substituted 

in the curvature equations before integration was carried out between 0 and 

a crack length a. 

Neglecting the crack tip singularity the maximum bending stress in the 

beam is given by Eq. (B.11) 

for CY 	> a and 
---- max Ys 

6Pa 
max Bh

2 (5.12b) 

for 	amax .ys
. Eq. (5.12a) corresponds to non-linear elastic behaviour 

>Pys) and Eq. (5.12b) to the linear elastic stage (P < P ). Y8  

In Fig. 68 curves for Gma  piven by Eqs.(5.12a,bfl are plotted for six 

load values (4.5 to 7.OkN) 	The values of n and G taken are those for Ys 

BS15 mild steel (Table 1). It can be seen that 0 	increases with applied 
max 

load and decreases with crack length. With increasing load linear elastic 

conditions are attained at increasing crack lengths. Plastic deformation will 

be obtained in the specimen for any monotonic loading to greater than5.5kN 

for crack lengths between 70 and 160 mm. For loads below 5.5 kN the linear 

elastic stage is being obtained with increasing crack lengths as the load in-

creases. 
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In Table 13 the calculated values of 6el and 6
p1 for BS15 mild steel 

(Table 11 at 5,5 kN load are presented for crack length values ranging 

from 70 to 160 mm. Similar results have been obtained for the other load 

values (4.5, 5,6, 6.5 and 7 kN); they show that (5:11increases with crack 

length while 6
p1 
 decreases. This trend originates from an increase in P

ys 

with crack length (Fig. 67) and a corresponding decrease in Ppl and a max 

(Fig. 68). For the crack length of 160 mm 6
Pi 

 = 0, i.e. the load-deflection 

.curve for the specimen is linear elastic, a result confirmed by 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 6
el is obtained by integrating the follow-

ing equation 

a
S 

(T
el
h el 	yx Y=-0  

dx 	G' 
(5.13a) 

where T
el 

is the linear elastic shear stress and G' is the shear modulus, yx 

The plastic (non-linear elastic) shear force deflection, 6
pl 

is obtained by 

integrating the equation: 

pS du 
= D(TP1)n  

dx 	yx y =0 (5.13b) 

n+11  
where D is a constant and equal to A(.3 2 ),and Tpl is the plastic shear 

yx 

stress. In Appendix B the shear stress distribution in a variable height 

beam (DCB specimen) is derived for both linear elastic and non-linear 

el 
elastic materials. Hence 

(Tyx)y=0 is given by Eq. (B.23b) and(Tp1) 	by 
yx 

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 



-' 118 - 

the specimen being built-in, In Appendix B section B,5 the deflection 

6 0 due to the rotation effect is calculated, 

The total theoretical deflection dt- is then the superposition of all 

the calculated deflections: 

M MS S 

= 6e1+ (Spl+ 60B1-"6pl 	6  

R- - 
with 6 given by the last term in Eq. (B.25). 

(5.14) 

A comparison between the computed bending moment deflections, 6M, 

(elastic + plastic), shear force deflections (3 (elastic + plastic) and 

rotational deflections is presented in Table 13. It may be seen that 6 

is between 2-3% of 6
M 
and 6

R varies between 5-8% of 6
m
. From the above 

results it is clear that the effect of shear force and rotation can not 

be simply discarded in calculation of the deflections. 

(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 and 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 load-deflection curves cor-

responding to an applied load of 7kN and crack length values of 70 and 160 

mm (maximum and minimum values of crack length). 

Eq. (5.6), with the appropriate values of Gel and 6p1' 
yields the po-

tential energy, which is plotted against crack length in Figs. 71a and 71b. 

The amount of potential energy sufficient to cause linear elastic deform-

ation for the same applied load has also been recorded and, as expected, 

the elastic-plastic potential energy is greater than the linear elastic 
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counterpart, The difference between the two ener9ies„ which increases as 

load increases and decreases as crack length increases, is due to the 

increase in yield load with crack length (Fig. 671 which causes the plastic 

energy term to decrease with crack length. The 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. 71a and 71b gave the J 

values, which were also obtained using the general Eq. (5.7). The required 

derivatives were obtained by the computer program, using a central difference 

formula. The theoretical J curves are plotted 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). Under such conditions 

the value of J is expected to be constant in a constant K test piece. 

5.2 Experimental Procedure 

5.2.1 Material and Specimens 

The material used was 11.2 mm thick 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-

eristic (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 notching technique used in the contoured DCB specimen has been 

previously described (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 

(Al 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-C type testing machine 

of 44 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 

a logarithmic scale, up to the necking point only. A straight line was 

obtained, verifying Eq. (5.4), from which the values of A and n were taken. 

These are presented in Table 1. 

(B) Precracking Tests 

The fatigue precracking of the contoured DCB specimens was accomplish-

ed using the 500 kN Avery hydraulic fatigue 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 

microscope of 10x magnification reading to 0.005 mm. 

The compact tension specimens were fatigue 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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OC1 Tests for the Determination of Jc  

Tests on contoured DCB test pieces were performed in the 500 kN Avery 

- hydraulic machine. The initial crack length in all specimens was 70 mm 

and the crack extension at.  maximum load was recorded with a travelling 

microscope of 10x magnification reading to 0.005 mm. The maximum loads 

used were 4.5, 5, 5.5, 6, 7 and 8 kN, using one specimen for each load. 

The specimens were then unloaded, and load-cycling tests were performed 

at 0.1 Hz frequency as part as part of an experimental programme on the 

application of the J integral to elastic-plastic load cycling (Chapter 6). 

The load point deflections were measured with a strain gauge clip 

gauge which was previously calibrated with a micrometer reading to 0.002m. 

The load signal, obtained through a D.C. potentiometer coupled to the load-

ing mechanism, was used to plot load-deflection curves on a Bryans (U.K.) 

X-Y plotter. 

In the series of tests performed on the compact tension specimens 

(a/w = 0.6) each specimen was loaded 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.K.) x-y plotter. Crack extension was measured with a travelling micro-

scope. A total of five specimens were tested. 

Compact tension specimens were subsequently broken by fatigue 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 surface 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 of 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, varying from speci-

ment to specimen. 

The experimental load-deflection curve 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. 

Some experimental potential energy values are also plotted in Figs. 

71a 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 curve) 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 the second region forming a slightly concave-upwards 

curve. J
c was calculated using the Begley and Landes (226) resistance 

curve technique (Appendix A), which uses the interception of the second 

curve with the line J/2gflow  where aflow  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) 

J = 
2AL 
B
n
b 

(5.151 

where kis the area under the load-deflection curve at the displacement of 

interest, Bn  is the crack width and b is the uncracked ligament length, which 

is equal to (w-a). To calculate Ak)the deflection values have to be re-

ferred to the loading points. The location of the clip gauge was at 19mm 

from the loading 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 ag% less than the experimental values, this factor varying 

±1% over the measured crack lengths. 

Assuming that Bn is the net thickness the J values are plotted against-

crack extension in Fig. 74. The results 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 Pys is good, as shown in Fig. 67. A greater quantity of data 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 exp  are the experimental 

values) and the theoretical and experimental load-deflection curves in 

Fig. 70 show that very close agreement was 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 exceeding the theoretical ones, 

The same sort of agreement was obtained between potential energy values 

CFigs. 71a and 71b1. 

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 = 
P2 dC 

da 2B
n  

(5.16) 

dC 
where 

Tj
- 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 

In Fig. 74 it can be seen that the same resistance curve CJ 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 resistance curve (Fig. 74) and the value of Jc. 

Crack extension values 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(20o) was found between 

values obtained using these two techniques. The crack extension values in 

Fig. 74 are their respective mean values. 

The value of Jc is only slightly influenced by the slope of the line 

. Thus in (226) it is also recommended that instead of the line 2a
flow.  

 
J/26flow 	

J 
a line 	may be used. The J

c 
 value will be considerably 

ys 
different if the slopes of these lines are not high. In the present results 

J 
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the slope is very high and any variation will not significantly affect the 

J
c 

value. 

The numerical value obtained for Jc (42 N/mm 1 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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CHAPTER SIX 

A STUDY OF ELASTIC-PLASTIC FATIGUE CRACK 

GROWTH UNDER LOAD-CYCLING 

As referred to in Chapter 1(1.7.9) low and intermediate strength 

alloys such as mild or other low alloy steels may exhibit fatigue crack growth 

with relatively large nominal plastic specimen deformation, 

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 toughness 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 application of J contour integral and . 

COD concepts to fatigue crack growth has been 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. 

In this Chapter 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 contoured 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 ao to (a0  + dal in the first cycle and from ao  to a after 

N cycles. The area illustrated represents the decrease in total potential 

energy AU after N cycles. For the linear elastic case a cyclic value AG 

of the monotonic crack extension force can be defined as 

A - 	 d(AU) - AP d(A6)  
Bn da 	2B

n da. - 	(6.1) 

where AG = (G 	-G ir 	max  j,GandGrain are the maximum and minimum values MX min  

ofGintheloadingcycle,Ap.(pmax-P.
min) 

 ,P max  and Pin  are the cyclic 

tensile load limits and AS the corresponding range of deflection S 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 linear 

elastic from 0 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 0 may be more appropriate.BC(Fig.75b)represents the accumu-

lated deflection 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 accumulation caused by load-cycling at stress levels above the yield 

point. In general, the cyclic creep curve (accumulated strain against 

number of cycles) has a shape 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 80790% of the specimen life, and 

finally a very short tertiary stage near fracture. Consequently the cyclic 

creep deflection represented by the quantity (BC) in Fig. 75b is here considered 
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to consist basically of the secondary stage, since experimental evidence 

(40,42,44,451 indicates that the primary stage is virtually completed 

during the first loading cycle and is thus represented by aim in Fig. 75b. 

The potential energy of the first cycle, AU1, obtained by loading 

a specimen with crack length ao  and zero initial deflection, is represented 

.by the area COABH01 in fig. 75b. The total accumulated potential energy 

after N cycles, AUN, is given by the area (OECH01,, AUN  is obtained by 

elastically loading from E to C a specimen having a crack length a and with 

a permanent initial deflection, indicated by (OE); it is numerically 

.equal to the real permanent deflection after N cycles. It should be pointed 

out that (OE) represents the accumulated cyclic creep deflection after N 

cycles and, if crack growth had not occurred, the trace (EC) would have been 

parallel to (BF1. The elastic loading condition for (EC) is closely true 

since the yielding has been largely accomplished between points A and B. 

Because only loading conditions were assumed the energy interpretation 

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 

1 d(AU1 

n da AJ = B --- (6.2) 

where Au N AU1. 

It should be noted that in the strict mathematical sense the above 

definition and Eq. (6.2) are valid only if unloading phenomena are not 

considered (deformation theory of plasticity - non-linear elasticity). 

However the present 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 loading 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) d(AU)1= 0 because AU
1 depends on ao da 

but not on a. From Fig. 75b DU
N can be expressed as 

AUN = 6 611 AP -11466e1 
	 (6.3) 

where 66
el is the elastic loading deflection (ED) and A6N is the total 

deflection (HC) at load P .  Substitution of Eq. (6.3) into Eq. (6.2) leads 

finally to a generalised equation valid for any specimen geometry 

AJ 	
1 rIA6 

N 	AP 
d O

N 
6
e1 )1] 

Bn da AP 2 da (6.4) 

The total deflection A6
N in Eq. (6.4) is obtained from 

A6 = Ad 	A6 	 (6.5) N 	1 	cc 

where A6
1 is the maximum deflection of the first "specimen" (HB) and A6 cc 

is the accumulated deflection due to cyclic creep and crack growth after 

the first loading cycle, (BC1. The separation of A6
N 
into two terms was 

considered more convenient for reasons which will be seen in the next section. 

6.1.2 Application of AJ for the Contoured DCB Specimen 

(A1 Analysis for Small Deflections 

Equation (6.41 may be used to compute QJ in any specimen geometry 

provided that the deflection or extension at the loading points is known 

under load-cycling conditions. Theoretically ASN  and 
Mel 

 may be calculated 
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for beam specimens using non-linear beam theory derived by Tixnoshenko 

(Appendix B). It is assumed here, as:in-Chapter,5i that the crack grows 

in the direction of the bending stresses, and the specimen is treated as 

a pair of variable height beams built-in at the crack tip. 

It is known from beam theory that A61  may be expressed as 

a  
AS1  = 2 I x ko dx 
	

(6.6) 
0 

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.41, Appendix B. Similarly the expression for 
A'S  cc is  

a 

AcS cc = 2fxkcc  dx 0 
(6.7) 

where kcc is the curvature caused by the secondary cyclic creep (Eq. B.5). 

Therefore, considering Eq. (6.5), 41  will be obtained by a simple addition 

of equations (6.61 and (6.71. 

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 k
o 

and k
cc 
 (see Appendix B) and 

the integrations performed in a computer program using Simpson's rule. The 

step interval was 0.125 mm with ao  = 70 mm and the crack length, a, and numr 

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-

tion of C
1 
 and m in the equation for k 

cc:has the'form given by Eq. (B.1b1. 

The theoretical curves of A6N for load ranges AP = 4.5 kN and 5.0 kN 

are presented in Fig. 76 and the respective numerical values are listed in 

Table 14. 	A6
N increases with the applied load range and crack length. 

The cyclic creep deflection rate decreases with crack length as expected, 

since bending stress amax also decreases with crack length. blastic conditions 
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are respectively attained at points A and B in Fig. 76.at which the crack 

length values are 105 and 125 mm. This happens when PP = P,,s  (Fig. 67), 

at which point cyclic creep stops. 

03/ Analysis for Large Deflections 

• The analysis presented in the previous section is valid for small 

deflections only i.e. when the appropriate curvature is assumed to be equal 

to the second derivature of the deflection. The exact analytical solution 

is provided by the solution of the differential equations (B.8a) and (B.8b). 

In Chapter Five a similar differential equation was used to calculate the 

-elastic and plastic deflections for monotonic loading (Eq, 5.8). Additionally, 

some rotation at the crack tip may occur. This latter effect has also 

been computed, following the procedure explained in Section B.5(Appendix B)_; 

deflections, 6
R 

, caused by crack tip rotation are presented in Table 15. 

The determination of the error factor introduced by the assumption 

of equality between the curvature and the second derivative of deflection 

• 

..  
- 	pia ur . 	• f6nIt was 	 ud 	1Qat.7L 

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 Eqs. (B.8a) and (B.8b). It should be point-

ed out that Aol  has already been calculated in Chapter Five, including the 

shear force and crack tip rotation effects, and since ao  = 70 mm the theore-

tical load-deflection curve may be seen in Fig. 70. The methOd employed 

to calculate A(Scc  was basically the same 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 putting 

- Z 
• dx 	2 

Eq. (B.8b) then becomes 

d7 /dx 
k 
cc 

(1+2
2
)
3/2 

dAS 
CC 

(6.6) 

(6.9) 

2 
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Eq. (6.9) was integrated between 0 and the crack length x = a by a computer 

program applying the modified Euler method. Finally, integration of Eq. (6.8).  

was carried out in the same program using Simpson's rule with the Z
2 

values 

previously obtained in the first integration. The step interval chosen was 

0.125 mm and the crack length and number of cycles values were those obtained 

in fatigue crack propagation tests at the appropriate load range values. 

The computer program is listed in Appendix B. 

The computed MN  curves are plotted against crack length in Fig. 77, 

and numerical values are presented in Table 15. Mil  values, which include 

the deflection 6R  caused by crack tip rotation (Eq. B.25), increase with the 

applied load range and crack length, showing the same trend as observed 

in Fig. 76. Linear elastic conditions were only obtained for 5.5 kN at 

crack length values greater than 152 mm, since the two other load range 

values C6.0 and 6.5 kNi exceed the yield load of the specimen (Fig. 67). 

CC' The AJ Results 

'Using linear elastic beam theory the value of the derivative d(A6 ,)/da 

in Eq. (6.4) caused solely by the bending moment is given by 

d(A6 ) 
el 	24AP 	a

2 
(6.10) da 	EB 3 

(710  hIa) 

Furthermore, numerical differentiation of the ASN values, Eq. (6.5), with 

respect to a, using a central difference formula inserted in the computer pro-

d(A6N) 
da 

gram, gave  	Theoretical values of AJ were then calculated by 

substituting the numerical values of both terms, d(A6
N
)/da and d(A6

el
)/da

' 

into the general equation (Eq. (6.4)). The theoretical AJ against crack 

length 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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' &I decreases with the crack length corresponding . 

to the decrease in d(Ad
N)/da values with crack length. For the load range 

AP = 5.0 kN J is constant for crack lengths greater than 115 um, 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 presented 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 

that the crack propagated along the rolling direction. Side yi_Ouv 	3.5 mm 

deep were cut on both sides of the specimen to enhance plane strain conditions 

and to help confine crack propagation to the specimen midplane. The side 

. grooves were polished for ease of crack tip observation. A machined 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 gauge length, streed 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 occured, which was by the necked-out type of fracture, producing 

deformations in the order of 40%. The final length of the specimen was measured 
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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°C in laboratory 

air of 50% R.H„ at a loading frequency of 0.1 Hz in a 500 kN capacity Avery 

hydraulic machine. The crack was initially extened to a length of 70 mm by 

fatigue pre-cracking under 2 kN tensile load in the same machine, and the 

tests at five load levels (4.5, 5.0, 5.5,.6.0 and 6.5 kN) were then per-

formed, 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 range) 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 stage 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 initial loading, is well justi- 



- 135 - 

Pied by the experimental results, The total cyclic creep strain AE ct  is cct 

very closely given by 

aE  AE 
cct 0 cc 

(6.11) 

where Lie is the initial elastic and plastic straining (Fig. 81) (primary 

stage), while the second term represents the secondary creep stage defined 

'by Eq.(B.1b). 

6.3-2 Fatigue Crack Propagation Results 

- Figs. 82 and 70 exemplify load-deflection loops obtained 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, shows that for AP = 5.0 kN a constant 

crack growth rate region starts at a crack length of about 115 mm, whilst 

for AP = 4.5 kN it starts at approximateW100mm and for AP = 5.5 kN at 

142 -- •-•• ■•• • OAN . For shorter cracks, crack growth is faster and non-linear. 

In Fig. 85 the linear region was not attained for load ranges of 6.0 and 

.6.5 kNXne load-deflection loops for linear elastic loading 	numbered 13, . 

14 and 15 in Fig. 82, and correspond to crack lengths exceeding 125 mm. Their 

unloading lines converge to point 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 occured at a shorter 

crack length, as predicted by Fig. 67, amounting to about 105 mm. 

The experimentally determined total potential energy AU, which 

is the area within the load-deflection loops, is plotted against crack length 

An Fig. 86 for the load range 'of 5.0 kN and in Fig. 87 for 5.5 and 6.0 kN. 

The slopes of these curves are the experimental AJ values, which are 

supurimpo-;od on the theoretical curves in Figs. 78 and 79.' 

The relationship between da/dN and AJ (or K2/E, where K/E refers to 

the linear elastic results quoted in Fig. 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
-3 

mm/cycle 

to 2.5 x 10
-1 mm/cycle, and the maximumaJ reached 1100 N/mm. 

6.4 Discussion of Results 

Both theoretical and experimental AJ values decrease w'.th crack 

length and reach the linear elastic value AG(Fig. 78). The crack growth rate 

also decreases (Figs. 83, 84 and 85) suggesting that the crack growth pro-

cess may be controlled by M. The experimental values of AJ(Fig. 78) are 

greater than the theoretical ones, differences ranging from 5% for short 

crack lengths to 10% for long crack lengths. These discrepancies may be 

explained in terms of deflection differences. The deflections calculated 

from equations (6.6) and (6.7) are due to the bending moment only, whereas 

the experimental deflection values include the 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 theoretical 

ones as observed, Fig. 76. Consequently the experimental values of AJ must 

also be higher than the theoretical ones, Fig. 78. However,when the effect 

of crack tip rotation is considered the above differences between the theore-

tical and experimental deflection and AJ values are considerably reduced. 

Thus it is seen in Table 15 and in Figs. 77 and 79 that the difference be-

tween theoretical and experimental deflection and AJ values are in the order 

of 1-2%. 

In Fig. 70 (Chapter 5) the experimental and theoretical monotonic 

load-deflection curves have also been plotted. Plotting the load-deflection 

loops for AP I: 5.5 kN in the same figure clearly shows that in the load-

cycling case the total potential energy increases and, for the same crack 

length (e.g. 160 mm), is considerably greater under cyclic conditions 

than in monotonic loading. This effect is due to cyclic creep, which is not 

observed in monotonic loading. 

The variation of the cyclic J value with the crack length is.also 

presented, Fig. 72. The load range AP = 4.5 kN was chosen for comparative 

purposes. • For the same crack length the cyclic J value is higher than the 

corresponding monotonic value until linear elastic conditions are reached; 
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thereafter both quantities are the same, Fig, 88 shows that the present 

elastic plastic results are in good agreement with the previous linear 

elastic results Fig, 26. The evidence indicates that linear Elastic results 

at long crack lengths 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 larger speci-

mens were used, AG values would increase and would allow additional tests 

to be carried 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, 1671 for the compact tension and centre cracked geometries. 

The relationship between the crack growth rate and AJ is similar to Eq. (1.53) 

despite the fact that AJ was calculated by a different process and under 

different loading conditions. It can be shown that there is a direct re- 

lationshilobetween&JandtheparameterX 	K2  correlating linear 
max min 

elastic fatigue crack growth data for a range of Al-alloys and steels. This 

relationship has the form 

AJ = 
E 
	 (6.12) 

Substituting Eq. (6.121 in Eq. (1.32) and incorporating E into the constant 

B Eqn. (1.32 ) becomes 

da = 
dN p (A)

'1  
(6.11) 

Therefore a crack growth rate correlation with X in the linear elastic 

range implies a similar correlation with AJ in the elastic-plastic range. 
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CQNCLUSIONS 

The concepts of linear elastic fracture mechanics (LEFM1 can be 

successfully used to characterize the fatigue crack propagation process 

in metals whose mechanical 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 LM3O) 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 

propagation, 2 	An increase in the level of AK or K
m 
leads to an dN  • 

da 	 da increased ja-Ti, this effect being more pronounced at low values of (rm. . The 

threshold value ofAK, AKth, was found to decrease linearly with increasing 

K. 

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 x, this effect was non-existent. AK
th 
 decreased in 3.5% NaCl in compari-

son with laboratory air. Similar behaviour was observed in the cast aluminium 

alloy LM3O, the acceleration effect being slightly less pronounced. At high 

frequency (35Hz) no environmental effect was observed on RR58 or BS15, but 

at low frequency the latter material exhibited crack hluntinc when the crack 

growth rate for the initially sharp crack was below a certain critical value 

da 
Ca-14110. This phenonmenon was extensively studied and the time necessary to 

produce crack arrest was investigated in terms of AK, K
m 
and 

52
-'  and was dN 

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: 

da .Ae 
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Where 
2K)011(AK AKti11_ 

K
2 - K 

K
c 
is the critical value of K and A. 

2 cl)   
c 	max 

and c. are constants. The model was successfully applied for all the investi-

gated materials in the full subcritical range (from threshold to fast frac-

ture) and an analysis of data 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 contour integral, and the threshold and critical 

values of these parameters. 

The fatigue threshold behaviour in BS15, RR58, LM3O 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 alloys. Stress 

corrosion cracking (SCC) data was obtained for alloys RR58 and LM30 in a 

3,5% NaC1 solution. It was shown 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, K 
ISCC' 

was found to be lower for vertical alignment. Cast aluminium alloy LM3O 

has shown inferior SCC properties to those of RR58 due to its high silicon 

content. The data was compared with other results obtained for similar 

aluminium alloys and the differences in crack growth rate and threshold 

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 diagram. 

In the stress corrosion tests it was observed that a decrease in the 

stress intensity factor resulted in a marked reduction in the subsequent 
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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 incubation 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 characterize the fatigue crack propagationphenomeneon for metals 

. in which extensive nominal plastic deformation occurs. In the present work 

elastic-plastic fatigue crack growth under load cycling has been studied;: 

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 load 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 energy 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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da 0  tA 	1 

dN 

where Cpl and ni are constants. 

The J contour integral was also successfully evaluated, both theoreti ,  

cally and experimentally, for the constant K contoured DCB specimen of BS15 

under monotonic loading conditions. J increased with crack length until 

a constant value was attained for linear elastic loading. AJ values under 

load cycling are greater than the monotonic values, the difference being 

due to the increase in potential energy caused by cyclic creep in load 

cycling. A critical value of J for crack propagation, 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 pattern 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 effects should be investigated. 

Environmental fatigue crack propagation requires further study; in 

particular, an analytical treatment of the crack blunting process is necessary. 

The blunt crack can be treated as a notch, and such theoretical 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 stress corrosion 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 loading history study 

initiated in this work should develop into a more detailed theoretical 

analysis, particularly in the case of the increasing-K pattern. 

The fatigue crack propagation 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 load 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 engineering components. 

Slow crack growth under elastic-plastic monotonic loading is another 

area requiring further study. Other geometries, materials and environmental 

conditions are particularly worthy of investigation. The trend in variation 

of the 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.1) was the first to derive an equation for the maximum . 

stress a
YY 

 at the tip of an elliptical notch with major axis a and minor 

axis b under a stress 

0:3 	(1 	(2a.)) 
yylmax 

(A. 1) 

As the ellipse becomes long and narrow
YY 

 becomes very large and is given 

approximately by 

a 12 
`Iyy/ max = 2a(7---) 

12 
where p= b /a is the radius of curvature. 

(A,2) 

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.3) and Williams (A.4). The near crack tip stresses and dis-

placements could be written in the form 

cos -f  (1 - sin 	sin r)_, 

K
i 1-1 [u] 
8p u

2r 
 

0 	30 
cos 72 0 ; (1 + sin -f sin T.) 

(') 	0  
30 cos 	sin -f cos r 

{i 

(2p - 1) cos 0/2 - cos 30/2 

(2p + 1) sin 0/2 - sin 30/2 

(A. 3a) 

(A. 3b) 

where p = 3-4V in plane strain, = (27V)/(1+V) in plane stress, and r,O is 
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a co-ordinate system centred at the crack tip, 

Ki, the stress intensity factor, is independent of r and e, 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 a, the Westergaard 

solution gives 

KI  = CrAra 	 (A.4a) 

For more complex cases ICI  is given by 

KI  = Y 'Arra 	 (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. K1  can be 

related with the elastic stress concentration factor Kt 

K Op12  

KI 
= lim 	 

2 o 
(A.5)  

The above equation, derived by Irwin (A.3), implies that K1  is valid only 

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 XX 

YY 
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xY 
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2
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(A.6)  
V2ffr 

and out of plane shear 
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[Txzl 	K
III 

Tyz i . 

sin 0/2 

{- cos 0/2 35Ti 
(A.71 

K.1, Ku  and KIII are usually referred to as the mode I, mode II and mode 

III stress intensity factors(Fig. A.1I. However, the present analysis will 

be concerned only with mode I. 

A.2 Methods of Determining Stress Intensity Factors. 

-Essentially the problem is that of obtaining 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 compliance method: This method is used when numerical or analytical 

solutions are unobtainable, and also to verify numerical solutions previously 

obtained by other methods. It is based on the Irwin and Kies (A.6) compli-

ance equation for the elastic strain energy release rate, which will 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 MUM) 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  I 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 apply-

ing LEFM lies in ensuring that Kc  is obtained under crack tip conditions 

which are reproduced in the structure to be analysed. 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-4-0 crack tip stresses 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, 

ry, can be estimated from Eq. (A.3) by settting ay  = Uys, the yield 

strength of the material, leading to 

ry - 1 KI 2 	
(A.8) 

ys 

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 structure(  the inaccuracy of 

the elastic model will be negligible, Since LEFM provides a method of 

measuring 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 error introduced by plastic yield-

ing may be estimated from the ratio. 

• - 
a 

1 
K 	a.f 2 

2Tra 	= 2 a ys 	ys 
(A.9) 

where cl
f is the gross fracture strength. Thus the LEFM approach is 

acceptable as long as the gross fracture stress is small compared to the yield 

strength of the material. 

The elastic stress singularity and the plastic zone size are illustrated 

in Fig. A.1 for mode I loading, 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 136 for 
ys 

ays in Eq. (A.9)_. For plane strain 

K2 
r _ 1 c 

Ear 
ys 

(A.10) 

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 y. 

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 K
c 

decreases as thick-

ness increases (Fig. A.2) and a minimum value, Klc, is attained correspond- 
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ing to plane strain conditions, The major 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 CFig. 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 ry 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 duct-

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 K
c 

As a result of extensive experimental investigation (A.5) it has been 

shown that to obtain a valid K
lc 

test crack length a, specimen thickness 

B and the uncracked ligament should all exceed 2.5 (KQ/ays)2 where KQ 

is the apparent fracture toughness value. If these conditions are satis-

fied KQ  is a valid K
lc 

value within LEFM analysis. The stated criterion 

is proportional to the plastic zone size r . 

ry  
- 0.132 	 (A.11) 

2.5(K /a ) 2 2 
0  yS 

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 or uncracked ligament 

length. 
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KQ  can be obtained using many different types of specimen CA.51, The 

most popular of these are the single edge notdh, three point bend and 

compact tension. Experimentally, the procedure would be to record the 

applied load against 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 STP41O (A.8).. Provided all the above conditions are 

satisfied, the KQ  obtained may be regarded as a material parameter, Klc
, 

the plane strain fracture toughness value. 

A,5 Energy Balance Criteria 

A more direct explanation of the fracture process is provided by the 

use of an energy balance criterion. This was first suggested by Griffith 

(A.91. Using Inglis (A.1) 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 Y5/unit area. Instability occurs when an additional 

release of energy equal to, or in excess of, that absorbed as. surface 

energy. The critical stress at fracture,6c  was thus found to be 

-1/27E 
 

 C6 - 7Ta (A.12) 

Griffith measured y6  for glass, and applied the above equation to obtain 

the value 6c, which. was found to agree with the experimental value. 

When applying the Griffith theory to metals, difficulty arises over 

the identity of the term y5. Irwin (A.10) and Orowan (A.11) suggested that Ys 
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in Eq.. (A,121 be replaced by is+ 1p, whereyp  represents the localised 

plastic energy dissipation/unit area at the crack tip, More generally, 

y + y can be regarded as the total work required to open unit area of 
5. 	P 

the crack. The problem is that y 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 

dUp2 dC = 
da 2 da (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 lengths in 

the same geometry. The critical value of energy release rate and hence 

21 can be found by substituting the fracture load and the appropriate 

value of dC/da in Eq. (A.13). 

Irwin (A.3) suggested the equivalence between the parameter G, which 

he defined as the crack extension force, and the stress intensity factor. 

K2 
G= E'  (A.14)  

where E' = E for plane stress and E' = E(1-V2) for plane strain. Eq. (A.14) 

establishes the analogy between the stress intensity and energy balance 

theories of fracture. 

The most complete mathematical treatments of the energy balance 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  = da (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 



- 171 - 

length, A convenient 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 w:..11 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 extent of 

plastic deformation is such that r /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 (CODy 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 remotely applied stress CY 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 ays was constant 

over this distance, and that all stresses in the plate were to remain 

finite. 

Although the Dugdale model was originally suggested to correlate ex-

perimentally observed plastic zone sizes in mild steel, it can also be used 

to obtain the COD at the crack tip, as 

v = 
8a
Y
a 

7E 	(loge 
sec 7-c1  ) (A.16) 
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where V is the crack opening displacement, Expanding Eq. 6%.161_ as 

a series and considering the first term only 

0-
2

Tra  
Eby  

GY (A.171 

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.15), 

Early experimental COD 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 

about a center of rotation a distance r(w-a) beyond its tip. Wells (A.17) 

suggested an analytical relationship 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= Wdy T C--DX)ds r 
(A.18) 

where r is any contour surrounding the crack tip, W is the strain energy 

density, andTu 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 



- 173 - 

J integral was proven by Rice (A.19). 

McClintock (A.201 has shown that by combining the work of Hutchinson 

(A.21) and Rice and Rosengren (A,221 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 aeq and equivalent plastic strain Epiofthe form 

_ E 	1/n 

Al.}'.. 
 

eq` - 
(A. 19) 

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 — 

_ 1 dU 
Bn  da 

(A.20)  

where Bn is the net fracture 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 crack lengths (A.24, A.25). However, for certain geometries, such as 

deeply notched compact tension and three point bend specimens, Rice et al 

(A.261 developed a method which allows J values to be estimated from a single 

experimental load-displacement curve. In this technique the specimen with 

a deep crack (a/w ->0.61 is loaded to the displacement of interest and J 

is determined as a function of displacement from the expression 

J = 2AL 
Bb 

(A.21)  
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where ALis the area under the load-displacement curve taken at the dis-

placement of interest, B is the thickness, b is the uncracked ligament 

Cw-a) and w is the width of the specimen. 

Critical values of J(J 
lc
1 are obtained at zero crack extension, but 

defining crack initiation and determining its onset is perhaps the most 

difficult part of the Jic  evaluation. To overcome this problem J was plotted 

against crack extension by Landes and Begley (A.27), in the form of a re-

sistance, R, curve (A.28) . Jic  is taken at the intersection of the stretch 

zone line (J/20
'flow) and the J versus crack extension curve where flow 

is the mean of the yield stress and the ultimate tensile stress. The 

stretch 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 JAY ys 

where ays  is the yield stress of the material. However, the criterion 

072a
flow accounts for other cases in which the material has a high strain 

hardening exponent. 

A tentative J lc  test method based on the above considerations has already 

been put forward by Begley and Landes (A.301 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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MPENDIX  

NM-LINEAR BEAM THEORr USED IN lilt. PRESENT ANALYSIS 

The contoured DCB specimen used in this analysis was treated as a pair 

of variable-height rectangular cross-section beams built-in (ct the crack 

tip. The contoured shape is closely approximated by a straight line (Fig. 66) 

with an angle of approximately 10°. This 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 

6 = AGaF (t) 
	

(B.1) 

where e is the strain, a is the applied stress and A, F(t) and a are 

constants for each loading condition. Equation (B.1) can have two main 

applications: 

al Strain-hardening behaviour - where A is the Strain hardening con-

stant, Fctl = 1, a is the strain hardening exponent n. (Table 1), 

and hence E = AG 	 (B.la) 

bl 	Secondary stage of creep and cyclic creep - where A is the creep 

of cyclic creep constant C
1, F(t) is time or number of cycles 

N, depending on the load application method, and a is the creep 

or cyclic creep exponent m, (Table 1), and therefore 6 = CiNaa (B.lb) 

Considering solely the bending moment effect on the deflections,. the 

curvature k in a beam of rectangular cross-section is given by a general 

equation 

r(2a 	xgt  
k = AF(t) 2aB 2a+1 

(1/2) 
(B.2) 
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derivedin Ref. (B.1Iwhere x is the co-ordinate along the beam length, 

is the beam thickness, P is the applied load and h the beam height. The 

effect of the shear force on the curvature is not taken into cccount in the 

above equation since the increase in deflection due to shear force is very 

small (3 or 4%) when small deflections or loads are considered. When 

a= 1 and A = — (where E is Young's modulus) Eq. (B.21 reduces to the linear 

elastic curvature k
el 

12P x 
k - -- el 	EB 

h3 
(B .3) 

For an elastic-plastic material showing a linear elastic regime from 

zero to the yield load the total curvature is given by 

12Pps 	(0,,i(2n+1)) (h/2) n xk 	h3 3 + A 	 
o EB 	2nB 	2n+1 

(B.4)  

where P
pl 

= P 
max 

 - P
ys
,  P

max 
the maximum load and Pys the yield load. The 

second term in Eq. (B.4) represents the plastic curvature, assuming that after 

Pys 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 k
cc 
 is 

(P 
cc
(2m+1))m  xm  k

cc 
= C

1
N 2mB  

2m+1 
(h/2) 

(B.5)  

where P
cc 
 = P

ef
-P
ys' 

C
1 and m are defined by the cyclic creep law, 

Eq. (B.lb), and P
ef is the load component normal to the tangent to the de-

formed beam at the loading points. Pef  is then given by 

P
ef 

= P
max 

cos arc tg(dq/dx) cose 
x=0 

= P
max (B.6)  
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where 6
N 
is the total deflection after N loading cycles and e is the angle 

schematically shown in Fig. 66. It was assumed that the total deflection 

is the sum of that caused in the first load cycle Oil when tLe crack length 

is a
o 
 and that accumulated due to cyclic creep 0 cc 

 1 in subsequent cycles. 
dc 

Thus dxN, 
x

is given by 
=0  

dSN 	a0 	a 

dx x=0 
= I ko

dx + f kcc dx 
0 	0 

(B.7) 

This equation 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, 

2 d (Iv
1
+0 )/dx2 

k
0 
 + k

cc  = 
	

cc 
when x <ao 	(B.Ba) 

2 3/2 
( d(61+61 

dx 	 

and 

d2 
P 

d 0 /dx
2 

k cc = 	
cc 	

3/2 	
when x> a0 	

(B.8b) 
2]  

(d 
 

'cc) 
dx 

With both equations applicable for large deflections. 

The approximate method is accurate when dc5N/dx is sufficiently small. 

The accuracy of the present solution has been checked by choosing at random the 

point x=30 by integrating(Simpson's rule)the curvature equations at crack 

length values ranging from 70 to 160 mm and substituting this aN/dx value 

into 
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' k" r = 	 
d
2
6.N/dx

2 
(B.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, d(Sli/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 

Bf 2  (ax dax)dy -B/Td xy y = BT yxdx 
(B.10)  

where Tyx 
 is the shear stress and 0x 

is the bending stress. It is assumed 

that the origin is on the neutral 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 20°  

(9° in present design). Hence Timoshenko (B.1) gives 6x as 

2 PL(2n4-11121,11/n 
x 
- 

Bh2n t h / 
(B.11)  

where L = a - x and n is the strain hardening exponent in the stress-strain 

law 6 = AGx . Differentiating Eq. (B.11) we obtain 

dp'x 	2(2n+1)2
1/n 

 Py
l/n 
 d 	L  

dx 	Bn dxth 2h 1/n
)dx  (B.12)  



After splitting the integral terms Eq, (B.101_ May be written as 

h/2 	h/2 daxdxdy h/2 

yf axdy + f 	dx 	I axdy = T x dx h-dh 	y  
(B.14)  

 

2 

  

Substituting Eq. (B.12) in (B.14) the first integral term becomes 

n+1 
n 	 h/2 2-  (2n+1)P  d(  L ) 

f y
l/n

dy Bn 	dx1h2h1/n Y 
(B.15)  

If h is a function of x, such as h = h0 + h1  L then 

2n+1 
n h1L - h d L  

dx (2n+1 	3n+1 	 (B.16)  

h n 	h n 

The second integral term of Eq. (B.14) can be calculated as 

n+1 	 n+1 
n+l-h/2  ( —n 	n+1 

[ 2  n  (2n+1) PL 	n 	2 	)(2n+1)PL h n 
2n+1\ 

h-dh  2n+1)  (2T) 	(B 	.17) 

(n  n } (n+1)B 	
2 B(n+J(01. n  

(h - dh  
) n 2 

The second term in the RHS brackets may be expressed as a power series 

and becomes 

n n+1 n+1 
ih-dh\  n  _ (i1-71.161  n ) 1  (n+11 dh 	(n+1)(dh)2 
1 2 	 n 'h 2n2 h 

nn+1 

=(2n+1)h n (1- (r2±1)1 n h 

 

(B.18) 

 

after neglecting the higher order terms. 

Substituting Eq. (B.18) in (B.17) the second integral term T2  of Eq. (B.14) 

is finally obtained as 



and 

6P h
2 

Tel  ys 0 2 
Ty  x 

= 
3 (4 	Y ) 

Bh
o 

03.21b1 
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-(2n+1)_PL 
_T2  = 	-- 2-, 	dh 

Bnh. 
(B,19) 

Then the plastic (non-linear elastic) shear stress distribution Ty'  is x 

given by the following equation 

( n+1) 
n+1 n+1 

pl 	(2n+1)PL 	2 	(2n+1) P 	h n 	n 
T 	= 	

B 2 	1 
h 	+ 	M (7") 	- y 	(B .20a) 

yx 

	

	B(n+1) nh  

-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 = P = 
P1  

P
max

-■  Pys, since between P s  and Pmax 
the material follows a non-linear 

stress strain law given by Eq. (3.1a). 

For the linear elastic case n = 1 and in the present application 

P = P ys, so that Eq. (B.20a) becomes 

3P L 
2 3h1

L-h 
T
el 

= 
 ys 	6Pys,h2 

h + 	Y ) ( yx 
Bh
2 1 B C4 

h 
 (E.2013) 

When the height is constant (1st beam element, Fig.66 ), h = h0  

and hl  = 0 and hence Eqs. (B.20a) and (B.20b) simplify to 

'n+1 
n 	-2n-1 -- h  n+1 	n+1 

(2) 	(2n+1)P
pl(,_ ) n pl  	0 n 	n 

Tyx  = 	 (]?---) 	- Y 	(B.21a) 
 B(n+1) 	Ho 

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 bending stress increases 

with x, reversing the integral terms in Eq. (B.10). Note that Eq. (B.10) 
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has been derived for ax 
decreasing with xi this is true for the con-

toured DCB specimen analysed. 

The deflections
el 

 and (3
s.
pl 
 due to the shear force are obtained by 

integrating the following equations 

ads 
	(Tel) 

' el 	yx y=0 
dx 	G' 

(B.22a) 

for the linear elastic region where G' is the shear modulus and 

de 
Dl= D(Ty) x y = 0 
	 (B.22b) 

n+1 
where D = A(3)2- , A being the strain hardening constant for the non- 

linear (plastic) region. 

This relation was obtained from the equivalent stress-equivalent 

strain curve in tension and shear. 

Equations (B.22a) and (B.22b) were integrated for both beam ele-

ments using Simpson's rule with hl  = 0 in the first element and the appro-

priate limits of integration. For this purpose Eq. (B.20a), with y = 0 

and the appropriate value of M substituted, simplifies to: 

(2n+1)Ppl ( pl 
(Tyx=0 = 	

(3n+2) Lh
1 
- nh) 

y n(n+l)Bh
2 

(B.23a) 

and for the linear elastic regime Eq. (B.20b) or (B.23a) gives 

3P 
e 

(14ylxy=0 = 	
ys  (5Lh1-h) 

2Bh
2 

(B.23b) 

For the constant height element del 
and p can however be obtained 

by direct integration, i.e. 
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ass = 3P ys x  
el Bho

GI 
(B.24a) 

and 

as
2(2n±11DP

P1  
pl 	(n+1)Bh (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 take this into account. Deflection at the loading 

points due to rotation was computed, assuming thatt 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 elastic 

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.1) that under these conditions the total de-

flection at the loading points is given by 

= oM oS SR = oM oS + 6Pa2(w-a) 
3 

EBh
u 

(B.25) 

The first and. second terms represent the bending moment and shear stress 

R deflections respectively for a built-in beam, and the last term x  u is the 

deflection due to rotation at the crack tip, where hu  is the uncracked 

ligament height. 
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C 	PLASTIC SA:AR STPSS 
C 	AKO IS TH: PLASTIC CU7;vATUP.Ei3ENDIN5 1CPE1T)AND DYOXS IS THE 
C 	PL4STIC SA:" STRESS POTATION 
C 	DiRXL IS TH% ;_LASTIC 	frCVENT -ZOTATIONAND 7YDX0 IS TH: 
C 	PLASTIC .::AOING 	RCTATION 
C 	AL TS TH:: UICACKED LL",AMENT LENGTHAND YRO 13 THE .DEFLECTION DUE 
C 	TO THE RITATION AT ME G?ACK TIP 

AL=w-LL!: 
H31=H4AX-HIR4(AL-41.) 
IF(LLO.'uE.195.0) 	931=HAAX 
H31=(H71+AAX)/2. 
YRO(M)=6.- - (LL04  .7)'AL/(LiY=34(H311̀ "3)) 
DYOXEL(1)::(7.4P'LLO'AL)/(EY-34- (H31'3)) 
.DYDXG(1)=2. 

C 	FIRST INTE.iPATIDN WITH EULERS RULE 
DO 6 I=1,N3TO 
OZOXFL(1)=AKEL(I)4(1.+DY0XEL(I)**21.5 
OZCX(I1=Ar:i(I)"- (1.+0Y7XO(I)-42)*'1.5 
0YOXEL(I+1;=CY1XEL(I)+W. DZOXELtI) 
DY0XCICI+ 1 Y=DYDX0(I)+W'OZ1X(I) 

6 CONTINUE 
S3EL1=0YMEL(1)+2YOXEL(LI10) 
SJEL?=0Y0X-:Sk1)+CYCXEStLI13) 
SJ1=OYCX3(11 +7YDX(LIT.-;) 
SO?=CYDXS(11 40YDXS(LI93) 
SO3=0. 
SJ4=n. 
SO5=0. 
SJ6=0. 
SOEL3=0. 
SOEL4=°. 
SOEL5=0. 
SOEL6=0. 

C 	SECOND INT_cRATICN WITH SIIPSONS RULE 
DO 71 T=2,LTVG-1,2 
S03=903+9Y.Y1•1(i) 
S14=SOL.+71Y3Y5(I) 
SOLL3=SOF.L7-‘DYDXEL(I) 
SaF.L4=S:.EL:r 49YDXES(I) 

31 COITINUE 
CO 41 1=7,LTA'0-2,2 
SO5=S05+0Y)v2(I) 
SO6=S36+0YXE(I) 
SOEL5=e0EL5-flY1X:LiIi 
SIELE=S!"!ELT;40Y].4ES(I) 

41 CONTINUE 
C 	Y/I IF TH: PLASTIC EIN7ING IOVINT O.FL CTION 
C 	YO5 IS TH: nLASTIC SHE 	STRESS OEFLt:TIC1 
C 	YONEL IS TEiF. ELASTIC '1ENJIlt., ADMENT DEFLESTION 
C 	Y1SEL IS 'roc EU4STI_ 	OEFL:CTION 

YOM=2,..H.'(311+4.4S:31+2.4S0:3)/3. 	
• 

YO5=2.-H*(T-.2+4.4SC4+2.`SJ,i)/3. 
YONEL=9.4- A"ti0=L14-4.'S2EL3+2.'WEL)/1. 
Y1SEL=2.*:I'!WEL?4-14.' S.,EL4+2.'SUEL6)/3. 
YOSI(1)=Y)73-.L+YCS 

C 	YOEL IS TL TOTAL ELASTIC O.EFLECTION 
YJ1EL(1)=YP1FL+Y:SEL 

C 	YJ TS THE TOTAL ELASTIt: DEFLECTION 
YO(m)=Y044-YOS 

C 	U IS THE 	aNO lAAX IS TIE POTATECN AT THE LOAOIrC POINTS 
DiAX=CYDX -1■LI10)+CYCAStLIAD+DY0XEL(LI:4,G)+0YOXEStLIMC) 
WPITE(6,73, 	SYAX 

79 FORIAT(3;.:,r6449 ,//) 
U(").LPY('') "e0EL(;')/ 2.+PPL(1)4 (Y0(4)/(=N0 41.))+FPL(Yd(!,)+YR0(r")-  

1P/2. 
C 	Y3T IS TH: TOT,,L R^FL_,,7U1 II THE SPECP,E1 

YOT(A)=Y1ELt1)+0(A) ,-YP•Jil) 
GO TC 81 

59 WRIT:ti;,71, 
75 F3,?1AT(1=3;..,4.2NC2,,CK L7N3TH 1 15X1 1:HOZFLECTION,15X,6nENERGY,15X,1;riE 

1LASTIS C:LF '-iCTICNS,//////) 
00 77 '4=2,21. 
11=5•C'-2) 
LL'2=75.+PL1AJ(1!1) 
WRIT7(5,73; 	LLq007(1),U(m),YOEL(1) 

7d F00!4 AT(2J,<F5.1,2f7x,F6.3:119.1,17X.F7.23 ///) 
77 C.JriTINUrr  

WlITE06 1 81) 
3 FO7Ti23X,12iR4C./. LF':GTi-!,23X,61-STP,EiS,GX,?4HSHEAR STRLSS D:FL:_ST 
lIONS115X,2 -..HF, OTATION C_ELFt:TI+)NS,/////) 

DO 91 "=1,2? 
HA=5'(P1-1J 
LLI=65.+F:_)1T(11) 

C 	-Y15T IS TA: TOTAL ',":1-.:AP ST').:7S7 0:FC:CTICN 
1 IT 7 t6,1:, 	LLr,SI,A(.1),Yu3Ik"),Y.?)(N) 

93 FO0M4T( 25X,F5.1,Z,X,FE.2 1 25X,F,.2,24X,E4.? 1 ///) 
91 CW:TINOE 

STSP 
LIR 
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PRCGRAt' LI_:P(INPUT I CUTPUT.TAPE5=INRULTARE6=OUTPUT) 
REAL Lt.:I'LL 
COMMON X0(11.-:,J),AKP(11:1 )),DYUXS(10C0),DYDXJ(1=30C),DZOX(1Cjr1/, 

1Y1(41) ORA rrl) ,Y (4:) ,LL(49) ,!(Lst)),PEF( +C);AK(151),DMAX(41■ ,L1 (40) 
2A(1530),OYDX(15C6),CZ2AT(1):]31,0Y94(41/.0ELTAJ(42),SICHA140/ 

C 	PROGRAt' 7,) CCMPUTF C:.LTAJ IN THE OCR SP ECIMEN FCR LARGE CEFLECTICNS 
C 	P IS Th= L1 4 0 AN: NC2 AND tlJ1 ARE 6ECIETRI,.. CONSTANTS 
C 	H IS THE ?SAM 	H=HC+H1*--: 
C 	ENO IS THE STRAIN HARCENING EX°CNENT ANO 13 IS THE GROSS THICKNESS 
C 	 N v IS THE CYCLIC CREEP EXPOAAT 

i5:!7An(5,1) 
FORMAT(21X 2 =6.1) 
READ(5,9/ 	3 
FORMAT(23X.4.1) 
PEAD(5,4) EN 
FORMAT(2f2X 2 =5.7) 
READ(5,21) 	ENO 

21 FORmAT(26X,F4.2) 
WRITS( 'S)- 	POIEN1 7N1 

5 FO0MAT(1H1 1 11X,3mP 	=,F4.1,20X14hEN = 1F5.2.23X 7 5HENG 
1 =2F5.2,/// 1 ////) 

C 	SY IS THE YIELO STRESS AND LLj IS THE INITIAL CRACK LENGTH 
SY=401. 
LLC=70. 

C 	AU AND A ARE THE STRAIN HARDENING ANO CYCLIC CREEP CONSTANTS 
HMAX=37.3 
H0=7.1 
H01=14.3 
A0=4.421E-19 

C 	ctl IS THE NET THICKNESS AND EY IS THE YOUNGS - MODULUS 
el=3.6 
EY=2.17E+5 
H1R=0.16952 
H02=12.4 
H1=1.72E-1 

C 	THE INITIAL DEFLECTION‘ELASTIG+PLASTI) IS TO EE OCMPUTEC 
C 	• GKR IS THE INITIAL FL,F4TIC r:URJATURE )LE TO THi 3ENOING hOW:NT 
C 	AKEL IS THE INITIAL 1-.1_:.3TIC C'MATURE CLE TO THE :ENDING MOM.:NT 
C 	THE DEFLI.7.TTCNS APE OETAIA_D FRCP EULER ANU SYt'FSCNS PULE INTEGRA 

O0=2.'EN14L. 
C 	h IS THE INTEGRATION STEP ANJ RY IS 711 .:_XPERIV.iNTAL YI.AD LOAD 

H=9.25 
PY=4G00.d 

C 	PPL IS TH: DLASTIC LOAD 
PPL=P-0Y 
NSTO=IFIx(!_l_C/H) 

C 	DYOX'' IS T1=. DERIVATIVE CF THE INITIAL CEFLECTICN 
C 	20 IS THE .3.1;_AH STRESS CONSTANT ANO 	IS TEL. SH.:AR ST? SS E- XPONE 
C 	T4YEL IS TiiiE ELASTIC SHEA STRESS ANC C IS THE SHEAR YCCLLUS 
C 	DYDXS ARE THE SHEAR STRAIN ROT4TIONS(ELASTIC+PLASfIC) 

G=1.gE+4 
CO=(ENJ+1., /2. 
td=AC*(7."'CJ). 
LA=EN) 
D1=(2.-EN)41_.)/(EN:"(EN,C+1.)) 
Dd=3.*ENC."27 
4AL25=(PPL"2.'=N1+ 1.))/(2."- 7 A1 
VAL1=A0';PL20"ENC) 
DO 3 I=1,1.:1/41  
X.3(I)=H.*FL)AT(I-1) 
XX9=LLJ-X')(I1 
H2=H1'tXX1-7n.) 

	

142=3. 	. 
h21=H2+nD2 
AKEL=(12.'"'x;:0)/(EY 4''. (4?1".-3/) 
AK9(I)=4ALI',-(XX.1"ENS)/(tri21/2.,"90)+AKEL 
IF(XXC.LE 3P.) 
h2=H14 (xX1-3';.) 
H21=H2+HO2 
TXYEL=(1.5"RY/(3g(h21*'2)))-(5.'".XXO'r11-H21) 
IF(H2.=;. 1 .% 	TxYEL=-TXY:L 
nYCX:S=Txi'.!/G 
JAL7:-D1'121L/(' 4 (H21.421)) 
TXY=VAL34:P-XXOdr1-EN1'HM 
IF(H2.EG.. 	Txy:.--TXY 
SR=CIXY -4:0•11  
PYPXS(TI=S:-!+1YDXES 

3 coNTINU= 
C 	FIRST INT_:3cATION TC GET DYDX1 CUE TO TI-E BENDING HOMRNI 

(7)—.Y.o(1),). 
CO 6 D.;10-,T9 
C7f.X(I)=11, I) 4-(1.4-CY7x0(I)"2)'4 1.5 

- DY7X:(T+1).:r?Y5X;(T)4;:'PZDX(I) 
6 CONTINUE 
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C 	SYmPSONS RULE TO CALCULATE THE INITIAL OFFLECTIONS(S.FORCE+L.NONFNT 
SO1=r.YDX1:1 1 +9YOXO(LI''.)) 
SO2=DYDXSC1?+0YOXS(LIM)) 
SO3=0. 	. 
SJ4=0. 
SO5=0. 
S.161-4. 
CO 31 I=22LTMO-112 
SO1=S034-DYDYn(I) 
SO4=SO4+0YJYS(I) 

31 CONTINUE 
DO 41 I=3 1 LTMO-2,2 
S35=S0-5+TV)Y.n(I) 

• S06=S064-0Y3yS(T) 
41 CONTINUE 

C 	YOM ARE TA:: INITIAL DENDING MOMiNT CEFLECTIONS 
C 	YOS ARE ii: INITIAL SHEAR FORCE CEFLECTICNS 

YOM=2...H';'.:n1+4.4 3+2.-S33)/3. 
YOS=2.-H4 Sr2+.-SO4+2.'S16)/3. 

C 	THI DEFLECTTONS CU; TO THE ROTATION AT TI-E CRACK TIF APE . 
C 	CALCULATEJ NEXT 
C 	W IS THE SPFCI1EN WIDTH MEASURED FROM THE LOADING POINTS 
C 	AL TS THE U1CR:aCKED LIGA4E1T 

W=216.0 
AL=W-LL1 
P31=20.0 

C 	YIR IS - THE DEFLECTICN DUE TO THE ROTATIC1% AT THE CRACK TIP 
YOR=(6.'F-':U044.2)AAL)/(IY*- 34 (H:!1"3)) 

C 	YIT IS TH: TPIAL INITIAL DEFLECJION 
Y0T=YON1+Y)34YOR 
WRITE(6,41; 	Y3M.YCS 

.49 FORNAT(31F2IITIAL 	NOM.INT DEFL:CTION YON =,F6.3,/////1,10X. 
176HINITIAL SHEA4 Fr; CE DEFLECTIOls YOS =,F5.31 //////) 
WRIT-:(F,5).'• 	YU 

59 FORMAT(1)X,77HINITIAL TOTAL DEFLECTION YOT =,F6.3,/////////////) 
C 	THE CALCULATIONS FOR T,1 	EXT CYCLES AR.:: `IOW FCLLOkING 

S2=0. 
S3=9. 

C 	DYDXT IS THE TC11,L INTTTAL ROTATICN(LCACING PCINTS) 
DYCX5T=CYILI1)+CY 7:xS(LI"J) 

C 	TETA IS TN_ ROTATICI■ ANGU' 
CiAX(1)=Dy)vJI 
TETA=ATAN%5"5X(1)) 

. PEF(1)=P4S(T:TA) 
HRITE(61 5:;) 	• CfPXOT 

55 FORMaT(13X,47HINITIAL POTATION AT THE LCADIWU POINTS DYCXOT =,F6.4 
17 ///////) 
A1=0.823 
oznn Incur DATA 
NR=22 

C 	LL ARE THI CRACK LFNC,Tt-S AND N IS THE NLM3ER OF :,YCLES 
READ(5,14) 	(LL(J),J=1,12) 

14 FOcMAT(61 -).3,6F7.7) 
RZ4n(5,15) 	(LL(J),J=1311X) 

15 FORNATt1"!r7.7.) 
PEA9(511,-;) 	(N(J),J=10X) 

16 FORmAT(I1,'T2'.5I7.14I4) 
P:A0(5,17) 	01(J),J=1,13) 

17 FOL!NAT(F3.:.1 5F7.3,7F6..3i 
PEA 0(5,23) 	(A(J),J=14,1X) 

23 FORZ'AT(9) 
C 	YA IS THE :7 TNAL 	MO'LlT 0:FLECTICN 
C 	YR IS TH7 FINAL RCTATION JEFLECTION ANC Y IS THE FINAL TCTAL 
C 	CEPLECTIC1 

YA(1)=T1. 
YR(1)=1. 
Y(1)=0. 

C=0.. 4.FN+1. 1 / 7'N 
H1=1.72E-1 
H0=7.1 
SIG!AA(1)=). 
00 10 J=2 1 1X 
A(J)=A01 4 1.ri7-13 
_!ST=IFIX(LL(J)/6) 
LIT.:4‘ST4-1 
T=A(..1)'FL)A 1:(A(J)) 

C F?? IS TH.: CURRENT S7ECI1E1 HEIGHT H1 ANO.H0 ARE GEOMETRIC 
C 	CJNSTANTS 

h22=H1"LL:J1 +HO 
C 	P,;r, IE Ti: '7'(CLIC isRL 7P LOAD ANC PY1 IS TA: THLARETICAL YI_LO LOAD 

J)Y1=(.3-(H'",'?1 -SY)/(6.-'LL(1))+750. 
PcC=FEF(J-2:)-0 Y1 
SIGN,(J)=:]. -P,,C-LL(J)'C)/( - 0-22"2))4435.5 
IF(PCC.LE.J.) 	uG TO 8 • 
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VAL2=(PCC'('e'FN+1.))/(2.*EN'D) 
VAL1=T'l41L":N) 

C 	DYCx IS TH: ROTATION AND AK IS THE CU1VATURE 
DO 6n K=t,LT!, 	 • 

Y(K)=NzFL7AT(K-1). 
XX=LL(J)-X:9 
h2=H1."(XX-3'.) 
IF(XY.LT.33.2) 	H2=04 
H21=147+HO1 
AK(K)=4ALl'(XX*4-EN)/((H21/2.)**0) 

60 CONTINUE 
DYDX(1)=0. 
CO 7J K=1 'T"-1 
DZOYT(K)=AVK)4.(1.fCYCY(K)4.2)#'1.5 
DY0X(K+1)=7.:YOX(K)+H'07DXT(K) 

70 CONTINUE 
S1=DYGX(1)+Y2XtLI") 

C. 	I4TLyRATI7l CARc!IED OUT WITH SIMPSCN AND EULERS RULE 
DO 30 K=2,LIM-1 /2 
S2=S2+CYCX:K) 

30 CJNTINUE 
00 40 K=3,LTs.-2,2 
S3=S3+DYCX00 

40 CONTINUE 
01AX(J)=CYDX(LIVI 
TZTA=ATAN:9".AX(J)) 
PEF(J)=F-';OStTETA) 
01=0MAX(J) 
Yi(J)=2.&A"(S1+4.4524-2.'53)/3. 
AL=1.4-LL(J 
H31=hMAX-J2:7'(AL-41.) 
IF(LL(J).-"_..1.55.C) 	H31=11MAY 
YR(J)=6.4P=F(J)*(LL(J)"2)AAL/(EY*24(1314"43)) 
GO TC 22 

6 OYDXEL=C6.'°F.F(J-1)4(LLIA'42))/(EY4D'hC4(H224'27) 
TETA=ATAN:79+0YOX'L) 
PEr(J)=P4•3)5(TETA) 
Yi(J)=YM(J-1)+(24..'PEF(J)."-A14(LLtJ)-LL(J-1)))/lEY*B) 
AL=W-LL(J) 
Hil=■-iY4Y-J19-.(AL-41.) 
IF(LL()). 	N31=HIAX 
YR(J)=2.4):(J1'ILL(J)'-'"21."AL/lEY3A(131"3)) 

22 Y(J)=Y4(J)+Y°(J) 
10 CONTINUE 

WRIT'A6,57) 
57 FOgvATt28X 10HROTATION AT TmE LCADING FCIITS,////) 

DO 11 J=2,!IX 
WRITE(6,6i1) 	DMAX(J) 

%.4 	 0..7111, 

18 CONTINUE 
DO 12 J=2,NX-1 
H1=LL(J)-L_(J-1) 
HM=LL(.14-1)-'.L(J) 
oK=1./(2.-.TI*Hq) 	• 
01"24(J)=3.4"YN'(YV(J-1-1)-Yl(J))+et"tYM(J)-YM(J-1))) 
Gr.L=(12.-72c())'42) :0'/(FY'1) 
07:LTAj(J)=1:/3N'(CfCA(J)4PEF(J)-GEL) 

12 CONTINUE 
rtIT=(6951 

51 F1°.:T(1E.(,4.2HCP:17K LEN:JTH,12X,IEHNUY1ER OF CYCLES,12Y,1CHCLFLECTI 
10N 1 12X,4H)Y94,12X,1dHJ :CNTOlfl INTEGRAL,///////) 
DO 13 J=2,T(-1 

LLtJ),NiJ),YM(Ji,CYIDA(J),CLTAJ(J) 
52. FOCi::T(1'DX.,c7.3,1!3X,I5119X,F(.1.3,15X,Fri.4,17X,F7.2,////) 
13 CONTINUE 

WRIT:(6,51) 
58 FORAT(13X 2 12HCRtICK LEN6T1,21X,eHST2E3S,23X114HEFFECTI4E LoAn,16x, 

121H7)0T,I.TIOI r.EcLE'LTION;,/////) 
C.0 19 J=% r 
WiZITE(6,53) 	LL(J); SIGIA(J),PEF(J-1),YR(J) 

59 FOR1AT(20X,P7.3,23X,F3.3,2JX,F7.2,25X,F5.31///) 
19 CONTINUE 

STOP 
ENO ' 
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TABLE, 1 

1, Composition and Mechanical Properties of the Aluminium Alloy RR58 

Element Cu Mg Mn 
S. 1 F e 

T. 
1 

Z n N. 
1 

Weight % 2.64 1.65 0.03 0.23 1.15 0,06 0.06 0.1C 

E = 75,0 x 103 N/mm2 (Young's Modulus) 

V = 0.33 (Poisson's Ratio) 

G
UTS = 450 N/mm

2 (Ultimate Tensile Stress) 

Cys = 367 N/mm2 10.1% Yield Stress) 

Cr 
= 6% (Minimum Elongation) 

2. Composition and Mechanical Properties of the Mild Steel BS15 

Element C M
n 

Si  
P Ni  

C
r o 

N
b 

Weight % 0.19 0.59 0.028 0.021 0.02 0.01 0.02 0.005 

E = 2.07 x 105 N/mm2 

V = 0.3 

OUTS = 585 N/mm2  

= 401 N/mm2 

C = 28% 
r 

A = 5.54 x 10
-8 

mm
2
/N 

. n = 2.46 

0 = 660 N/mm2 (True Stress at the Maximum Load) 

Cl = 1.34 x 10
-11 	2 

mm /N 

m = 3,05 
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3. Composition and Mechanical Properties of the Cast Aluminium Alloy . 

LM30 

Element Cu Mg 1 1 Si  .Fn  Mn  I Ni  Zn P b. S n 1 	T i 

Weight% 4.5 0.6 18. 1.1 0.3 

I 

0.1 0.2 I 	0.1 0.1 0.2 

= 82.0 x 103 M/mm2 

V = 0.33 

0 	= 160 N/mm2  2 AS  
, 0 = 150 N/mm 2 

Ys 

TABLE 2 

Fracture Toughness Data 'Xipr RRSB and LM30 

(DCB Specimen - 9.5 mm net thickness} 

All the data at room temperature 

RR58 

Kc in MN/m
3/2 

RR58 

MN/m3/2 

LM30 

MN/m3/2 

D60* ' 22.02 C79* - 	22.06 F10* 21.27 

C2?* 2^.11 CS2* 22.20 :11+ .,.1.v., 

C46* 21.34 C68* 22.36 F17* 18.59 

C45* 21.56 C30** 21.45 F18* 19.08 

C18* 21.26 C29** 22.19 F19* 20.25 

C48* 22.02 C31** 20.84 F16* 20.57 

C27* 22.77 C32** 22.76 F12** 21.52 

C21* 22.88 C33** 22.242 F13** 21.36 

C29* 22.0 D31** 22.44 F14** 20.90 

C47* 22.71 D28** 21.34 

C44* 22.88 C62** 22.02 

C60* 22.55 C78** 22.42 

C50* 22.67 C82** 22.94  
C37* 23.65 C80** 23.60 

C36* 23.70 C84** 23.21 

D30* 22.44 C85** 23.75 

C61* 24.03 C69** 20.79  
C70* 23.76 C51** 23.82 

C73* 23.98 C66** 22.72 

C64* 22.44 C67** 22.10 

C63* 22.99 C81** 23.75 

C72* 22.55 

C71* 22.39 

C74* 22.29 

* - Specimens used in fatigue crack propagation tests 

** - Specimens used in stress corrosion tests 
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TABLR 3 

Cyclic Crack Growth. Data for RR58 In Laboratory Air 

and 3,5%.NaC1 at.a Trequency of 0.15 Hz 

. 
Spec, 

No. 

Env. R _AK 

MN/m3/2 
KM 

MN/m3/2 
da/dN 

mm/cycle 

. 	. 
A 

MN2/m3 
4 

D60 Air 
0
 0
 0
 0
 0

  0
 0

 0
 0

  
0
  
0
  
0
  
0
 0
 0
 
0
 0
 
0
 0
 
0
 
0
 0
 
0
 
0
 
0
 
0
 0
 0
 0
 0
 0

  16.15 8.07 1.4 x 10 3 260.82 1.029 
D60 Air 18.45 9.22 2.65 x 10-3 340.40 2.145 

D60 Air 21.84 10.92 1.85 x 10 1 476.98 55.98 

C28 Air 15.31 7.65 1.19 x 10 3 234.39 1.044 
C28 Air 17.27 8.64 2.0 x 10 3 298.25 2.035 
C28 Air 18.71 9.35 3.2 x 10 3 350.06 4.072 
C28 Air 19.78 9.89 2.9 x 10-3  391.24 9.653 
C46 Air 10.71 5.35 1.03 x 10 4 114.70 0.248 
C46 Air 12.83 6.42 2.9 x 10-4 164.60 0.460 
C46 Air 14.40 7.20 5.5 x 10 4 207.36 0.710 
C45 Air 16.46 8.23 8.3 x 10 4 270.93 1.245 
C45 Air 17.61 8.80 1.63 x 10 3 310.11 1.805 
C45 Air 18.92 9.46 3.45 x 10 3 357.96 3.080 
C18 Air 16.76 8.38 1.72 x 10 3 280.89 1.395 
C18 Air 18.03 9.02 2.69 x 10 3  325.08 2.350 
C18 3.5% NaCl 18.03 9.02 6.5 x 10 3 325.08 2.381 
C48 Air 13.73 6.86 3.05 x 10 4 188.60 0.538 
C48 3.5% NaCl 13.73 6.86 8.05 x 10 4 188.60 0.558 
C48 3.5% NaC1 15.97 7.98 2.59 x 10 3 255.04 1.015 
C48 3.5% NaC1 17.36 8.68 5.2 x 10 3 301.36 1.543 
C48 3.5% NaCl 20.05 10.02 8.7 x 10 3 402.00 4.588 
C27 Air 19.66 9.83 1.18 x 10-2 386.68 2.732 
C27 3.5% NaCl 19.66 9.83 1.18 x 10 2 386.68 2.721 
C21 3.5% NaC1 13.10 6.55 8.75 x 10-4 171.66 0.423 
C21 3.5% NaCl 14.68 7.34 2.2 x 10 3 215.41 0.625 
C21 3.5% NaC1 21.08 10.54 2.9 x 1.0-2 444.28 5.528 
C21 3.5% NaCl 13.73 6.86 1.26 x 10 3 188.60 0.493 
C21 3.5% NaCl 21.34 10.67 7.7.x 10-2 455.57 15.92 
C29 3.5% NaC1 11.89 5.95 4.2 x 10 4 141.47 0.324 
C29 3.5% NaCl 15.73 7.86 3.3 x 10 3 247.43 0.960 

C29 3.5% NaCl 15.73 7.86 3.55 x 10 3 247.43 0.960 
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TABLE 3 (cont.) 

Spec: 

No. 

Env. R AK 

MN/m3/2 
Km  

MN/m3/2 
da/dN 

mm/cycle 

A 

MN2/m3  

(I) 

C29 3,50 NaC1 0 11,65 5.83 4,4 x 10 4 135,77 0.324 

C47 3,5% NaCl 0 15,22 7.61 1,76 x 10,-3 231,69 0,741 

C47 3.5% NaC1 0 17,30 8.65 5.0 x 10
3 

 299,39 1,285 

C47 3.5% NaC1 0 18.90 9.45 8,29 x 10-3  35").21 2,132 
C47 3.5% NaC1 0 20.09 10.05 1.44 x 10-2 403.44 3.408 
C44 Air 0 18.03 9.02 3.85 x 10 3 325.04 1.492 
C44 Air 0 21.48 10.74 7.3 x 10 2 461.27 36.18 
C44 3.5% NaC1 0 16.58  8.29 3.7 x 10 3  274.79 0.992 
C44 Air 0 11.23 5.62 1.53 x 10-4  126.07 ' 	0.242 
C60 Air 0.482 8.47 12.1 4.39 x 10 4  204.97 0.565 
C60 Air 0.409 10.14 12.1 6.71 x 10 4 245.38 0.835 
C60 Air 0.35 11.63 12.1 1.82 x 10 3 281.44 1.14 
C60 Air 0.285 13.48 12.1 2.74 x 10 3 326.21 1.69 
C60 Air 0.228 15.2 12.1 3.45 x 10 3 367.84 2.48 
C60 Air 0.187 16.4 12.1 5.61 x 10 3 396.88 3.41 
C60 Air 0.167 17.27 12.1 2.0 x 10-2 417.93 4.43 
C60 Air 0.554 8 13.95 6.22 x 10 4 223.2 - 

C60 Air 0.619 8 17.04 3 1.4 x 10 272.64 - 

C60 Air 0.158 8 5.5 5.03 x 10 5 88 0.0728 
C50 Air 0 7.74 - 3.87 4.45 x 10 5 59.97 0.074 
C50 Air 0 6.59 3.29 952 x 10 6 .43.49 0.028 
C50 Air 0 6.17 3.08 2.39 x 10 6 38.08 0.015 
C50 Air 0 5.63 2.82 3.3 x 10 7 31.66 0.0026 
C37 Air 0.594 6.16 12.1 1.21 x 10 4 149.07 0.246 
C37 Air 0.759 4.51 16.5 1.29 x 10 4 148.83 0.330 
C37 Air 0.617 7.81 16.5 6.1 x 10-4 257.73 1.075 
C37 Air 0.463 12.1 16.5 4.83 x 10 3 399.30 6.80 
C37 Air 0.429 13.2 16.5 1.88 x 10 2 435.60 13.65 
C36 Air 0.630 5.5 12.1 1.6 x 10 4 133.10 0.190 
C36 Air 0.705 4.18 12.1 2.18 x 10 5 101.15 0.089 

C36 Air 0.814 3.41 16.5 2.24 x 10 5 112.53 0.143 

C36 Air 0.754 3.41 12.1 8.02 x 10-6 82.52 0.0357 

C36 Air 0.789 2.86 12.1 1.75 x 10-6 69.21 0.00705 

C36 Air 0.841 2.86 16.5 8.76 x 10 6 94.38 0.061 

C36 Air 0.860 2.48 16.5 1.13 x 10 6 81.84 0.0074 

C36 Air 0.250 6.6 5.5 2.27 x 10 5 72.60 0.0462-  

C36 Air 0.325 5.5 5.5 7,87 x 10-6 60.50 0.0208 

C36 Air 0.375 4.95  5,5 1.83 x 10-6  # 	54.45 0.00851 
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TABLE 3 (cont.) 

Spec. 

No, 
.0' 

Env, R AK 

MN/m3/2  

Km  

IIN/M3/2  

da/dN 

mm/cycle 

A 

N2/m3 

(I) 

C36 Air 0.398 4.73 5.5 6.35 x 10-7 52.03 0,00364 

C36 Air 0.605 4.07 8.25 1.23 x 10 6 67.16 0.010 

C36 Air 0.500 5.5 8-.25 1.96 x 10-5 90.75 0.0612 
D30 Air 0.578 4.4 8.25 4.01 x 10-6 72.60 0.0184 
D30 Air 0.304 8.8 8.25 1.8 x 10 4 145.20 0.232 
D30 Air 0.200 11.0 8.25 4.34 x 10 4 181.50 0.368 
D30 Air 0,111 13.2 8.25 5.69 x 10 4 217.80 0.540 
D30 Air. 0.034 15.4 8.25 9.35 x 10 4 254.10 0.756 
D30 Air 0 20.57 10.29 7.49 x 10 3 423.12 30.83 
D30 Air 0.553 10.45 18.15 3.73 x 10-2 379.33 18.21 
D30 Air 0.642 7.92 18.15 2.53 x 10 3 287.49 2.902 
D30 Air 0.692 6.6 18.15 7.32 x 10 4 239.58 1.642 
D30 3.5% NaCl 0,622 7.7 16.5 2.06 x 10 3 254.10 1.293 
D30 3.5% NaC1 0.500 11 16.5 6.83 x 10 3 363 3.344 
D30 3.5% NaC1 0.200 11 8.25 7.87 x 10-4 181.50 0.334 
C61 Air 0.808 3.85 18.15 1.55 x 10 4 139.75 0.447 
C61 Air 0.833 3.3 18.15 8.03 x 10 5 119.79 0.3 
C61 Air 0.847 2.97 18.15 4.01 x 10 5 107.81 0.188 
C61 Air 0.864 2.64 18.15 6.1 x 10 6 95.83 0.038 
C61 Air 0.886 2.2 18.15 2.26 x 10-6 79.86 0.00021 
C61 3.5% NaC1 0 10.67 5.33 3.0 x 10 4 113.84 0.194 
C61 3.5% NaC1 0 9.68 4.84 2.0 x 10 4 93.70 0.145 
C61 Air 0 9.68 4.84 5.0 x 10 5  93.70 0.145 
C61 3.5% NaCl 0 8.12 4.06 6.75 x 10 5 65.90 0.055 

C61 3.5% NaCl 0 7.04 3.42 3.95 x 10 5 49.56 0.035 
C61 3.5% NaC1 0 6.22 3.11 1.85 x 10 5 38.63 0.016 
C61 3.5% NaCl 0 5.17 2.58 3.8 x 10 6 26.73 0.0059 
C61 3.5% NaCl 0 4.92 2.46 5.1 x 10 7 24.19 0.0013 
C70 3.5% NaCl 0.333 5.5 5.5 4.78 x 10 5 60.50 0.0238 
C70 3.5% NaC1 0.5 5.5 8.25 1.13 x 10 4  90.75 0.0778 
C70 3.5% NaC1 0.629 5.5 12.1 2.53 x 10 4  133.10 0.334 
C70 3.5% NaC1 0.714 5.5 16.5 9.02 x 10 4 181.50 0.63 
C70 3.5% NaCl 0.449 4.18 5.5 2.41 x 10 6 45.98 0.00378 
C70 3.5% NaC1 0.05 9.9 5.5 2.29 x 10 4 108.90 0.144 

C70 3.5% NaCl 0.638 3.52 8.25 4.52 x 10-6 
58.08 0.00651 

4 C70 3.5% NaC1 0.03 15.4 8.25 2.41 x 10-3 254.10 a1.045 
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TABLE 3 (cont 

Spec. 

No. 

Env. R 41( 

MN'm
312 

KITI  

MN/m
3/2 

da/dN 

mm/cycle 

 A 

IAN /m3 

I 
(I) 

C70 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

C73 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

3.5% NaCl 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

3.5% NaCl 

3.5% NaCl 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

3.5% NaC1 

0.222 

0.379 

0.176 

0.100 

0.375 

0.796 

0.807 

0.596 

0.517 

0.846 

0.875 

0.887 

0.892 

0.463 

0.429 

0.397 

15.4 

4.95 

7.7 

19.8 

11 

2.75 

2.59 

4.18 

7.7 

2.75 

2.2 

1.98 

1.87 

12.1 

13.2 

14.3 

12.1 

5.5 

5.5 

12.1 

12.1 

12.1 

12.1 

8.25 
12.1 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

16.5 

4.52 x 10-3 

2.36 x 10-5 

1.35 x 10 

4.01 x 10 2 

2.13 x 10-3 

1.37 x 10 5 

1.75 x 10 6 

3.1 x 10 5 

8.0 x 10 4 

1.14 x 10 4 

4.52 x 10 5 

6.6 x 10-6 

1.31 x 10-6 

8.64 x 10 3 

3.05 x 10 2 

9.91 x 10-2 

341.88 

54.45 

84.70 
479.76 

255.20 

66.55 

62.56 

68.97 

186.34 

90.75 

72.60 

65.34 

61.71 

399.30 

435.60 

471.90 

1.81 

0.0337 

0.0955 
11.96 

0.92 

0.0164 

0.0028 

0.0308 

0.470 

0.152 

0.044 

0.0134 

0.0021 

5.13 

9.15 

25.36 
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TABLE 4 

Cyclic Crack Growth Data forRR58 at a Frequency of 35 Hz. 

Spec, 

No. 

Env. R AK 
3/2 

MN/m 

Km  
3/2 

MN/m 

da/dN 

= icicle 

A 

ii 	
(I) 

Miii -3  

C64 Air 0 3.45 '1.72 - 11.9 	- 

C64 Air 0 4 2 - 16 	- 

C64 Air 0 4.51 2.25 5.27 x 10 7 20.34 	0.00559 

C64 Air 0 5.06 2.53 1.33 x 10-6 25.60 	0.0167 

C64 Air 0 5.83 2.91 3.9 x 10
6 

33.99 	0.0348 

C64 Air 0 6.6 3.3 5.03 x 10 6 43.56 	0.0563 

C64 Air 0 7.7 3.85 1.28 x 10 5  59.29 	0.0938 

C64 Air 0 8.8 4.4 4.95-x 10 5 77.44 	0.1403 

C64 Air 0 9.9 4.95 3.02 x 10 5  98.01 	0.198 

C64 Air 0 11 5.5 5.45 x 10 5 
121 	 0.270 

C64 Air 0 12.1 .6.05 6.3 x 10
5 

146.41 	0.361 

C64 Air 0 13.2 6.6 1.24 x 10
4 

174.24 	0.476 

C64 Air 0 14.3 7.15 1.1 x 10 4 204.49 	0.625 

C64 Air 0 15.4' 7.7 1.68 x 10 4 237.16 	0.824 

C63 Air 0 16.5 8.25 2.0 x 10 4 272.25 	0.993 

C63 Air 0 17.6 8.8 4.26 x 10 4 309.76 	1.336 

C63 Air 0 18.15 9.07 2.95 x 10 4  329.42 	1.566 

C63 Air 0 18.7 9.35 4.2 x 10 4 349.69 	1.857 

C63 Air 0 18.15 9:07 3.14 x 10 4 
329.42 	1.566 

C63 Air 0 19.8 9.9 6.5 x 10
4 

392.04 	2.743 

C63 Air 0 20.35 10.17 1.16 x 10
-3 

414.12 	3.465 

C63 Air 0 20.9 10.45 1.72 x 10 3 436.81 	4.57 

C72 Air 0.1 19.8 12.1 2.87 x 10 3 479.16 	6.296 

C72 Air 0.158 17.6 12.1 1.05 x 10 3 425.92 	5.185 

C72 Air 0.222 15.4 12.1 2.8 x 10 4 372.68 	2.035 

C72 Air 0.333 12.1 12.1 1.63 x 10
4 

292.82 	1.333 

C72 Air 0.571 6.6 12.1 6.85 x 10-5 159.72 	0.389 

C72 Air 0.666 6.6 16.5 1.35 x 10 4 217.80 	1.016 

C72 Air 0.250 6.6 5.5 1.26 x 10-5 72.60 	0.0758 

C72 Air 0.692 4.4 12.1 2.5 x 10 5 106.48 	0.171 

C72 Air 0.111 8.8 5.5 2.38 x 10 5 96.80 	0.139 

C72 Air 0.463 11.0 16.5 3.87 x 10 3 363.0 	12.66 
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TABLE 4 (cont.) 

Spec. 

No. 

Env, R AK 

MN/m 3/2 
Km 

MN/m 3/2 

da/dN 

mm/cycle 
1 

X 
MN2/m 3 

. 
c1) 

C72 Air 0 22 11.0 5.65 x 10 3  484 19.04 

C71 Air 0.765 4.4 16.5 7.95 x 10-5 145.2 0.609 

C71 Air 	' 0.818 3.3 16.5 4.x x 10
-5 108.9 0.326 

C71 Air 0.760 3.3 12.1 1.6 x 10 5 79.86 0.0823 

C71 Air 0.429 4.4 5.5 2.12 x 10 6 48.40 0.0192 

C71 Air 0.795 2.75 12.1 4.7 x 10 6 66.55 0.0387 

C71 Air 0.814 2.48  12.1 2.0 x 10-6 60.02 0.0181 

C71 Air 0.825 2.31 12.1 7.1 x 10 7 55.90 0.00529 

C71 Air 0.835 2.2 12.1 No growth 53.24 

C71 Air 0.860 2.48 16.5 1.68 x 10-5 81.84 0.155 

C71 Air 0.875 2.2 16.5 1.41 x 10 5 72.60 0.103 

C71 Air 0.905 1.65 16.5 	. 1.68 x 10 6 54.45 0.00771 

C71 Air 0.908 1.58 16.5 No growth 52.14 - 

C71 Air 0.471 3.96 5.5 3.55 x 10 7 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 10 3 326.7 6.64 

C71 Air 0.579 8.8 16.5 7.98 x 10 4 290.4 3.68 

C71 3.5% NaC1 0 3.45 1.72 No growth 11.9 - 

C71 3.5% NaC1 0 4 2 No growth 16 - 

C71 3.5% NaCl 0 4.51 2.25 5.07 x 10 7 20.34 0.00487 

C71 3.5% NaCl 0 5.06 2.53 1.55 x 10 6 25.60 0.0167 

C71 3.5% NaCl 0 5.83 2.91 4.32 x 10-6 33.99 0.035 

C71 3.5% NaCl 0 6.6 3.3 8.46 x 10 6 43.56 0.0566 

C71 3.5% NaC1 0 7.7 3.85 1.15 x 10 5 59.29 0.0942 

C74 3.5% NaCl 0 8.8 4.4 2.41 x 10 5 77.44 0.141 

C74 3.5% NaCl 0 9.9 4.95 3.57 x 10 5 98.01 0.199 

C74 3.5% NaC1 0 11 5.5 5.34 x 10 5  121 0.272 

C74 3.5% NaC1 0 12.1 6.05 5.98 x 10 5 146.41 0.363 

C74 3.5% NaCl 0 13.2 6.6 1.34 x 10 4 174,24 0.479 

C74 3,5% NaCl 0  14.3 7.15 1.33 x 10 4 204.49 0.629 

C74 3.5% NaCl 0 15.4 7.7 1.58 x 10-4 237,16 0.831 

C74 3,5% NaCl 0 16.5 8.25 2.18 x 10 4 272.25 1.112 

C74 3.5% NaCl 0 17.6 8.8 3.37 x 10 4 309.76 1.525 

C79 3.5% NaCl 0 18.15 9.07 3.76 x 10-4 329.42 1.983 

C79 3,5% NaCl 0 18.7 9.35 4.9 x 10 4 349.69 2.425 

C79 3.5% NaC1 0 19.8 9.9 7.67 x 10 4 392.04, 3.958 



- 200 - 
TABLE 4 (cont.) 

Spec. 

No. 

Env. R 4K 

MN/m 
3/2 

Km  
3/2 MN/m 

da/dN 

mm/cycle 

A 

MN3M 3  
(1) 

C79 3.5% NaC1 0 20,35 10.17 1.03 x 10-3 4L4.12 5.457 
C79 3,5% NaC1 0 20,9 10.45 2.13 x 10-3 436,81 8.412 
C83 3.5% NaCl 0.1 19.8 12.1 3,57 x 10-3 479.16 34.3 

C83 3.5% NaCl 0.158 17.6 12.1 9.02 x 10 4 425.92 6.239 
C83 3.5% NaCl 0.222 15.4 12.1 2.9 x 10 4 372.68 3.023 
C83 3.5% NaC1 0.333 12.1 12.1 1.83 x 10 4 292.82 1.52 
C83 3.5% NaCl 0.571 6.6 12.1 6.0 x 10 5 159.72 0.407 
C83 3.5% NaC1 0.25 6.6 5.5 1.34 x 10 5 72.6 0.0779 
C83 3.5% NaC1 0.666 6.6 16.5 1.45 x 10 4 217.8 1.08 
C83 3.5% NaCl 0.765 4.4 16.5 6.68 x 10 5 145.2 0.629 
C83 3.5% NaC1 0.818 3.3 16.5 3.65 x 10-5 108.9 0.335 
C83 3.5% NaCl 0.86 2.48 16.5 2.1 x 10 5 81.84 0.159 
C83 3.5% NaC1 0.875 2.2 16.5 1.19 x 10 5 72.6 0.106 
C83 3.5% NaC1 0.905 1.65 16.5 8.71 x 10-7 54.45 0.00789 
C83 3.5% NaC1 0.908 1.58 16.5 - 52.14 - 

C68 3.5% NaC1 0.463 11 16.5 5.68 x 10 3 363 19.38 
C68 3.5% NaCl 0.538 9.9  16.5 2.15 x 10 3 326.7 7.25 
C68 3.5% NaCl 0.579 8.8 16.5 5.06 x 10 4 290.4 3.759 
C68 3.5% NaCl  0.111 8.8 5.5 2.6 x 10 5 96.8 0.141 
C68 3.5% NaC1 0.429 4.4 5.5 2.32 x 10 6 48.4 0.0192 
C68 3.5% NaC1 0..471 3.80 5.5 3.25 x 10 7 41.10 0.00415 
C68 3.5% NaC1 0.497 3.70 5.5 - 40.7 - 

C68 3.5% NaC1 0.76 3.3 12.1 1.43 x 10 5 79.86 0.0815 
C68 3.5% NaCl.  0.795 2.75 12.1 6.53 x 10-6 66.55 0.0369 
C68 3.5% NaCl 0.814 2.48 12.1 2.07 x 10 6 60.02 0.0181 
C68 3.5% NaCl 0.825 2.31 12.1 5.89 x 10 7 55.90 0.00336 
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TABLE 5 

Cyclic Crack Growth Data for BS15 at a Frequency of 35 Hz 

Spec. 

No. 

Env, A AK 

MN/m3/2 

Km 
11/1/m: 3/2 

da/dN 

mm/cycle 

A 

MN2/m3 40 

MS5 Air 0 . 	45.4 22.7 5.7 x 10-4 2060 0.261 

MS5 Air 0 50 25 8.05 x 10 4 2500 0.335 

MS5 Air 0 54.46 27.23 1.18 x 10 3 2966 0.427 

MS5 Air 0 59.02 29.51 1.46 x 10 3 3483 0.542 

MS5 Air 0 40.89 20.45 5.9 x 10 4 1672 0.202 

MS5 Air 0 35.33 18.16 3.52 x 10 4 1320 0.151 

MS5 Air 0 27.25 13.63 1.96 x 10 4 743 0.0775 

MS5 Air 0 24.24 12.12 1.5 x 10 4 588 0.0595 

MS5 Air 0 21.20 10.60 1.27 x 10 4 449 0.0438 

MS5 Air 0 18.2 9.1 6.1 x 10 5 331 0.0253 

MS5 Air 0 12.15 6.08 1.88 x 10 5 148 0.0112 

MS6 Air 0 7 3.5 9.65 x 10 7 49 0.00094 

MS6 Air 0 6.22 3.11 No growth 38.7 - 

MS6 Air 0 77.85 38.92 4.42 x 10-3 6060 1.61 

MS6 Air 0 68.35 34.17 2.32 x 10 3 4672 0.896 

MS6 Air 0 49.68 24.84 7.25 x 10 4 2468 .0.33 

MS6 Air 0.052 56.9 31.6 1.52 x 10 3 3600 0.54 

MS6 Air 0.142 47.5 31.6 1.01 x 10 3 3000 0.41 

MS6 Air 0.333 31.6 31.6 5.25 x 10 4 2000 0.232 

MS6 Air 0.6 15.8 31.6 2.25 x 10 4 1000 0.0915 

MS6 Air 0.818 • 6.33  31.6 6.0 x 10 5 400 0.018 

MS6 Air 0 47.5 23.75 1.06 x 10 3 2256 0.292 

MS6 Air 0.86 4.75 31.6 1.17 x 10 5  300 0.00625 

MS6 Air 0.11 25.32 15.8 1.58 x 10-4 800 0.07 

MS6 Air 0.333 15.8 15.8 9.0 x 10 5 500 0.0356 

MS6 Air 0.538 9.49 15.8 2.7 x 10 5 300 0.0139 

MS6 Air 0.6 7.9 15.8 1.61 x 10 5 250 0.0085 

MS6 Air  0.666 6.33 15.8 5.2 x 10 6 200 0.00318 

MS6 Air 0.694 5.7 15.8 7.4 x 10 7 180 0.00106 

MS6 Air 0 8.7 4.35 7.6 x 10-6 75.6 0.00365 

MS6 Air 0.878 4.11 31.6 2.15 x 10-6 260 0.00164 

MS6 Air 0.932 3.36 47.5 1.59 x 10 6 319 0.00202 

MS6 Air 0.917 4.11 47.5 2.81 x 10-5 390 0.0123 

MS7 Air 0 88.61 44.30 1.48 x 10-2 7852 3.98 

MS7 Air 0 81.80 40.90 6.65 x 10-3 6691 2.15 
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TABLE 5 Ccont,1 

Spec, 

No. 

Env, R AK. 

MN/m3/2 
Km 

MN/m3/2  

da/dN 

1111Ti/cycle 

A 

MN
2
/m

3 
(I) 

MS7 Air 0 85.13 42.56 9.1 x 10'73  7247 2.83 

MS7 Air 0.887 3.80 31.6 No growth 240 - 

MS7 Air 0 7.75 3.87 4.05 x 10-6 60 0.00206 

MS7 Air 0 72.47 35.23 2.21 x 10 3 5250 1.145 

MS7 Air 0.5 31.6 47.5 9.25 x 10 4 3000 0.465 

MS7 Air 0.39.6 41.14 47.5 1.14 x 10-3 3960 0.683 

MS7 Air 0.765 12.66 47.5 2.69 x 10 4 1200 0.13 

MS7 Air 0.875 6.33 47.6 1.37 x 10 4 600 0.0415 

MS7 Air 0.25 57 47.5 2.32 x 10-3 5400 1.27 

MS7 Air 0.09 79.1 47.5 1.18 x 10 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 7 250 0.00048 

MS7 Air 0.932 3.32 47.5 2.6 x 10 7 315 0.00021 

MS7 Air 0.935 3.17 47.5 No growth 300 - 

MS8 3.5% NaC1 0 72.31 36.16 3.35 x 10 3 5229 1.186 
MS8 3,5% NaC1 0 50.63 25.32 9.15 x 10 4 2560 0.357 

MS8 3.5% NaCl 0 79.11 39.55 5.45 x 10 3 6250 1.848 

MS8 3.5% NaC1 0 86.71 ° 	43.35 1.6 x 10-2 7519 3.577 

MS8 3.5% NaCl 0 42.72 21.36 5.85 x 10 4 1825 0.299 

MS8 3,5% NaC1 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 10-6 200 0.00262 

MS8 3.5% NaCl 0 9.49 4.75 1.19 x 10 5 90 0.00525 

MS8 3.5% NaCl 0 15.8 7.9 3.6 x 10 5 250 0.0224 

MS8 3.5% NaCl 0 25.32 12.66 1.41 x 10 4 640 0.0668 

MS8 3.5% NaCl 0 31.61 15.30 2.98 x 10 4 1000 0.115 

MS8 3.5% NaCl 0.11 25.32 15.8 1.6 x 10 4 800 0.071 

1458 3.5% NaCl 0.33 15.8 15.8 8.0 x 10 5 500 0.0359 

MS9 3.5% NaCl 0 18.99 9.5 3.5 x 10 5 360 0.0346 

MS9 3.5% NaCl 0 37.97 18.98 4.4 x 10 4 1440 0.171 

MS9 3.5% NaCl 0 7.91 3.95 2.5 x 10-6 552.5 0.0013 

MS9 3.5% NaC1 0 6.96 3.48 1.25 x 10-6 
48,4 0.000871 

MS9 3.5% NaCl 0 57 28.5 1.02 x 10 3 3240 0.502 

MS9 3.5% NaCl 0.305 50.63 47.5 1.2 x 10 3 4800 1.041 

MS9 3.5% NaC1 0 63.2 31.6 1.97 x 10 3 4000 0.706 

MS9 3.5% NaC1 0.396 41.14 47.5 1.0 xl 10-3 3900 0.720 

MS9 3.5% NaCl 0.211 41.14 31.6 6.7 x 10-4 2600 0.349 

MS9 3.5% NaCl 0.5 31.6 47.5 8.9 x 10 4 3000 0.479 

MS9 3.5% NaCl 0.33 31.6 31.6 5.5 x 10-4 2000 0.238 
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TABLE 5 (cont.). 

Spec. 

No. 

Env. R 41( 
, 3 2 

MN/ 

Km 
MN/m

3/2 
da/dN 

mm/cycle 

X 

MN
2
/m 

(11 

MS9 3.5% NaC1 0.715 15.8 47.5 3.5 x 10-4 1500 0,181 

MS9 3.5% NaC1 0.6 15,8 31.6 2.4 x 10-4 1000 0.0932 

MS9 3.5% NaC1 .0.875 6.33 47.5 1.43 x 10 600 0.0405 

MS9 3.5% NaC1 0.818 6.33 31.6 7.1 x 10 5 400 0.0179 

MS9 3.5% NaC1 0.428 12.66 15.8 4.45 x. 10 5  400 0.0247 

MS9 3.5% NaC1 0.911 4.43 47.5 2.53 x 10_  420 0.0147 

MS9 3.5% NaC1 0.861 4.75- 31.6 1.3 x 10-5 300 0.00591 

MS9 3.5% NaC1 0.878 4.11 31.6 2.25 x 10 6 260 0.00118 

MS10 3.5% NaC1 0.666 12.66 31.6 3.55 x 10-4  800 0.0673 

MS10 3.5% NaC1 0.9 5 47.5 3.13 x 10 5 475 0.0225 

MS10 3.5% NaCl 0.923 3.8 47.5 1.16 x 10 5 361 0.00642 

MS10 3.5% NaC1 0.935 3.2 47.5 No growth 304 - 

MS10 3.5% NaC1 0.143 71.2 47.5 2.44 x 10 3  6764 2.354 

MS10 3.5% NaCl 0.929 3.5 47.5 3.65 x 10-6 332 0.00237 

MS10 3.5% NaCl 0 6.68 3.34 3.57 x 10 7 44.62 0.000476 

MS10 3.5% NaC1 0 6.2 3.1 No growth 38.44 - 

MS10 Air 0 17.78 8.89 4.5 x 10-5 316.12 0.0297 

MS10 Air 0 13.18 6.59 1.93 x 10 5  173.71 0.0142 

MS10 Air 0 11.22 5.56 1.33 x 10 5  125.88 0.0905 

MS10 Air 0 8.32 4.16 5.87 x 10 6 69.22 0.00306 

MS10 Air 0.584 8.32 15.8 1.46 x 10-5 262.91 0.00454 

MS10 Air 0 93.34 46.67 5.12 x 10-2 8712 9.657 

MS10 3.5% NaC1 0.685 5.9 15.8 1.95 x 10 6 186.44 0.00124 

MS10 3.5% NaCl 0.881 4 31.6 3.5 x 10 7 252.8 0.00033 

MS10 3.5% NaC1 0.884 3.9 31.6 No growth 246.48 - 
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TABLE 

Cyclic Crack Growth, Data forBS15 at a Frequency of 0.25 Hz 

Spec. 

No. 

Env. R AK 
, 

MN/m
3/2  

K
m 

MN/m3/2 
da/dN 

mm/cycle 

A 

MN2/m3 

MS1 Air 0  11.39 5.69 1.49 x 10 5  129.73 0.0093 

MS1 Air 0 17.72 8.86 4.8 x 10 5 314 0.029 

MS1 Air 0 22 11 9.4 x 10
5 483.7 0.0475 

MS1 Air 0 23.58 11.79 1.18 x 10 4 555.79 0.0559 

MS1 Air 0 24.62 12.31 1.86 x 10
4 

606.14 0.061 

MS1 Air 0 39.87 19.94 4.3 x 10 4  1590 0.188 

MS1 Air 0. 43.67 21.84 5.2 x 10
4 

1907 0.237 

MS1 Air 0 45.89 22.95 6.33 x 10
4 2106 0.267 

MS1 Air 0 53.8 26.9 8.35 x 10
4 2894 0.415 

MS1 . Air 0 63.29 31.65 1.4 x 10 3 4006 0.682 

MS2 Air 0 8.13 4.07 6.33 x 10
-6 66.10 0.00266 

MS2 Air 0 12.85 6.43 1.93 x 10 5 165.12 0.013 

MS2 Air 0 20.87 10.43 5.6 x 10 5 435.65 0.0424 

MS2 Air 0 23.04 11.52 1.04 x 10 4 530.72 0.053 

MS2 Air 0 25.7 - 	12.85 1.58 x 10
4 

660.28 0.0679 

MS2 Air 0 27.9 13.95 1.9 x 10
4 

779.03 0.082 

MS2 Air 0 30.38 15.19 3.4 x 10 4 922.94 0.0995 

MS2 Air 0 32.9 16.45 3.62 x 10-4 1083 0.120 

MS2 Air 0 35.4 17.7 4.48 x 10 4 1253 0.142 

MS2 Air 0 50.63 25.32 6.9 x 10 4 2564 0.348 

MS2 Air 0.433 25 31.6 3.65 x 10
-4 

1580 0.17 

MS2 Air 0.333 31.6 31.6 7.05 x 10 4 1997 0.232 

MS2 Air 0.2 63.25 47.5 3.5 x 10-3 6009 1.602 

MS2 Air 0 57.87 28.98 1.02 x 10 3 3349 0.512 

MS2 Air 0 63.2 31.6 6.0 x 10 3 3994 1.012 

MS3 Air 0 7.09 3.05 2.12 x 10 6 50.97 0.00102 

MS3 Air 0.428 12.66 15.8 5.95 x 10 5 400 0.0247 

MS3 Air 0.666 6.33 15.8 5.93 x 10 6 200 0.00318 

MS3 Air 	• 0.11 25.32 15.8 1.71 x 10 4  800 0.07 

MS3 Air 0 31.6 15.8 2.16 x 10-4 1000 0.0858 

MS3 Air 0,2 31.6 23.7 5.8 x 10 4 1500 - 

MS3 Air 0.765 6.33 23.7 1.32 x 10-5 300 - 

MS3 Air 0.304 25.3 23.7 3.6 x 10-4 1200 - 

MS3 Air 0.111  37.95 23.7 4.82 x 10-4 1800 - 
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TABLE 6 (cont.) 

Spec, 

No. 

Env, R 4K 
3/2 

MN/m 

K
m  

MN/m3/2 

da/dN 

mm/cycle 

?■ 
2 	3 

MN./m 

(I) 

MS3 Air 0,034 44.28 23,7 5.75 x 10
4 

2100 - 

MS3 Air 0.666 2.66 31.6 1.62 x 10
4 

800 0.0655 

MS3 Air 0.739 ' 	9.49 31.6 4.1 x 10
5 

600 0.0418 

MS3 Air 0.05 56.96 31.6 1.47 x 10
3 

3600 0.542 

MS3 Air 0.155 69.58 47.5 5.45 x 10
3 

6600 2.06 

MS4 Air 0.428 18.98 23.7 1.97 x 10
4 

900 - 

MS4 Air 0.645 10.24 23.7 2.64 x 10
5 

485.37 - 

MS4 Air 0.562 8.86 15.8 2.03 x 10
-5 

280 0.0117 

MS4 Air 0.875 6.33 47.5 1.1 x 10
4 

600 0.0414 

MS4 Air 0.686 5.88 15.8 1.4 x 10
6 

186 0.000424 

MS4 Air 0.836 4.63 31.6 2.65 x 10
5 

356 0.0128 

MS4 Air 0.85 5.12 31.6 2.37 x 10
-6 

324 0.0090 

MS4 3.5% NaC1 0 56.92 28.46 2.03 x 10
-3 

3240 0.488 

MS4 3.5% NaC1 0 86.97 43.48 9.22 x 10
3 

7564 3.411 

MS4 3.5% NaC1 0.305 50.6 47.5 4.98 x 10
3 

4807 0.989 

MS4 3,5% NaC1 0.2 63.2 47.5 6.53 x 10
3 

6000 1.581 

MS4 3.5% NaCl 0.429 37.95 47.5 2.6 x 10
3 

3600 0.61 

MS4 3.5% NaC1 0.517 31.6 47.5 2.03 x 10
3 

3000 0.463 

MS4 3.5% NaC1 0.579 25.3 47.5 1.68 x 10
3 

2400 0.337 

MS4 3.5% NaC1 0 23.7,2 11.86 3.85 x 10
4 

562.5 0.0566 

MS4 3.5% NaC1 0 18.98 9.99 2.8 x 10
4 

360 0.0339 

MS4 3.5% NaC1 0 11,07 5.53 7.56 x 10
-5 

122.5 0.00853 

MS4 3.5% NaC1 0 9.49 4.74 3.78 x 10
5 

90 0.00515 

MS4 3.5% NaCl 0 7.91 3.95 2.24 x 10
5 

62.5 0.00231 

MS4 3.5% NaC1 0 6.96 3.48 9.1 x 10
-6 
 48.4 0.000862 

MS4 3.5% NaC1 0 6.33 3.16 No growth 40 - 

MS4 3.5% NaC1 0.666 6.33 15.8 1.82 x 10
-5 

200 0.00234 

MS4 3.5% NaC1 0.695 5.69 15.8 5.79 x 10
6 

180 0.00052 

MS11 3.5% NaC1 0 29.73 14.86 7.264 x 10
4 

883.75 0.09461 

MS11 3.5% NaCl 0 44.28 22.14 1.4 x 10
3 

1960 0.245 

MS11 3.5% NaC1 0 63.3 31.65 3.27 x10
3 

4000 0.683 

MS11 3.5% NaC1 0 37.95 18.98 1.05 x 10
3 

1440 0.1675 

MS11 3.5% NaC1 0 25.3 12.65 4.72 x 10 4  640 0.0655 

MS11 3.5% NaC1 0 47.44 23.72 2.84 x 10
-3 

2250 0.293 

MS11 3.5% NaC1 0 12.65 6.32 4.76 x 10
5 

1600 0.0125 

MS11 3.5% NaC1 0 17.39 8.70 1.67 x 10
4 

302.41 0.0279 

MS11 3.5% NaC1 0.111 50.6 31.6 4.65 x 10
3 

3200 0.449 
. 
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TABLE 6. (cont,) 

Spec. 

No. 

Env. R AK 

MN/m
3/2 

Al 

MN/m
3/2 

da/dN 

mm/cycle 

?1/4  

MN2/m
3 

(1) 

MS11 3.5% NaC1 0.25 37.95 31.6 1.41 x 10-3 2400 0.315 

MS11 3.5% NaC1 0.333 31.6 31.6 1.25 x 10 3 2000 0.232 

MS11 3.5% NaC1 0.428 25.3 31.6 1.02 x 10 3 1600 0.172 

MS11 3.5% NaC1 0, 15.8 7.9 1.05 x 10 
4  

250 0.0211 

MS12 3.5% NaC1 0 28.46 14.23 5.02 x 10 4 810 0.0857 

MS12 3.5% NaCl 0 6.64 3.32 1.51 x 10 6 44.00 0.00017 

MS12 3.5% NaC1 0.873 4.27 31.6 2.23 x 10 6 269.86 0.00029 

MS12 3.5% NaC1 0.704 5.5 15.8 1.23 x 106 173.8 0.00019 

MS12 3.5% NaC1 0.708 5.4 15.8 No growth 170.64 - 
- 6  MS12 Air 0 6.5 3.25 1.06 x 10  42.25 0.00079 

MS12 Air 0 70 35 6.1 x 10 3 4900 2.46 

MS23 3.5% NaC1 0.667 18,98 47.5 1.2 x 10
3 1800 0.227 

MS23 3.5% NaC1 0.765 12.65 47.5 7.5 x 10
4 

1200 0.128 

MS23 3.5% NaC1 0.538 18.98 31.6 7.02 x 10 4 1200 0.117 

MS23 3.5% NaC1 0.666 12.65 31.6 4.62 x 104 800 0.0658 

MS23 3.5% NaCl 0.111 25.3 15.8 4.1 x 10 4 800 0.0695 

MS23 3.5% NaC1 0.25 18.98 15.8 3.35 x 10 4 600 0.0464 

MS23 3.5% NaC1 0.428 12.65 15.8 1.95 x 10 4 400 0.0271 

MS23 3.5% NaC1 0.778 7.9 31.6 2.33 x 10 4  500 0.0292 

MS23 3.5% NaC1 0.538 9.49 15.8 6.84 x 10 5 300 0.0133 

MS23 3.5% NaC1 0.818 6.33 31.6 8.46, 	 5 
x 10 400 0.0175 

MS23 3.5% NaCl 0.875 6.33 47.5 2.6 x 10 4 600 0.041 

MS23 3.5% NaC1 0.936 3.16 47.5 No growth 300 - 

MS23 3.5% NaC1 0.905 4.74 47.5 7.63 x 105 450 0.0185 

MS23 3.5% NaC1 0.923 3.8 47.5 4.76 x 10 5 360 0.00614 

MS23 3.5% NaC1 0.927 3.61 47.5 7.45 x 106 342 0.000814 

MS23 3.5% NaC1 0.86 4.74 31.6 5.79 x 10 5 300 0.00585 

MS23 3.5% NaC1 0.878 4.11 31.6 1.26 x 10 5 260 0.00115 

MS23 3.5% NaC1 0.887 3.8 31.6 No growth 240 - 
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TABLE 7 

Cyclic Crack Growth Data forLM30 in Laboratory Air and 3,5% NaC1 at 

a Frequency of 0.25 Hz 

Spec. 

No. 

Env. R AK 

MN/m
3/2 

K
M  

MN/m3/2 
da 

mgycle MN2/m3  

1 

(cl 

F10 Air 
0
  
0
 
0
 
0
 0
 
0
 
0
 0
 0

 0
 0

  
0
  0

 0
  0

 0
  
0
 
0
 0
 0

  
0
 
0
 
0
 0
 
0
 0
  o

  0
  

0
  

0
  0

  0
  

0
  

0
  

0
  

1,J
 
I
Q

 L.7
1
 

V
1 

N
 

CO
 

18.99 9.5 1.53 x 10 -1 360.62 3.322 

F10 Air 17.41 8.7 2.28 x 10 2 303.1 1.657 

F10 Air 16.61  8.3 1.38 x 10-2 275.89 1.248 

F10 Air 15.82 7.91 8.61 x 10 3 250.27 0.962 

F10 Air 14.24 7.12 2.83 x 10 3 202.77 0.589 
F10 Air . 	13.45 6.72 1.65 x 10 3  180.9 0.461 
F10 Air 12.66 6.33 1.02 x 10 3 160.27 0.317 
F10 Air 11.87 5.94 3.25 x 10 4 140.89 0.274 
F10 Air 11.08 5.54 2.44 x 10 4 122.76 0.204 
F10 Air 10.28 5.14 1.22 x 10 4 105.67 0.144 
F10 Air 9.49 4.75 7.72 x 10 5 90.06 0.0634 
F10 Air 8.70 4.35 3.09 x 10 5 75.69 0.0531 
F10  Air 7.91 3.96 5.69 x 10-6 62.57 0.0179 
F10 Air 7.12 3.56 No growth 50.69 - 

F10 Air 6.33 3.17 No growth 40.07 - 

F11 Air 11.0 5.5 2.41 x 10 4 121 0.140 

Fll Air 10 5.5 1.06 x 10-4 110 0.105 
, 5 F11 Air 8 5.5 2.14 x 10 88 0.0409 

F11 Air 7 5.5 1.64 x 10 6 77 0.0114 
Fll Air 5.5 5.5 No growth 60.5 - 

F17 3.5% NaCl 7.91 3.96 8.9 x 10 5 62.57 0.0519 
F17 3.5% NaCl 8.7 4.35 1.4 x 10 4 75.69 0.103 
F17 3.5% NaCl 9.49 4.75 2.68 x 10 4 90.06 0.165 
F17 3.5% NaCl 10.28 5.14 7.85 x 10 4 105.67 0.241 
F17 3.5% NaCl 11.08 5.54 9.56 x 10 4 122.76 0.336 
F18 3.5% NaCl 10.28 5.14 8.35 x 10 4 105.67 0.224 
F18 3.5% NaCl 11.08 5.54 1.12 x 10 3 122.76 0.310 
F18 3.5% NaCl 7.37 3.68 3.0 x 10 5 54.32 0.0208 
F18 3.5% NaC1 6.33 3.17 No growth 40.07 - 

F18 3.5% NaC1 5.54 2.77 No growth 30.69 - 

F18 3.5% NaCl 11.87 5.94 1.84 x 10 3 140.89 0.417 

F18 3.5% NaCl 12.66 6.33 3.29 x 10 3 160,27 0.552 

F18 3.5% NaCl 13.45 6.72 4.68 x 10 3 180.9 0.726 

F18 	.3.5% NaC1 14.24J 7.12 3 6.46 x 10 202.77 0.960 
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TABLE 7 (cont,1 

Spec. 

No. 

Env, R AK 

MN/m
3/2 

Km 

MN/m3/2 

da/dN 

mm/cycle 

A 

M2/m3 

(I) 

F18 3.5% NaC1 0 15.82 7.91 1.29 x 10-2 250.27 1.779 

F18 3.5% NaC1 0  17.41 8.7 2.46 x 10-2 303.1 4.188 

F17 3.5% NaCl 0.671 4.75 12.1 3.27 x 10 4 114.95 0.222 

F17 Air 0.627 5.554 12.1 9.33.x 10 4 134.06 0.397 

F17 Air 0.585 6.33 12.1 2.08 x 10 3 153.18 0.608 
F17 Air 0.507 7.91 12.1 6.17 x 10 3 191.42 1.215 
F17 Air 0.437 9.49 12.1 1.67 x 10 2 229.65 2.344 

F17 Air 0.294 11.87 12.1 1.75 x 10-1 287.25 9.968 
F19 3.5% NaC1 0 19.93 9.96 1.22 397.2 26.91 
F19 3.5% NaC1 0 18.99 9.5 1.25 x 10 -1  360.62 6.314 
F19 3.5% NaC1 0.209 15.82 12.1 8.22 x 10 -1  382.84 31.68 

F19 3.5% NaCl 0.233 15.03 12.1 1.96 x 10-1 363.72 11.351 

F19 3.5% NaC1 0.259 14.24 12.1 9.33 x 10-2 344.6 6.612 

F19 3.5% NaC1 0.341 11.87 12.1 2.77 x 10-2 287.25 2.499 

F19 3.5% NaC1 0.437 9.49 12.1 1.13 x 10 2 229.65 1.223 

F19 3.5% NaCl 0.508 7.91 12.1 5.5 x 10 3 191.42 0.764 

F19 3.5% NaC1 0.585 6.33 12.1 	- 2.14 x 10 3 153.18 0.441 

F19 3.5% NaCl 0.627 5.54 12.1 1.24 x 10 3 134.06 0.312 

F19 3.5% NaCl 0.671 4.75 12.1 5.11 x 10 4 114.95 0.1 

F16 Air 0.259 14.24 12.1 	- 8.46 x 10-2 344.6 4.839 

F16 Air 0.233 15.03 12.1 1.42 x 10-1  363.72 7.271 

F16 Air 0.209 15.82 12.1 5.13 x 10-1  382.84 13.122 

F16 3.5% NaC1 0 11.0 5.5 7.78 x 10 4 121 0.186 

F16 3.5% NaCl 0.05 10 5.5 4.55 x 10 4 110 0.144 

F16 3.5% NaC1 0.158 8 5.5 1.52 x 10 4  88 0.0694 

F16 3.5% NaCl 0.222 7 5.5 5.26 x 10 5 77 0.0354 
F16 3.5% NaC1 0.333 6 5.5 1.22 x 10-6 60 0.00314 

F16 3.5% NaC1 0.719 3.96 12.1 1.81 x 10 4 95.83 0.0925 

P16 Air. 0.719 3.96 12.1 2.45 x 10 5 95.83 0.0495 

F16 Air 0.739 3.64 12.1 3.27 x 10 6 88.09 0.0148 

F16 3.5% NaC1 0.739 3.64 12.1 9.88 x 10 5 88.09 0.0569 

F16 3.5% NaCl 0.769 3.16 12.1 5.07 x 10-6 76.47 0.00615 

F16 3.5% NaC1 0.270 6.32 5.5 9.52 x 10-6 69.52 0.0132 

F16 Air 0 $0,25 10.13 1.42 x 100 410.06 27.136 

IF16 Air 0 18.20 9.1 3.85 x 10-2 331.09 2.993 
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TABLE 8 

Fatigue Crack Growth Threshold Data 

Material Env, f 

(Hz1 

Km 
CM4tm3/2  ). 

R tKth 

CMN/m3/21 
AKth/E 

Cmm1/2) 

RR58 Air 0.15 2.75 0 5.5 2.32 x 10 3 

RR58 Air 0.15 5.5 0.4 4.73 1.99 x 10 3 

RR58 Air 0.15 8.25 0.622 3.85 1.62 x 10 3 

RR58 Air 0.15 12.1 0.796 2.75 1.16 x 10 3 

RR58 Air 0.15 16.5 ' 0.879 2.11 8.89 x 10 4 

RR58 Air 0.15 18.15 0.905 1.82 7.67 x 10-4 

RR58 Air 35 2.18 0 4.37 1.84 x 10 3 

RR58 Air 35 5:5 0.478 3.89 1.64 x 10 3 

RR58 Air 35 12.1 0.832 2.22 9.36 x 10 4 

RR58 Air 35 16.5 0.906 1.62 6.83 x 10 4 

RR58 3.5% NaC1 0.15 2.42 0 4.84 2.04 x 10 3 

RR58 3.5% NaC1 0.15 5.5 0.471 3.96 1.67 x 10 3 

RR58 3.5% NaC1 0.15 8.25 0.653 3.46 1.46 x 10 3 

RR58 3.5% NaC1 0.15 12.1 0.811 2.53 1.07 x 10 3 

RR58 3.5% NaC1 0.15 16.5 0.895 1.82 7.67 x 10 4 

RR58 3.5% NaC1 35 2.18 0 4.36 1.84 x 10 3 

RR58 3.5% NaC1 35 5.5 0.487 3.80 1.6 x 10-3 

RR58 3.5% NaC1 35 12.1 0.829 2.26 9.53 x 10 4 

RR58 3.5% NaC1 35 16.5 	, 0,908 1.60 6.75 x 10 4 

LM30 Air 0.25 3.7 0 7.4 2.85 x 10 3 

LM30 Air 0.25 5.5 0.25 6.6 2.55 x 10 3 

LM30 Air 0.25 12.1 0.747 3.5 1.35 x 10 3 

LM30 3.5% NaC1 0.25 3.45 0 6.9 2.66 x 10 3 

LM30 3.5% NaC1 0.25 5.5 0.302 5.9 2.28 x 10 3 

LM30 3.5% NaC1 0.25 12.1 0.773 3.1 1.19 x 10-3 

BS15 Air 0.25 3.16 0 6.33 9.67 x 10 4 

BS15 Air 0.25 15.8 • 0.704 5.50 8.4 x 10 4 

BS15 Air 0.25 23.7 0.82 4.69 7.15 x 10 4 

BS15 Air 0.25 31.6 0.884 3.89 5.94 x 10 4 

BS15 Air 0.25 47.5 0.933 3.28 5.01 x 10-4 

BS15 3.5% NaC1 0.25 3.16 0 6.33 9.67 x 10 4 

BS15 3.5% NaC1 0.25 15.8 0.703 5.54 8.46 x 10 4 

BS15 3.5% NaC1 0.25 31.6 0.882 3.96 6.05 x 10 4 

BS15 3.5% NaC1 0.25 47.5 0.931 3.35 5.12 x 10-4 
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TABLE 8 (cont.) 

Material Env. 
. 

f 

(Hzl. 

Kra 

(.101/m
3 2 

R AKA  

(MN/m3/2) 

AKtL/E.  

(m
1/2

) 

BS15 Air 35 3.16 0 6.33 9,67:x 10-4  

BS15 Air 35 15.8 0.701 5,62 8.59 x 10 4 

BS15 Air 35 31.6 0.88 4.02 6.14 x-10 4 

BS15 Air 35 	. '47.5 	, ' 	0.927 3.41 5.21 x 10 4 

BS15 3.5% NaC1 35 3.16 0 6.33 9.67 x 10 4 

BS15 3.5% NaC1 35 15.8 0.703 5.54 8.46 x 10-4 

BS15 3.5% NaC1 35 31.6  0.882 3.96 6.05 x 10-4 

BS15, 3.5% NaC1 35 47.5 0.931 3.35 5.12 x 10 4 

TABLE 9 
da 

Values of the constants a and Acin the equation -d-N- = Pe
a 

Material Environment 
, 

Loading 

frequency 05z1 

AC  
(mm/cycle) 

a 

RR58 

RR58 

RR58 

RR58 

BS15 

BS15 

BS 1'5 

BS15 

LM3O 

LM30 

Mild steel 

Cold rolled 

Mild steel 

A533 B-1 

EN 3A 

Lab. air 

3.5% NaC1 

Lab, air 

3.5% NaC1 

Lab. air 

3.5% NaC1 

Lab. air 

3.5% NaCl 

Lab. air 

3.5% NaCl 

Air 

Air 

- 

Air 

Air 

0.15 
. 
0.15 

35 

35 	. 

 0.25 

0.25 

35 

35 

0.25 

0.25 

25-30 

24-30 

- 

160  

100 

9.71 x 10
4 

., 
2.5 x 10 - 

2.05 x 10 4 

	

2.12 x 1 	 4  0 

	

2.1 x 10 3 	' 

4.41 x 10 3 

2.1 x 10-3 

2.1 x 10 3 

5.173 x 10-3 

6.49 x 10
3 

2.21 x 10
-4 

2.17 x 10
3 

- 
. 	• 

1.04 x 10 3 

6.53 x 104 

1.36 

1.1 

1.148 

1.151 

1.10 

0.89 

1.10 

1.10 

1.72- 

1.45 

0.81 

1.36 

- 
1.07 

1.40 
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TABLE 10 

Stress Corrosion Data for RR58 (Horizontal Specimen Orientation) 

Spec. 

No. 

ti 

h 

K
r 

MN/m
3/2  

Ks  

MN/m3/2  

Ks  K. . 	c 

• 

da/dt 

mm/s 

IP 
a. 1 

mm 

rr 

mm 

ai/rr 

C30 53 21.45 12.21 0.569 8.35 x 10 6  2.086 0.182 0.1812 1.004 

C30 0 12.21 14.58 - 2.45 x 10 5 - - - - 

C30 0 14.58 15.07 - 1.46 x 10 5 - - - - 

C30 0 15.07 15.57 - 2.22 x 10 5 - - - - 

C30 0 15.57 16.12 - 2.54 x 10 5 - - - - 

C30 1 16.12 16.67 - 4.01 x 10 5 - - - - 

C30 1.5 16.67 22.22 - 1.06 x 10 4 - - - 

C30 1.5 22.22 22.66 - 2.85 x 10 4 - - - - 

C29 104 22.191 10.03 0.452 6.83 x 10-6 3.894 0.1377 0.1939 0.71 

C29 - 10.03 13.53 - 2.21 x 10-5 - - - - 

C29 5 13.53 15.09 - 2.18 x 10 5 - - - - 

C29 5 15.09 19.34 - 6.3 x 10 5 - - - - 

C31 73 20.84 11.21 0.538 7.7 x 10-6 2.455 0.1488 0.171 0.87 

C31 0 11.21 15.97 - 2.54 x 10-5 - - - - 	• 

C31 7 15.97 13.64 - 1.36 x 10 5 0.371 0.131 0.10 1.31 
C31 0 13.64 21.78 - 5.25 x 10 5 

- - - - 

C32 86 22.76 11.88 0.522 1.05 x 10 5 2.67 0.201 0.2049 0.981 

C32 5 11.88 13.2 - 1.49 x 10 5 - - - - 

C32 2 13.2 19.39 - 5.75 x 10 5 - - - - 

C32 0 19.39 20.22 - 6 x 10 5 - - - - 

C33 0 22.42 22.11 0.986 1.74 x 10-4 0.028 - 0.1988 - 

D31 368 22.44 7.76 0.346 3.64 x 10 7 7.353 0.114 0.1483 0.575 

D31 0 7.76 8.3 - 1.2 x 10-6 - - - - 

D31 0 8.3 8.47 - 1.85 x 10 6 - • - - - 

D31 4 8.47 18.92 - 5.6 x 10 5 - - - - 

D31 0 18.92 19.25 - 5.3 x 10 5 - - - - 

D31 0 19.25 21.34 - 6.1 x 10 5 - 	• - - - 

D31 1 21.34 22 - 9 x 10 5 - - - 

D31 1 22 22.5 - 1.2 x 10 4 - - - - 

D28 317 21.34 8.42 0.395 1.97 x 10 6 5.423 0.171 0.1793 0.954 

D28 2 8.42 9.3 - 3.05 x 10 6 - - - - 

D28 5 9.3 17.93 - 5.6 x 10 5 - - - - 

D28 5 17.93 15.84 - 4.25 x 10-5 0.281 0.098 0.1266 0.774 



- 212 - 
TABLE 10 (cont.) 

Spec. 

No. 

ti 	Kr  

h 	MN/m
3/2 

Ks  

MN/m3/2 
K s  /K c da/dt 

mm/s 
IP 

a. 1 
MM 

rr  

mm 

aiirr.  

D28 

D28 

C62 

C62 
C62 

C62 

C78 

C78 

C78 

C78 

C78 

C82 

C82 

C82 

C82 

C82 

C80 

C80 

C80 

C80 

C80 

C80 

C84 

C85 

3 

98 

37 

4 
2 

34 

23 

2 

2.6 

3 

92 

145 

15 

9 

8 

33 

54 

2 

4 

45 

5 

143 

237 

280 

15.84 

20.3 

22 

14.69 

16.5 

17.33 

22.42 

17.25 

20.9 

19.36 

20,56 

22,94 

10 

14.3 

16.5 

18,2 

23.6 

13.26 

15.4 

19,8 

13.26 

20.32 

23.21 

23.75 

20.3 

10 

14.69 

16.5 

17.33 

11.7 

17,25 

20.9 

19.36 

20.56 

9.9 

10 

14.3 

16.5 

18.2 

10.58 

13.26 

15.4 

19.8 

13.26 

20,32 

8.36 

8.66 

8.64 

- 

- 

0.668 

- 

- 

- 

0.769 

- 

- 

- 

- 

0.434 

- 

- 

- 

- 

0.562 

- 

- 

- 

- 

- 

0.373 

0.364 

5.05 x 10-5 

5,2 x 10-6 

2.1 x 10-5 

4.42 x 10 5 

6.1 x 10-5 

1.04 x 10 5 

6.12 x 10-5 

6.4 x 10-5 

6.4 x 10-5 

6.4 x 10 5 

3.82 x 10 6 

3.86 x 10-6 

2.47 x 10 5 

4.44 x 10 5 

5.7 x 10-5 

- 

1.51 x 10 5 

2.25 x 10-5 

6.3 x 10 5 

1.51 x 10 5 

6.2 x 10 5 

1.22 x 10 6 

2.02 x 10-6 

2.08 x 10-6 

- 

3.121 

1.243 

- 

- 

1.194 

0.689 

- 

0.166 

- 

3.313 

4.309 

- 

- 

- 

1.959 

2.053 

- 

- 

1.229 

- 

4.908 

0.174 

0.181 

- 

0.152 

0.177 

- 

- 

0.103 

0.162 

- 

0.143 

- 

0.131 

0.136 

- 

- 

- 

0.104 

0.128 

- 

- 

0.164 

- 

0.124 

0.174 

0.181 

- 

0.1623 

0.1906 

- 

- 

0.1183 

0.198 

- 

0.172 

- 

0.166 

0.2073 

- 

- 

- 

0.1305 

0.2194 

- 

- 

0.1544. 

- 

0.1626 

0.2222 

0.224 

- 

0.937 

0.929 

- 

- 

0.871 

0.8183 
- 

0.8312 
- 

0.787 

0.6561 

- 

- 

- 

0.7972 

0.5835 

- 

- 

1.062 

- 

0.7625 

0.7211 

0.7832 
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TABLE 11 

Stress Corrosion Data for RR58 (Vertical Specimen Orientation). 

Spec. 

No. 

ti  

h 

Kr 
, MN/m3/2  

Ks 

MN/m3/2 

K JK s 	c da/dt 

mm/s 
IP 

a. i 

mm 

r r 

mm 

ai/rr 

C69 

C69 

C69 

C69 

C69 

C69 

C69 

C51 

C51 

051- 

C51 

C51 

051 

051 

C66 

C66 

C66 

C66 

C66 

C66 

C66 

C66 

C67 

C67 

C67 

C67 

C67 

C81 

C81 

C81 

C81 

C81 

C81 

C81 

0 

2 

1.2 

3 

1 

2 

8.7 

28 

2 

17.8 

2 

1.5 

2.5 

3 

42 

0 

0 

9.5 

0 

2,5 

3 

4 

83 

4,5 

2,5 

6 

31 

0 

0,75 

154 

4 

274 

2 

6 

20.8 

19.8 

18.0 

16,75 

17.0 

17.5 

21.43 

23.82 

12.76 

15.34 

9.68 

13,8 

14.1 

15,66 

22.72 

11,13 

11.6 

12 

8,45 

8,7 

10.15 

12.3 

22,10 

9.29 

12.76 

13.25 

14.5 

23.75 

23.1 

22.1 

6.64 

22,1 

5.72 

6.1 

19.8 

18.0 

16.75 

17.0 

17.5 

21.43 

15.2 

12.76 

15.34 
9.68 

13.8 

14.1 

15.66 

16.5 

11.13 

11.6 

12 

8.45 

8.7 

10.15 

12.3 

13.25 

9.29. 

12.76 

13,25 

14.5 

7.6 

23.1 

22.1 

6.64 

22.1 

5.72 

6.1 

7 

0.952 

- 

- 

- 

- 

- 

- 

0.536 

- 

- 

- 

- 

- 

- 

0.489 

- 

- 

- 

- 

- 

- 

- 

0.42 

- 

- 

- 

- 

0.973. 

- 

- 

- 

-- 

- 

- 

1.15 x 10-4 

4 	- 1.1 x 10 

8.4 x 10 5 

1.23 x 10-4 

1.28 x 10-4 

1.31 x 10 4 

5.42 x 10-5  • 

3.14 x 10 5 

6.87 x 105 

1.02 x 10 5  

2.88 x 10 5 

4.33 x 10 5 

6.17 x 10 5 

7.97 x 10 5 

1.68 x 10 5 

1.88 x 10-5 

2.28 x 10 5 

5.49 x 1C-6 

7.97 x 10-6 

1.29 x 10 5 

2.38 x 10 5 

2.91 x 10 5 

9.82 x 10 6 

2.28 x 10 5 

2.86 x 10 5 

4.07 x 10-5 

3.31 x 10-6 

2.28 x 10 4 

1.48 x 10-4 

1.32 x 10-6 

1.52 x 10-4 

2.57 x 10-7 

6.97 x 10-7 

1.82 x 10-6 

0.1033 

0.21 

0.1585 

- 

- 

- 

0.99 

2.496 

- 

1.518 

- 

- 

- 

- 

3.162 

- 

- 

1.0166 

- 

- 

- 

- 

4.641 

- 

- 

- 

2.639 

0.057 

0.093 

10 

- 

13.86 

- 

- 

- 

- 

0.088 

- 

- 

- 

0.139 

0.224 

- 

0.0827 

- 

- 

- 

- 

0.153 

- 

- 

0.0513 

- 

- 

- 

- 

0.148 

- 

- 

- 

0.0796 

• - 

0.228 

0.162 

- 

0.190 

- 

- 

0.1704 

0.1276 

- 

- 

- 

0.1809 

0.22347 

- 

0.0927 

- 

- 

- 

- 

0.2033 

- 

- 

0.0567 

- 

- 

- 

- 

0.1924 

- 

- 

- 

0.0828 

0.2222 

0.210 

0.1924 

- 

0.1924 

- 

- 

- 

- 

0.6896 

- 

- 

- 

0.7685 

1.002 

- 

0.892 

- 

- 

- 

- 

0.7525 

- 

- 

0.9048 

- 

- 

- 

- 

0.7694 

- 

- 

- 

0.9614 

- 

1.086 

0.8421 

- 

0.9877 

- 

- 
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TABLE 12 

Stress Corrosion Data for LM30 

Spec 

No. 

ti  

(11.) 

Kr  

MN/m3/2 
Ks 

MN/m
3/2 

K s  /K c da/dt 	' 

nn/s 

t  
T, 

a4 

(nm) 

r
r 

 

(mm) 

ai/rr  

F12 90 21.52 7.91 0.368 1.94 x 10 6 6.39 1.116 1.092 1.022 

f12 7 7.91 9.5 - 5.16 x 105 - - - - 

F12 15 9.5 8.5 - 5.23 x 106 0.249 0.203 0.213 0.953 
F12 3 8.5 11 - 7.44 x 10 5 - - - - 

F12 2 11 12.34 5.96 x 10 5 - -• - - 

F12 . 	1.5 12.34 18.35 - 	• 5.98 x 105 - - - - 

F12 130 18.35 5.9 • - 7.22 x 107 8.673 0.695 0.794 0.875 
F12 - 5.9 5 - No growth 0.392 - 0.082 - 

Fla 16.5 21.36 19 0.889 1.25 x 104 0.264 0.833 1.084 0.768 
F13 38 19 15.82 - 7.78 x 10 5 0.442 0.596 0.851 0.7 
F13 13 15.82 14.24 - 7.93 x 105 0.234 0.527 0.59 0.893 
F13 60 14.24 7.2 - 5.82 x 10 6 2.912 0.398 0.478 0.833 
F13 - 7.2 4 - No growth 2.24 - 0.112 - 

F14 7.5 20.9 20 0.957 2.29 x 104 0.092 0.923 1.03 0.896 

F14 26.5 20 15.76 - 4.3 x 105 0.61 0.795 0.943 0.879 

F14 53 15.76 8.5 - 3.31 x 10-5 2.44 0.515 0.586 0.879 

F14 3.5 8.5 18.5 - 4.89 x 105 - - - - 

F14 9.5 18.5 17.0 - 5.2 x 10 5 0.118 0.639 0.805 0.794 

F14 42 17.0 10.5 - 1.61 x 10 5 1.621 0.614 0.681 0.902 
I 

lAbLE 13 

Theoretical and Experimental Deflection Values 

(DCB Specimen - BS15) 

Monotonic Loading P = 5.5kN 

(All values in mm) 

a del  6 p1 6M del S 
PI exp 

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 0.61 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 

= 4.5 kN 	6 	c. 	/450 
a 

mm 

N da/dN

mm/cycle 

(AdN  )t 
mm 

(A6N) exp  
mm 

Au 

Nmm 

(AJ)t 
N/mm 

(AJ)exp  

N/mm 

70 

70.625 

71.25 

73.375 

76.75 

79.75 

82.75 

87.875 

92.125 

96.125 

99.375 

102.5 

105.5 

107.25' 

109.5 

114 

118.5 

123.125 

127.625 

132.125 

136.75 

141.25 

145.75 

150.25 

155 

1 

50 

100 

250 

500 

750 

1000 

1500 

2000 

2500 

3000 

3500 

4000 

4500 

5000 

6000 

7000 

8000 

9000 

10000 

11000 

12000 

13000 

14000 

15000 

1.62 x 10
-2 

1.52 x 10-2 

1.3 x 10 2 

1.15 x 10-2 

1.09 x 10-2 

9.5 x 10
-3 

9.04 x 10 3 

7.9 x 10 3 

7.7 x 10 3 

6.2 x 10
3 

5.5 x 10
-3 

5.1 x 10
3 

4.58 x 10 3 

4.58 x 10 3 

4.58 x 10 3 

4.28 x 10-3 

3 
4.58 x 10 

4.58 x 10 3 

4.58 x 10 3 

4.58 x 10 3 

4.58xx.10-3 

4.58 x 10 3 

4.58 x 10-3 

4.58 x 10 3 

4.58 x 10 3 

3.282 

3.427 

3.5 

3.702 

4.03 

4.288 

4.54 

4.915 

5.222 

5.448 

5.629 

5.788 

5.904 

6.001 

6.084 

6.276 

6.452 

6.55 

6.798 

6.985 

7.149 

7.336 

7.508 

7.686 

7.874 

3.36 

3.55 

- 

- 

4.29 

- 

4.79 

5.44 

- 

5.88 

- 

6.28 

- 

6.41 

- 

6.76 

- 

7.1 

7.29 

7.46 

7.61 

7.8 

7.96 

8.14 

1080 

1959 

- 

- 

4770 

- 

6335 

- 

8315 

- 

9575 

- 

10813 

- 

11382 

- 

11892 

- 

12657 

13085 

13467 

13805 

14232 

14592 

14997 

128.86 

118.35 

96.94 

94.28 

82.96 

80.46 

75.22 

64.58 

69 

45.08 

39.06 

33.46 

24.54 

24.54 

24.54 

24.54 

24.54 

24.54 

24.54 

24.54 

24.54 

25.54 

24.54 

24.54 

24.54 

140.35 

121.5 

- 

- 

88.5 

- 

79.1 

- 

64.62 

- 

45.55 

- 

29.76 

- 

27.52 

- 

27.52 

-

27.52 

27.52 

27.52 

27.52 

27.52 

27.52 

27.52 

A P = 5.0 kN 	6pec : 	M5/5 

70 

70.375 

73.125 

75.875 

81.25 

1 

10 

100 

200 

400 

4.98 x 10
2 

4.57 x 10
-2 

3.31 x 10-2 

3.08 x 10 2 

-2 
2.54 x 10 

4.522 

4.308 

5.016 

5.61 

6.882 

4.618 

4.59 

5.41 

5.92 

7.22 

6108 

6922 

9942 

13650 

19652 

339.81 

331.38 

261.49 

258.68 

212.32 

352.62 

343.6 

290.4 

267.42 

228.63 
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TABLE 14 (cont.) 

a 

mm 

N da/dN 

mm/cycle 

(U N ). t 

mm 

(M N ) 
exp 

MIA 

AU 

Nmm 

(AJ)
t 

N/mm 

(AJ)
exp 

N/mm 

86 600 2.1 x 10
-2 

7.718 8.09. - 185.16 204.12 

90.5 800 2,02 x 10 2 8.421 8.91 25794 173.63 195.18 

94.625 1000 1.7 x 10
-2 

9.032 - 129,5 - 
2 

98.75 1200 1.56 x 10 9.502 10.13 32813 118.53 142.62 

102.375 1400 1,4 x 10
2 

9.814 - - 115.02 - 

105.625 1600 1.24 x 10
2 

10.157 10.71 32573 111.73 125.03 

108.25 1800 1.08 x 10
2 

10.428 - - 88.83 - 

110.625 2000 8.8 x 10
-3 

10.581 11.18 33688 69.12 81.77 

112.375 2200 7.1 x 10
-3 

10.72 - - 48.99 - 

113.75 2400 6.8 x 10
3 

10.744 11.32 34487 44.68 48.68 

115.125 2600 6.8 x 10
3 

10.823 - - 33.5 - 

116.375 2800 6.8 x 10
3 

10.891 11.44 34816 29.21 32.48 

117.75 3000 6.8 x 10
3 

10.901 - - 29.21 - 

124.25 4000 6.8 x 10
3 

11.158 11.86 36093 29.21 32.48 

130.75 5000 6.8 x 10
3 

11.501 - - 29.21 - 

137.25 6000 6.8 x 10
3 

11.817 12.48 38225 29.21 32.48 

143.75 7000 6.8 x 10 3  11.992 - - 29.21 - 

150.25 8000 6.8 x 10
3 

12.24 13.15 40543 29.21 32.48 

156.75 9000 6.8 x 10
3 

12.523 - - 29.21 - 
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TABLE 15 

Theoretical and Experimental Data for Load Cycling 

DCB Specimen BS15 

AP = 5.5kN 	Spec. M517 

AU 

Nmm 

(AZ) t 
N/mm 

CAJ) exp. 
N/mm 

19686 515.9 536.84 

20454 459.72 469.63 

22788 391.24 414.56 

25863 373.6 397.85 

34002 335.8 370.75 

41063 301.74 316.03 

51607 278.32 269.32 

59824 239.47 233.77 

62341 223.32 216.26 

66729 210.81 206.98 

69157 172.44 198.07 

71128 157.38 153.69 

72600 119.86 119.22 

75500 111.87 113.93 

77488 90.88 101.49 

77936 77.36 87.13 

78770 68.12 63.45 

79428 60.35 59.31 

79946 51.89 52.33 

80432 43.75 44.42 

80904 35.8 35.72 

81325 35.8 35.72 

pP = 6.0 kN 	Siec. t1518 

70 1 1.3 x 10 -1 12.204 12.48 1.389 33650 710.04 726.84 

71 10 9.75 x 10 2 12.563 12.83 1.383 35449 638.35 653.98 

74.25 50 7.75 x 10
2 

13.712 14.09 1.364 42161 520.04 531.76 

77.875 100 6.9 x 10-2 15.134 15.40 1.339 49502 456.37 468.41 
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TABLE 15 (cont.1 

a 

'BIM 

N da/c3N 

mm/cycle 

(AZ 	1,2  
N 	i.. 

mm 

(ESN) 
- N exp. 

mm 

MR  

ram 

Au 	, 

Nom 

(A,1)t 
N/mm 

(AJ) 
exp. 

N/mm 

8 45 

94.125 

101.5 

107.625 

112.75 

117.75 

122.375 

126.5 

130,25 

133,625 

136.625 

139.375 

142 

144.25 

146.375 

148.375 

150.125 

151.875 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

3200 

3400 

3600 

5.75 x 10
2 

4 x 10 -2 

3.2 x 10 2 

2.9 x 10
2 

2.6 x 10
02 

2.4 x 10
2 

2.15 x 10 
2

2.0 x 10 -2 

1.8 x 10
-2 

1.6 x 10
-2 

1.4 x 10
2 

1.33 x 10 
-2  

1,24 x 10
-2 

1.21 x 10 
2  

1.19 x 10
-2 

1.1 x 10
-2 

9.75 x 10
3 

9.5 x 10
3 

17.101 

19.732 

21.383 

22.904 

23.897 

24.782 

25.509 

26.098 

26.686 

27.198 

27.523 

27.802 

28.089 

28.287 

28.572 

28.781 

28.904 

29.037 

17,41 

20.12 

21.68 

23.13 

24.27 

25.11 

25.91 

26.42 

27.02 

27.53 

27.81 

28.08 

28.37 

28.49 

28.58 

28.79 

29.04 

29.18 

1,287 

1.199 

1.125 

1.062 

1.007 

0.954 

0.904 
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FIG.1O 	Loading and Drip Feed Arrangement. 

1 - Adaptor to aspirator bottle 
2 - Plastic tube 
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FIG.; 55 Two of the Stress Corrosion Rigs. Used in the Experimental Programme 
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INFLUENCE OF MEAN STRESS INTENSITY ON 
FATIGUE CRACK GROWTH IN AN ALUMINIUM 

ALLOY 

C. M. Branco* J. C. Radont L. E. Culvert 

The effects of the mean stress-intensity factor, K,,, and the range of the stress intensity, AK. on crack propagation 
phenomena in the Al-alloy RR58 have been studied using contoured double-cantilever beam specimens providing 

a constant 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 — ApK„,(AK — 
dN 	L Klc  — 	j 

where AK = 	— Kr„,„); K„,„. K„,; „ and K,, are the maximum. min.mum and mean values of the stress-intensity 
factor; AK,„ is the threshold value of AK for crack propagation; K1c  is the critical fracture toughness in plane strain 
conditions: A and a are constants. In tests at room temperature 121 'C) in laboratory air and at a loading frequency 
of 0.15 Hz, it was found that AK,,, decreased with increasing values of K,,,. 7 was equal to 1.36 and A equalled 3.16 

x 11:1-5  (in/cycle). 

199 

1 INTRODUCTION 
Increasing use of higher strength materials confronts the 
structural engineer with formidable problems in the field 
of fatigue, in particular those connected with crack 
growth rates. The study of crack 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 critical 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 cyclically-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 conveniently used to 
describe the propagation of cracks under fatigue 
conditions in aluminium alloys. Because of the increasing 
volume of these alloys used in advanced engineering 
structures, more detailed information concerning 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 crack arowth 
`laws' have been proposed and are fully described in (3). 

The MS. of this paper was received at the Institution on 19th June 1974 and accepted for publication on 29th April 1975. * Department of Afeclutnical Engineering. Imperial College of Science and Tecluzology, London. t Department of Mechanical Engineering. Imperial College of Science and Technology. London. Fellow of the Institution. Senior Lecturer, Department of Mechanical Eng ineering, Imperial College of Science and Technology, London. Fellow of the Institution. § References are given in the Appendix. 

While some of the laws suggest that the critical para-
meter may be a function of stress or of strain, the majority 
arc based on LEFM concepts. The basic and probably 
most widely known crack propagation equation, due to 
Paris, has been successfully applied to analyse cyclic 
crack growth in many materials : 

da 	 = C,(AK)" 	  (I) dN 
where a is the crack length, N is the number of cycles and 
C, and in are constants dependent on the material tested. 
the environment and the conditions of cyclic loading. 

In an investigation of fatigue crack growth in RR58, 
Pearson (4) applied the equation 

da -  	  (2) dN = C 	M  
2  [(1 — R) Kc  - AKP 

where R is the stress ratio (Kc  = Kming(max), C2 and n1, 
are constants, and Kc  is the critical fracture toughness. 
Good agreement was found in the limited range between 
10-6  and 10' in/cycle but at high values of AK some 
discrepancies were observed. 

Recent results of a comprehensive programme of work 
on a range of materials (5) provided detailed imformation 
on the effects of frequency and of the mean level. K m, 
and the amplitude, AK, of the stress-intensity factor. 
They led to a crack propagation model of the form 

dN - /3(2A K Km)" = /3( Kmax 2  — Kmin2)" . 	. (3) 

where fi 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 effect of cycling at very low 
values of K—usually described as Region I and associ- 

da 
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Composition 
(per cent by 
weight) 

Cu I Mg 
2.64 1.65 

Mn 1 Si 
0.03 0.23 

Fe Ti Zn Ni 
1.15 0.06 (1.06 .15 

10.84 x 10' lbf/in2  
(75.0 x 103  MN/rn2) 

Young's modulus, E 

Properties 
(at 21 	and 
10-3  strain 
rate) 

Poisson's ratio, v 

Ultimate tensile stress, 
a 

0.1 per cent proof 
stress, ay 

0.33 

65 x 103  lbf/in2  
(450 MN/in) 

53 x 103  lbf/in2  
(367 MN/in2) 

Minimum elongation 6 per cent on 1 in 
gauge length 
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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 threshold value, AK,,„ seems to 
be dependent on the basic material properties and could 
be expressed as 

AK,,, = rlE   (4) 

where E is Young's modulus and 9  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 m, on the crack 
propagation rate in 2.6 per cent Cu-Al alloy RR58 under 
repeated tension fatigue conditions at 21 °C and at low 
cyclic speeds. Also, the variation in the value of the 
threshold stress intensity, AK„„ is discussed in terms of 
K m. 

2 EXPERIMENTAL 
The composition and principal mechanical properties of 
R R 58 are presented in Table 1. The material was supplied 

Table 1. RR58. Chemical composition and principal 
mechanical properties 

in plates 36 x 36 x 3 in (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 direction whilst the 
load was applied in the short transverse direction. The 

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 K1  = P 	 dC11 
28(1 — v2) da 

where P is he applied load, v is Poisson's ratio, B is the 
net fracture width and C is the comp' ance. For a suitably 
shaped DCB testpiece, K1  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 

3a2 	1 = 38 71-3-  h   (6) 

where It 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 result-
ing hardness values varied within the range 145-150 
VPN (20 kg). The crack starter was a saw cut, extended 
to a chevron notch, and sharpened with a razor blade. 

In order to establish static values of K1c  at room 
temperature, all specimens were pre-cracked and tested 
in an Instron tensile testing machine, type 17-C, 
10 000 lbf capacity, at a cross-head speed of 0.002 in/min 
(0.05 m/min). The crack propagated smoothly and 
without deviations from the crack plane, and the crack 
length was monitored with a travelling microscope for 
about 1 in (25 mm). A linear variation of compliance 
with crack length was obtained. The total load variation 
along the test-length of the specimen (6 in approximately) 
was within ±2 per cent, which was found to be satis-
factory in the subsequent fatigue tests. Values of K R- for 
all specimens tested varied between 20 400 and 21 850 
lbf/in 2  x in1  (22.44 and 24.03 MN/irC.). thus agreeing 
with previously established values (10). It should be 
noted that all fracture toughness results quoted in this 
paper were obtained from specimens s  in (9.5 mm) thick. 
It should be mentioned that the static K 1, value quoted 
by Pearson (4) for the same alloy in (12 mm) thick, 
albeit tested in a different orientation, was 21 000 lbf/in 2  
x in= (23.1 M N/in4). 

The fatigue tests were carried out in a Denison T42C2 
hydraulic testing machine specially fitted with a cycling 
mechanism; basically, this consisted of two limit 
microswitches 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 Km  conditions whilst AK was varied ; in 
the second, cycling was under constant AK conditions. 
Km  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, rp, at the crack tip was calculated 

(5) 
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Fig. 1. Contoured double-cantilever beam specimen 

for plane strain conditions (11) from 
1 K? r = 	 (7) P 	y 6ir  

where o is the yield stress measured at the appropriate 
test conditions. For the highest value of K ma, (= 19 380 
lbf/in 2  x 	rp  was 1.03 x 10-2  in (0.26 mm). This 
value was considered small when compared with the 
specimen net thickness of 0.315 in (8 mm). 

3 RESULTS AND DISCUSSION 
The dependence of crack growth on AK was investigated 
in previous work (12) using tensile cyclic tests at R = 0. 
A typical linear relationship between crack length and 
the number of cycles is shown in Fig. 2. Crack speed, 
da/dN, increased with increasing values of applied AK. 

It should be remembered that the results of the tests 
in which AK is varied at R = 0 inevitably include the 
influence of the mean value of stress intensity as well since 
K m  increases proportionately with increasing AK. 
Thus, the results of tests in which R = 0 and Km  (and 
hence AK) is varied (curve 1. Fig. 3), may be described 
(in the linear region) by a crack propagation law such as 
equation (1), but they cannot indicate the separate 
effects of AK and Km. 

In order to separate the individual effects, two further 
series of tests were conducted. In the first series, K m  was 
maintained at a constant value whilst AK was varied. 
Thus, for a specific value of K m  equal to 11 000 lbf/in 2  
x int (12.1 TVIN/ni3) and AK varying between 2600 and 
15 700 lbf/in 2  x in (2.86 and 17.27 MN/m=), the results 
(Fig. 4) show a linear dependence of crack growth on the 
number of load cycles. Similar results were obtained 
from further tests with K m  constant and equal to 5000, 
7500, 11 000, 15 000 and 16 500 lbf/in 2  x in (5.5, 8.25, 
12.1, 16.5 and 18.15 1\41\l/m=). 

Crack growth rates were calculated for each test and 
superimposed on Fig. 3 to form a family of curves 
(2--6), for given K m  values at R 	0, which may be com- 
pared with curve 1 obtained from the R = 0, variable K m, 

Fig. 2. Crack growth at different values of AK (R = 0) 

tests. Numerical results appertaining to these tests are 
included in Table 2. The slopes of the crack growth 
curves in Fig. 3 tend to decrease with increasing values 
of mean stress intensity. K m. In tests performed at 
constant values of AK and varying mean stress intensity, 
K m, the crack growth rate may be expected to vary within 
wide limits, and this was the case. In the tests at AK =- 
5000 lbf/in 2  x ins (5.5 MN/m1), increasing K m  (from 
2500 to 16 500 lbf/inl) increased the crack growth rate by 
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Fig. 3. Crack growth rate versus AK at 0.15 Hz, in air at 
21 °C 
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Fig. 4. Crack growth at constant Km  

three Orders of magnitude (from 10-8  to 10-5  in/cycle). 
However, this rate of increase did not remain constant 
but decreased with increasing AK. 

In the second series of tests (Fig. 5), AK was maintained 
constant whilst Km  was varied. Again, a linear relation-
ship between 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 Km. These two 
series of tests indicate that both Km  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,h. 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 
III, culminating in a i  cycle loading when Kn. will reach 
its critical value, K1c. 

The steep downward trend in Region I obtained in the 
present tests (Fig. 3) suggests that the threshold values, 
AK,h, can be confidently established at crack speeds 
around 10-8  in/cycle (2.5 x 10-7  mm/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 lbf/inl (5.5 MN/m1) 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 10-8  in/cycle as indicated. Other 
tests conducted at values of AK below the quoted AK a, 
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,h  is dependent upon 
K,,„ AK, decreasing as Km  increases. 

Some data available (13) suggest that AK,h  could be 
considered as independent of cyclic conditions but thsc 
disagree with the present results on RR58. 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,h  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 5000 lbf/in2  x in= obtained for 
AK„ in the present R = 0 tests is high compared with 
1500 lbf/in2  x int (1.75 MN/mi) for pure aluminium 
and 1900 lbf/in2  x in+ (2.09 MN/m1) for a 4.5 per cent 
Cu-Al alloy (BSL65) quoted in (6), both materials 
having been tested at frequencies between 25 and 
30 Hz (16). It is, however, comparable with the value 
of 6000 lbf/in7  x in1  (6.6 MN/ml) quoted by Pearson 
(4) for 2 in thick RR58 at 25 Hz and at a growth rate of 
10 6  in/cycle (2.5 x 10" m/cycle). At a testing frequency 
of 20 Hz, Hudson (17) obtained a threshold value of 
2500 lbf/in2  x int (2.75 MN/m3) for 2024--T3 Al-alloy, 
but data presented in (13) give 5000 lbf/in2  x 
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) thickness 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 m  and AK at 
0.15 Hz and 210'C in air 

K„, 
(lbf/in2  x in*) 

AK 
(lbf/in2  x in3) 

K Ic  
(lbf/in2  x in }) 

2AK K„, 
(lbf/in2  x in) 

da/dN 
(in/cycle)  

5000 4300 21550 4.3 	x 10' 2.5 	x 10-8  0.00364 
5000 • 4500 21550 4.5 	x 10' 7.2 	x 10-8  0.0085 
5000 5000 21550 5.0 	x 10' 3.1 	x 10-7  0.0208 

5000 6000 21550 6.0 	x 10' 8.95 	x 10-7  0.0462 
5000 7000 21550 7.0 	x 10' 1.98 	x 10-6  0.072F 
7500 3750 21550 5.625 x 10' 4.85 	x 10' 0.010 

7500 4000 20400 6.0 	x 10' 1.58 	x 10-7  0.0184 
7500 5000 21550 7.5 	x 10' 7.7 	x 10-' 0.0612 
7500 8000 20400 12.0 	x 10' 7.1 	x 10-6  0.232 

7500 10000 20400 15.0 	x 10' 1.715 x 10" 0.368 
7500 12000 20400 18.0 	x 10' 2.24 	x 10-5  0.540 
7500 14000 20400 21.0 	x 10' 3.68 	x 10-5  0.756 

11000 2600 21550 5.72 	x 10' 6.9 	x 10-8  0.00705 
11000 3000 ' 	21550 6.6 	x 10' 3.55 	x 10-7  0.0357 
11000 3800 21550 8.36 	x 10' 8.6 	x 10-7  0.089 

11000 5000 21550 11.0 	x 10' 6.3 	x 10' 0.190 
11000 5600 21500 12.32 	x 10' 4.75 	x 10-6  0.246 
11000 7700 20500 16.95 	x 10' 1.73 	x 10-5  0.565 

11000 9220 20500 20.3 	x 10' 2.64 	x 10' 0.835 
11000 10570 20500 23.25 	x 10' 7.18 	x 10' 1.140 
11000 12250 20500 26.9 	x 10' 1.08 	x 10-4  1.690 

11000 13820 20500 30.4 	x 10' 1.36 	x 10-4  2.480 
11000 14905 20500 32.8 	x 10' 2.21 	x 10' 3.40 
11000 15700 20500 34.5 	x 10' 7.88 	x 10' 4.43 

15000 2250 21550 6.75 	x 10' 4.45 	x 10-8  0.0074 
15000 2600 21550 7.8 	x 10' 3.45 	x 10-7  0.061 
15000 3100 21550 9.3 	x 10' 1.88 	x 10-6  0.143 

15000 4100 21550 12.3 	x 10' 507 	x 10-6  0.330 
15000 7100 21500 21.3 	x 10' 2.4 	x 10-5  1.075 
15000 11000 21500 33.0 	x 10' 1.9 	x 10' 6.80 

15000 12000 21500 36.0 	x 107  7.4 	x 10' 13.65 
16500 2000 21850 6.6 	x 10' 8.9 	x 10-8  0.0021 
16500 2400 21850 7.92 	x 10' 2.4 	x 10-7  0.038 

16500 2700 21850 8.9 	x 10' 1.58 	x 10-6  0.188 
16500 3000 21600 9.9 	x 10' 3.16 	x 10-6  0.3 
16500 3500 21600 11.55 	x 10' 6.1 	x 10 -6  0.447 

16500 6000 21600 19.8 	x 10' 2.88 	x 10-5  1.64 
16500 7200 21600 23.75 	x 10' 1.0 	x 10' 2.90 
16500 9500 21600 31.4 	x 10' 1.47 	x 10 -3  18.2 

1000 lbf/in2  x ini = 1.0998 MN/m3 /2, 1 in = 25.4 mm. 

AK = 7280 lbf/in2  x .r11/2  
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Fig. 5. Crack growth at constant AK 
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other significant factors that may affect the value of 
AK,h  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,h, evaluated from Fig. 3 
are plotted as a function of K m  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,h, decreases linearly with 
increasing values of K m. for K m  values greater than 
2500 lbfiin2  x ins (R 	0). For steels (14)(19), AK,h  was 
also found to decrease with increasing Km  but no linear 
relationship was found. 

(2AK Km  — 2AK,hK„,) 0 	when da/dN 0 

and 

(K m  — K max) —> 0 	 when da/dN 'ID (8) 
Inserting these two conditions into equation (3), a 
generalized equation is obtained, viz : 

da 
dN 

= A" 

where A is a constant and 
_ 2K,„(AK — AK,h) 

K1C2  — K max 

The generalized equation is presented in Fig. 8 and shows 

(9) 

• • (10) 

As shown in Fig. 6, Feeney's data, which were obtained 
using a stress ratio of 0.5, a testing frequency 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 m  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 
RR58 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 m(= K m„2  — K„„„2) in the equation 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 fatigue crack growth curves con-
verging into a single line at higher values of 2AK K m. 

The threshold value, 2AKth  K m, will influence crack 
growth in Region I, which is highly dependent on K m, 
whereas K1c  is the critical parameter at the instability 
point. These two values provide the limiting conditions  

a single linear relationship with x = 1.36 and A = 3.16 
x 10- s in/cycle (8.03 x 10 -7  m/cycle), which confirms 
that for RR58 this parameter correlates the crack growth 
process well. 

4 CONCLUSIONS 
A study of the propagation of fatigue cracks in contoured 
double-cantilever beam specimens of Al-alloy RR58 
under cyclic tension conditions at 0.15 Hz 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, 
Km. 

Fatigue crack growth rate in RR58 can be described 
as da/dN = AO', where 

= 2Krn(AK — AK,h) 
Kic2 _ Km  2 ax  

K1c  is the static fracture toughness and A and a are 
constants. 

The threshold stress-intensity factor, AK,h, decreases 
linearly with increasing K m  (Fig. 6). 

The absolute value of AK th  appears to depend on 
cyclic frequency. A more detailed study of the frequency 
effect is necessary for a full understanding. 
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ABSTRACT: The effects of the mean stress intensity factor K. and 
the range of the stress intensity a K on fatigue crack propagation 
during wholly tensile loading cycles in the aluminum (Al) alloy 
RR58 in laboratory air and in a 3.5% NaCI solution have been 
studied using contoured double-cantilever beam specimens. In 
general the fatigue crack growth rate in NaC1 solution was 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 observed. 

Based on the experimental data a relation between the cyclic 
crack growth rate da/dN and the tensile loading levels has been 
proposed. The threshold value of a K. a Kth• is approximately 12% 
higher in air than in the 3.5% NaCI solution, and its value decreases 
linearly with increasing values of K.. 
KEY WORDS: fracture properties, aluminum alloys, corrosion 
fatigue, stresses, crack propagation 

Failure of structural parts is frequently caused by the initia-
tion of cracks 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 cycling 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 materials. 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 aeronautical 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 I. WI,  le some of the early laws suggest that the 
crack growth rate dajdN 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 = Ci f(K) 	• 	 (1) 
Graduate student, research fellow, and senior lecturer, respectively, 

Imperial College of Seience and Technology. Department of Mechanical 
Engineering, Exhibition Road, London, England. 

where C I  is a constant depending on the material, environment, 
frequency, etc., 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. 	it 

da/dN = C2(AK)n 	 (2) 

where 6X is the range of the stress intensity factor = Km,. — 
Kmin, and C2 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 
Km  should be treated as of secondary importance compared to 
AK. This line of approach has been further developed, and the 
influence of K m , the importance of which has now been fully 
realized, and the stress ratio R = K.,./K,.ma  investigated in 
detail. Thus a relation proposed by Forman et al [5] is an ex-
ample of a modified Paris law in the following form: 

da 	 AK- 
= C3 	 (3) dN 	(1 R) K. — AK • 

Equation 3 has found applications in some Al alloys with 
reasonable success [4]. However, as pointed out later [5], it 
should be noted that it does not take into account the threshold 
value for crack propagation :.1./i th. 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 — AKtb)" 	 (4) 

and later by Donahue et al [7] in a more elaborate form: 

4C5  (AK' — AKtht ) 
	

(5) 

where C5 is a material constant, a„ 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 fatigue crack growth rates for the entire range of 
loading spectrum, from AKih to K e. An interesting example may 
be provided by the relation of Chu [S]: 

da Cc(AK'l AKth'il) • (6) 
dN [(1 — R) K c  — AK]m 

Unfortunately, sufficient experimental evidence of the general 
validity of any of the above equations is not yet available. 

da 
dN = rcryc E 

407 
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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 
example, aKtb decreases with K. (that is, with the stress ratio R) 
for several structural steels [9] and Al alloys [!O], their exact 
relation has not been successfully assessed. Similarly, frequency 
and specimen thickness are two variables that will undoubtedly 
influence Alith, 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 Subcritical Crack Growth of ASTM 
Committee E-24 on Fracture Testing of Metals. They are 
mentioned here as a particularly important 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 development of a simplified crack propagation 
model of the form 

da/dN 	 (7) 

where X = 	— Kmi„2  = 2.a.KK,. and 13 and n are constants 
depending on the test conditions. Subsequent analysis of the 
fatigue data obtained in tests on other viscoelastic materials 
[5,12] confirmed the suitability of the proposed model in a wide 
subcritical 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 Ret 4 at different stress ratios over a 
range of crack growth rates between 10-6  and 10-3  in./cycle 
(10-6  and 10-2  nun/cycle). Good agreement was also obtained 
with medium carbon steel [13] and cold rolled mild steel [14]: a 
detailed analysis of these results may be found in Ref 12. 

It is well known that corrosive environments such as sodium 
chloride (NaCI) solutions accelerate fatigue crack growth rates 
in Al alloys [15-19]. 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 cyclic 
fatigue crack growth rate in an inert environment plus a term 
obtained from a static stress corrosion crack 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 crack 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 seem to be dependent on environment and frequency, 
differ from material to material [23], and have been explained in 
terms of residual stresses, crack tip closure, or crack tip ge-
ometry [22]. The above phenomena are not discussed now 
although they were previously noted in stress corrosion studies 
[24]. 

The purpose of this paper is to report a study of the effect of 
the mean value K,,, and the range AK 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 3.5% NaC1 solution at low 
cyclic speeds of 0.15 Hz. Also, the change in the value of the 
threshold stress intensity AKth 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 /8  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-treated 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. (25.1-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 corresponded to 
the full plate thickness, and the crack grew along the rolling 

TABLE 1—Chemical composition of Al alloy RR 53. 

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 
Zinc (Zn) 0.06 
Nickel (Ni) 1.15 

TABLE 2—Principal mechanical properties of Al alloy RR 58 at 21°C 
and 10-,  strain rate. 

Young's Modulus (E), psi (kPa) 10.81 X 106  (75.0 X 109 
Poisson's Ratio (,) 0.33 
Ultimate Tensile Strength (o), 

ksi (N1Pa) 65 (450) 
0.1% Yield Strength (oy,), ksi (MPa) 53 (367) 
Minimum Elongation (G) % 6 

1 

FIG. 1--Crack-line-loaded double-cantilever beam coMoured 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 

E 	do 512 K1 = 
2B(1 — y2 ) da 

where 

P = applied load, 
B = the net fracture width, 
C = the compliance, and 
r = Poisson's ratio. 

For a suitably shaped DCB test piece K1  will remain constant 
(within 4% 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 K1 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 nun)/min. The crack propa-
gated smoothly and without deviations from the cracking plane, 
the crack length being monitored with a travelling microscope. 
A linear variation of compliance with crack length was obtained 
and the total load variation was within ±2%, 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."2, thus agreeing with previously 
established values [25]. 

As reported in Ref 25, it is to be expected that these KQ values 
would decrease substantially with increasing thickness of speci-
men. To compare the present results on RR 58 with other 
Al alloys, fracture toughness tests on compact tension specimens 
3% in. (9.525 m) and 1 in. (25.4 mm) thick complying with the 
ASTM Test for Plane-Strain Fracture Toughness of Metallic 
Materials (E 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, 50% relative humidity at 21'C and also in a 3.5% NaCI 
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 Km  and AK con- 
ditions. The cycling 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 
became difficult due to corrosive attack the side grooves were 
cleaned and polished. 

The plastic zone size at the crack tip r, was calculated (assum-
ing a nearly plane strain situation) [26] from 

1 K12  
Or 2 crys, 

where Cry, is the yield stress under the appropriate testing condi-
tions. The maximum value of r, did not exceed 10-2  in. (0.254 
mm), which was considered small compared to the specimen 
net thickness of0.375 in. (9.525 mm). 

Results and Discussion 
The dependence of crack growth on AK was investigated in a 

previous work [19] using wholly tensile cyclic tests at R = 0. 
Data obtained in laboratory air for values of AK 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.112  (5.5 
MN/mm) obtained by extrapolation of the lower rate data. 
Testing in the region 10-8 	da/dN 	10-9  in./cycle (10-10  
da/dN 	10-11  m/cycle) at low frequencies is very time con- 
suming, however. Although comparable threshold data for a 
range of frequencies and R ratios for RR 58 are not available, 
the present results are considered to be high even when corn-
pared with the value of 3650 psi X in.1/2  (4.0 NEN/m3 /2) reported 
by Schmidt and Paris [9] for 2024-T3 Al alloy (the same series 
as RR 58) at a very high frequency of 300 Hz. The threshold 
determination might he 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 carried 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 frequency of 50 Hz indicates only a 
slight decrease of AKth with increasing testing frequency at 
crack growth rates in the range of 10-8  to 10-9  in./cycle (10-'1  to 
10-" m/cycle). It thus seems possible that the high threshold 
value reported here might be genuine for this alloy in 	in. 
(9.525 mm) thickness. 

As mentioned earlier, the basic Eq 2 described the results for 
R = 0 reasonably well, although it does not account for the 

FIG. 2—RR58 crack growth rate versus AK 0.15 Hz in air at 21°C. 

(8)  

(9)  
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effect of the mean stress intensity K,,,, which increases pro-
portionately with increasing AK. 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 IC„„ two series of tests were conducted, first at 
constant values of Km  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% NaCI 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% NaC1 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.li= (5.5, 8.25, 12.1, 16.5, and 18.1 
3,1N/m9, respectively (see Tables 3 and 4). 

Figure 4 shows a comparison between tests performed at 
constant AK values of 5000 psi X in.'/1  (5.5 AIN/m3/2) while K m  
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 m . These results 
indicate that Eq 2 does not entirely explain the crack 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% 
NaC1 solution da/dN increases with K m  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 K,,, the crack growth rate wouid aiso be expected to vary 
within wide limits. This is the case in the tests at AK = 5000 
psi X in.'/2  (5.5 AIN/m312). Increasing K„, from 2500 to 16 500 
psi X in.112  (2.75 to 18.1 AIN/m3/2) has increased the crack 
growth rate by more than three orders of magnitude. However, 
this range of crack growth rates does not remain constant but 
decreases with 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, to assess the effect of 
the 3.5% NaC1 solution on the crack growth rate. In comparison 
to laboratory air the 3.5% NaCI solution lowers the threshold 
value for crack propagation aK1h and causes an increase in the 
fatigue crack growth rates. However, at higher K„‘ „,, values, for 
example 19 000 psi X in." (20.9 AIN/m3/2), no significant 
difference between the crack growth rates was observed. Acceler- 

FIG. 3-RR53 crack growth for Km ==. 7600 psi X in.112  in air and in 
3.5% NaCI solution at 21°C, 0.15 11z. 

TABLE 3-Test data in air. 

K.., 
psi x 
in.m 

a/c, 
psi x 

Kg. 
psi X 
in.7t5 

x, 
Psi! X in. 

da/dN 
in./cycle 

5 000 4 300 21 550 4.3 	X 10 7  2.5 X 10-5  0.00364 
5 000 4 500 21 550 4.5 	X 107  7.2 X 10-' 0.0085 
5 000 5 000 21 550 5.0 	X 10 7  3.1 X 10-7  0.0208 
5 000 6 000 21 550 6.0 	X 107 8.95 X 10-7  0.0462 
5 000 7 000 21 550 7.0 	X 107  1.98 X 10-' 0.0728 
7 500 3 750 21 550 5.625 X 107  4.85 X 10-' 0.010 
7 500 4 000 20 400 6.0 	X 107  1.58 X 10-7  0.0184 
7 500 5 000 21 550 7.5 	X 107  7.7 X 10-1  0.0612 
7 500 8 000 20 400 12.0 	X 101  7.1 X 10-' 0.232 
7 500 10 000 20 400' 15.0 	X 107 1.715 X 10-5  0.368 
7 500 12 000 20 400 18.0 	X 107 2.24 X 10-5  0.540 
7 500 14 000 20 400 21.0 107  3.68 X 10-5  0.756 

11 000 2 600 21 550 5.72 	X 107  6.9 X 10-' 0.00705 
11 000 3 000 21 550 6.6 107 3.55 X 10-7  0.0357 
11 000 3 800 21 550 8.36 	X 107 8.6 X 10-7  0.089 
11 000 5 000 21 550 11.0 	X 107  6.3 X 10-' 0.190 
11 000 S COO 21 500 12.32 107 4.75 X 10-' 0.246 
11 000 7 700 20 500 16.95 10 7  1.73 X 10-5  0.565 
11 000 9 220 20 500 20.3 107  2.64 X 10-5  0.835 
11 000 10 570 20: 500 23.24 107  7.18 X 10-5  1.140 
11 000 12 250 20 500 26.9 107  1.08 X 10-' 1.690 
11 000 13 820 20 500 30.4 	X 107  1.36 X 10-' 2.480.  
11 000 14 905 20 500 32.8 107  2.21 X 10-' 3.40 
11 000 15 700 20 500 34.5 107  7.88 X 10-4  4.43 

.15 000 250 21 550 6.75 	X 107 4.45 X 10-' 0.0074 
15 000 2 600 21 550 7.8 	X 107  3.45 X 10-7  0.061 
15 COO 3 100 21 550 9.3 	X 107  1.88 X 10-' 0.143 
15 000 4 100 21 550 12.3 107  5.07 X 10-' 0.330 
15 000 7 100 21 500 21.3 	X 107  2.4 X 10-s 1.075 
15 000 11 000 21 500 33.0 107 1.9 X 10-' 6.80 
15 000 12 000 21 500 36.0 	X 107 7.4 X 10-' 13.65 
16 500 2 000 21 850 6.6 107  8.9 X 10-' 0.0021 
16 300 2 400 21 850 7.92 107  2.4 X 10-7  0.038 
16 500 2 700 21 S50 8.9 	X 107 1.58 X 10-' 0.188 
16 600 3 000 21 600 9.9 107  3.16 X 10-' 0.3 
16 500 3 500 21 600 11.55 	X 107  6.1 X 10-' 0.447 
16 500 6 000 21 600 19.3 	X 107  2.88 X 10-$ 1.64 

.16 500 7 200 21 600 23.75 107  1.0 X 10-' 2.90 
16 500 9 500 21 600 31.4 107  1.47 X 10-5 18.2 

1000 psi X in.us = 1.0998 MN/mut 
1 in. = 25.4 mm 

ation of crack growth rates in a 3.5% NaCI solution is usual for 
Al alloys, but corrosion fatigue is a time-dependent phenomenon. 
Environmental sensitivity is reduced at high values of K,„„,„, 
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 R = 0 curves 
(Fig. 6). 

The lowering of .Kth values in a 3.5% NaCI solution has been 
reported by Feeney et al [17] in 2024-T3 Al alloy, but Speidel 
et al [15] 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 Hz, 
respectively. 

The values of AKth shown in Fig. 6 are plotted against K,,, in 
Fig. 7 and Alio, is seen to decrease linearly with K,,, for both 
environments. Note that the data from Feeney et al [17] super-
imposed on the figure agree well with the present results. An 
alternative plot of atith/E against R is shown in Fig. 8, and the 
data confirm the validity of the Grandt and Gallagher expression 
[25] in the range 0 	R 	0.9, namely: 

• liKth = (AKtOR-0 - R2) 	 (10) 
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TABLE 4-Test data in 3.5% NaCI. 

K., 
psi X 
in,u2 

AK, 
Psi X 
in.lr: 

a, 
psi' X in. 

Ku, 
pei X 

da/dN, 
in./cyclo 

'15 000 3 800 3.8 X 107  21 GOO 9.5 X 10-1  0.00378 
v 5 000 4 500 4.5 X 10 7  21 600 1.88 X 10-3  0.0337 
,1 5 000 5 000 5.0 X 10 7  20 700 9.3 X 10-1  0.0238 
• 5 000 7 000 7.0 X  107  20 700 5.3 X 10 -6  0.0955 

5 000 9 000 9.0 X 107  21 GOO 9.0 X 10 -3  0.144 
v 7 500 3 200 4.8 X 107  21 600 1.78 X 10-7  0.00651 

7 500 3 800 5.7 X 10? 20 700 1.22 X 10 -6  0.0308 
7 500 5 000 7.5 X 107  21 GOO 4.45 X 10 -6  0.0778 

-- 7 500 10 000 15.0 X  107  21 600 3.1 X 10-4  0.334 
7.500 14 000 21.0 X 107  21 600 9.5 X 10-3  1.045 

"II 000 2 350 5.175 X 107  20 700 6.9 X-10-4  0.0028 
11 000 2 500 5.5 X 107  20 700 5.4 X 10-7  0.0164 
11 000 4 000 8.80 X 107  21 800 7.2 X 10-4  0.182 
11 000 5 000 11.0 X 107  21 600 1.0 X 10-3  0.334 

j 11 000 7 000 15.4 X 107  20 700 3.15 X 10-3  0.470 
.11 000 10 000 21.0 X 107  20 700 8.4 X 10-4  0.92 
•• 11 000 14 000 30.8 X 107  21 GOO 1.78 X 10-4  1.81 
J11 000 18 000 39.6 X 107  20 700 1.58 X 10-3  11.9 

11.000 19 200 42.25 X 107  20 700 8.9 X 10-3  74.5 
-.15 000 1 700 5.1 X 101  20 700 5.15 X 10-3  0.0021 
- 15 000 1 300 5.4 X 107  21 800 2.6 X 10-7  0.0134 
-15 000 2 000 6.0 X  107  20 700 1.78 X 10-3  0.044 
- 15 000 2 500 7.5 X 107  20 700 4.48 X 10-6  0.152 
--. 15 000 5 000 15.0 X 107  21 600 3.55 X 10-6  0.63 	• 
- 15 000 7 000 21.0 X 107  21 SOO 8.1 X 10-3  1.29 
- 15 000 10 000 30.0 X 107  21 S00 2.69 X 10-4 3.34 
- 15 000 11 000 33.0 X 107  21 SOO 3.4 X 10-4  5.10 
- 15 000 12 000 36.0 X 107  21 800 1.2 X 10-3  9.15 
-- 15 000 13 000 39.0 X 107  21 800 3.9 X 10-3  25.3 

1000 psi X in.3:7  = 1.0998 MN/ram 
1 in. = 25.4 mm 

successfully used in the evaluation of a large number of Al alloys 

and steels. 

Te;,., at very high stress ratios (above 0.9) have not been 

co,mpleted, but results to date provide a good fit to a 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 R 
than those investigated here, was explained by a crack 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 53 performed by Pearson 

[301 in the crack growth range of 10-8  to 10-4  in./cycle (10-8  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. 4-RR53 crack (woo th far AK = 5000 psi X in.717  in air and 
in .5.5% Nan solution at :.1.1°C, 0.15 M. 
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FIG. 13-RR53 crack growth rate versus AK in air and in 3.5% NaC1 
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-T3 and 7075-TO [12], the agreement with x is good between 

10-0  and 10-3  in./cycle (10-8  to 10-5 m/cycle). Accelerated crack 

growth rates were noted in the 3.5% NaCI solution environment, 

, 	. . 
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but for higher values of x (Region III) the differences between 

the air and NaCI environment became small. 

The situation may be described as follows: For lower crack 

growth rates (<10-6  in./cycle) (<10-6  m/cycle), is strongly 

dependent on K„„ and its threshold value influences crack growth 

in this region (Region I). A sharp increase in growth rate occurs 

for higher values of K„,„„ approaching the critical value KO 
(Region III). These two values provide the limiting conditions 

	

Lira 
	

da/dN = 0 	 (11a) 
x-Xtas 

and 

	

Lim 	da/chV = 	 (11b) . 
Kos"—.1C 

A generalized equation 

da 
= A0 ,6 	 (12) 

where 

	

=  	 (13) 
X — Xtt, 

Kr.3  

and A and a arc constants is presented in Fig. 10. A linear rela-

tion of a slope a = 1.16 and A = 1.0 X 10-4  in./cycle (2.5 X 

10-6  m/cycle) for laboratory air and a = 1.10 and A = 6.11 X 

10-3  in./cycle (1.55 X 10-5  m/cycle) for the 3.5% NaCI solution 

FIG. O—RR58 crack growth rate census X at 0.15 Hz, at 21°C. 
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is produced. It may be concluded that for RR 58 and in the two 

investigated environments the parameter is 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 subcritical 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 earlier. The good agreethent found for Al 

alloys, mild steels, and polymers suggests that hither investiga-

tions of other materials 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 53 under cyclic 
tension at 0.15 Hz and 21°C in laboratory air and in a 3.5% NaC1 
solution was presented. 

2. Fatigue crack growth rate was found to be greater in the 
3.5% NaC1 solution in comparison with an air environment, but 
for higher values of the maximum value of the stress intensity 
factor 	no measurable difference between the crack 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 	and its mean value K„, for 
both environments. 

4. Fatigue crack growth rate can be described as da/dN = 
Ach<,  where 0 = (x — Xth)/(KQ2  — 	= nm,x2  — Kmin 
xth  is the threshold value of x, K0 is the critical fracture tough-
ness, and A and a are constants. 

5. The threshold stress intensity factor Kth is only 12% lower 
in the 3.5% NaCI solution than in air and decreases linearly with 
increasing K„,. The threshold data fitted well the Grandt.  and 
Gallagher [231 expression AlCo, = (.:.‘Kth)R _o  (1 — R2 ), but the 
threshold behavior could not be satisfactorily 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 extensive study of fatigue-crack growth in 13S15 
mild steel has been made, in laboratory air at 21°C 
and at two cycling frequencies, namely 0.25 and 
35 Hz. A wide range of cyclic growth rates, starting 
front the region associated with fatigue thresholds 
(10-7  mm/cycle) up to the region 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 da/dN 
and the tensile loading levels of the form 
daidN = A 0- was applicable. A and a are constants 
and r} a parameter dependent upon the loading 
conditions and material properties. The proposed 
equation 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 rate 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. 
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form 9 December 1975. C. M. Branco, MSc, J. C. Radon, PhD, 
and L. E. Culver, PhD, are in the Department of Mechanical 
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Later it was proposed by Liu2  that a certain threshold 
level of AK, AK-01, must be exceeded for crack growth to 
occur and the Paris equation was modified to 

dN = C2 (AK — 

where C2  and 111 I  arc constants. More recently3  another 
equation based on crack opening displacement con-
siderations and including the threshold term 
suggested: 

da C3  

	

(A K 2  AKtb2 ) 		  dN 71 y sE  

where oys  is the yield stress, E is Young's modulus and C3  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 111 a sharp increase in 
crack-growth rate occurs when the maximum value of the 
stress-intensity factor in the loading cycle, kri,„, 
approaches the critical value, K('. An equation developed 
recently for the Al alloy 5456-FI117 and valid in the three 
regions of crack propagation' is: 

da 	(AK n' — AR-01117 ) 
ciN 	(1 — R)Kc — 61. nr2 

where C4, n,, n 2, and nt, are constants and R is the stress 
ratio ( - 	- -K max) It has been shown3-7  that the 
threshold, AK th , decreases with increasing values of the 
stress ratio, R, in a wide variety of Al alloys and steels. Also, 
the trend of the AKtt, vs. R curve was explained in terms of 
crack closure by Schmidt and Paris.3  The crack-closure 
concept as originally explained by Elbers implies that a 
certain value of the stress-intensity factor, Knl , is necessary 
to open the crack and furthermore that crack growth would 
occur only when a certain stress-intensity range, AK„. 
above Kel , is exceeded. AK„ was assumed to be constant 
for any value of stress ratio, hence, in the AKti, vs. R curve 
a 'plateau' exists starting from the point Rd where 
Kmi 0 = Kei.5  

A wide variety of threshold data was analysed by Grandt 
and Gallagher' and a different expression to fit the 
experimental data suggested: 

	

ARtti = (AK01).R =a (1  — R 2 ) 		  (5)' 

This equation and also the present authors' 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 et al.,'° Pook," Paris et 
and Priddle'3  suggested a considerable mean stress effect, 
but expressions capable of describing the full subcritical 
range on these materials are scarce. In particular, Cooke and 

1 	The fatigue-failure process of engineering materials is not 
completely understood and a general criterion for the 
analysis of fatigue failures does 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 
engineering materials was first used by Paris.' This 
relationship related the cyclic crack growth rate, da/dN, to 
the range, AK, of the stress-intensity factor, K: 

dN

da  
= 	(AK)n' 	  (11 

where C, and m arc constants dependent upon the material 
and testing conditions. C, and in need to be determined ex-
perimentally. 

(2)  

AKti, was 

(3)  

(4)  
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da 	_cot A— = dN 

where 
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crack length 
constant in eqns. (7) and 
(17) 
net fracture width 
compliance 
constants in eqns. (1)-(4) 
Young's modulus 
stress-intensity factor in 
Mode 1 loading 
Maximum, mean and 
minimum values of K in the 
loading cycle 
range of the stress-intensity 
factor in the loading cycle 
mean, maximum, and range 
of the threshold value of K 
critical value of K 
exponents in eqns. (I), (2), 
and (4) 
exponents in eqns. (4) and 
(6) 
number of load cycles 
applied load 
stress ratio (=KM in /Kmax) 
threshold value of R 
exponent in eqns. (7) and 
(17) 
constant in eqn. (6) 
crack-opening displacement 
maximum and minimum 
values of 5 in the loading 
cycle 
range of crack-opening 
displacement in the loading 
cycle 
maximum, minimum, and 
range of the threshold value 
of 5 
parameter in eqns. (6) and 
(14) 
threshold value of X 
Poisson's ratio 
0.2% yield stress 
ultimate tensile strength 

parameter in eqns. (7), (8), 
and (14) 
value of K necessary to close 
or open crack 
value of AK necessary for 
crack propagation 

Beevers" observed 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 steels investigated. A wide range of 
steels was also tested by Nicholson and Priest 15(a )  who 
considered the influence of specimen geometries, thickness as 
well as crack-growth directions, and were able to express 
fatigue crack growth rates in a general form not dissimilar to 
the Paris law. However, a subsequent studyl5(b)  of a high-
strength steel has led to the development of another and 
more general relationship which takes into account not only 
the ultimate Kc value, but also the influence of the 
threshold. Maddox" published limited crack growth data on 

BS15 at R = O. 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 17(at on a range of metals and polymers 
suggested a crack-propagation model, to include mean stress 
effects, of the following form: 

da = 13 X11 	  (6) dN 

where X = Kmax2  Kmin2  = IAA "Km • ana /3  and n are 
constants. In Region II of crack propagation the above 
equation ha's been applied with considerable success in the 
analysis of a range of published data on high-strength Al 
alloys and steels.17( a )  One of the particular materials being 
studied was cold-rolled mild steel"' where agreement with N 
was- obtained in the range of crack-growth rates from 
2.5 x 10-5  to 2.5 x 10-3  mm/cycle. A modification of eqn. 
(6) was subsequently madenb)  to correlate crack-growth 
rates in all three regions: 

(7) 

X Xth 
(1)  - 	2   (8) 

C "
v 

 max 2  

Xth is the threshold value of X 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 BS 15 mild steel in 
laboratory air, 50% R.H. at 21°C, and at two different 
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 BS I5 but also to other 
steel data available in the literature. Finally the relationship 
provided by cqn. (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 0.021-Ni 
0.02-Cr 0.01-Mo 0.02-Nb 0.005%; ay, =401 MN/m2, 
0UTS = 585 MN/m2, E= 207 GN/m2, and 1,  = 0.3. 

Crack-line-loaded contoured double cantilever beam 
(DCB) specimens, 12 mm thick, were manufactured from 
plate material and were orientated to ensure that the 
subsequent crack grew along the rolling direction. The 
design of these specimens is de.,.eribed in detail in Ref. 17(c), 
overall dimensions being 22.5 mm length and 75 mm 

-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 ease of observation of the crack tip. 

Stress-intensity factors were calculated from the 
relationship 
	 dC

)1/2 

	

K1 = P (2(1 - v2 ) da   
 (9) 

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 
shaped DCB tcstpiecc the power term in eqn. (9), and 
consequently K„ will remain constant along the crack length 
of - 150 mm. 

Low-frequency fatigue tests were carried out in laboratory 
air, 50% R.H. at 21°C and 0.25 Hz in a 250 kN Avery 

List of symbols 
a 
A 

B 
C 
C,, C2, C3, C4  
E 
K, 

Kmax, Km  and Kmin  

Z1K = (Kmax Kmin) 

KmtIn Kmaxth• _Kth 

Kc 
in, nip 1112 

n, ni , n2  

N 
P 
R 
Rth 
a 

5 	-\ 
5max 5min 

AS = (5max - 5min) 

(Ornax)th (811161)th ,  
(A5  )th 

= (KnlaX2-K min 2 ) 
= 2AKKM 

Xth 

0 s  

°UTS 
X 	Xth 

.CP =  Kc 2  - K „2„2  
Kc, 

• 
AK, 
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1 BS15: crack growth for Km=const. and at various AK. Frequencies 0.25 and 35Hz. 

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 electrohydraulic fatigue testing 
machine,'8  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 5%. 

At each frequency, tensile fatigue crack propagation tests 
were conducted in turn at R =0, various K„, conditions, at 
constant AK, and at constant Km  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 —10' cycles. 

On completion of each fatigue test appropriate dC/da 
values were obtained, by pulling in an Instron tensile testing 
machine type TT-C, 44 kls1 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/mtn 3/2  and 
AK was fixed at specific levels between 500 and 
1800 INI/mm 3/2  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/mm312  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 AK in Fig. 2 and a family of Km =constant 
curves drawn, corresponding to Km  =500, 1000 and 
1500 N/min3/2, together with the curve corresponding to 
R= 0, and various Km  conditions. Data for 
Km  = 750 N/mm3/2  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 IT of crack propagation. It is 
also seen from the figure that in general the effect of 
frequency is negligible and for a given AK value crack-
growth rate increases with K,0 . 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 AK and K m  are 
significant factors in the crack growth rate process in this 
material. 

Threshold data in the form of AKth have been obtained 
from each curve in Fig. 2 plus the K m  = 750 Nimrn312  
threshold value extrapolated to 10-' mm/cycle and they are 
plotted against the mean value of the stress intensity at 
threshold Knit ', in Fig. 3. Other threshold data included in 
Fig. 3 were obtained from four different steels10-.13  whose 
crack growth rate characteristics will be analysed in more 

2 BS15: relation between crack-growth rate and AK. 
Frequencies 0.25 and 35 Hz. 
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3 A/co, VS. K„,th 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 BS15 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 AKtidE is shown as a function of the 
threshold stress ratio Rth. The same relation exists between 
R and Rth as between K,,, and R.  m th. This curve is 
significant since it has been suggested that for a given stress 
ratio the factor AKth/E 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 AKth/E is 
not material-independent. 

For cold-rolled mild steel and BS 15 the following 
proposed equation fits the threshold data well: 

AKt h = (AKth)R N/1 -:70 	  (10) 

This equation gives a better correlation with these results 
than the Grandt and Gallagher expression, eqn. (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 Krn i r, <Ka when 

Km„ = Kei + AK, = constant 	  ( 1 1 ) 

0 	 0.2 	04 
	

0 6 	0.8 	1.0 

Rth 

4 AKth  vs. Rth  for different steels (symbols as Fig. 3). 

I 
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5 BS15: crack-growth rate vs. A. Frequencies 0.25 and 
35 Hz, air 21°C. 

Hence 

LiKth = (K,„„„- Km1„)= (Kci + AK„)(1 - R). 	. (12) 

Also for Km„ Kci  crack growth does not occur when 
= AK, = constant. Thus, when R = 0 

(AKOR-o = Kd AK„ 	 (13) 

and when Kmh, Kci  

Ash = (AKtli)mi n 

This condition is met when /2,11 =0.5, enabling the two 
straight lines forming the curve for BS15 to be drawn. The 
inference then is that for all values of Ro, > 0.5 AKII,/E 
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 
BS 15 and any attempt to use it will lead to a very 
conservative estimate of 5K111 . 

The relationship between crack-growth rate and the 
parameter X 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 II and III 
although in Region I A is dependent on K„,. This latter 
region is approaching threshold conditions and Region II 
represents an area of linear growth leading to a rapid 
increase in growth rate at higher values of A in Region III. 
Similar behaviour has recently been reported in cold-rolled 
mild steel no)  and in the Al alloy RR58."( b)  The divergence 
in Region I led to the suggestion of eqn. (7) as an improved 
model for crack propagation and it should be noted that the  

parameter 0 may be expressed as 

X 	-- Xth 	2K„,( 	- AKth) 
15-  2

C 	
, 

max 2  ."  

This model satisfies the limiting conditions 

da and 	Lim —dN
-+ co - 

Kmax Kr: 

In calculating appropriate values of Kc  were taken from 
the literature. For BS 15 Kc  was taken as 3130 N/mm312  
(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/mm3/ 2  had been established.2' 

Crack-growth rate in BS15 as a function of 6 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 
material the values of the constants are 

A= 2.10 x 10-3  mm/cycle 
a=1.10 

In appropriate cases where the literature'°-  '3  gave 
sufficient 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 Q are shown in Figs 
7--9 for tests in which the stress ratio R was constant. In 

KC2  — Krnax2  
	 (14) 

Limes 
  0 

A Ain 

. (15) 
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7 Crack-growth rate vs. 0. Mild steel, air 21°C (Ref. 11). 

ICC 2  K 2  max 
where Kmaxth  is the threshold value of Kmax in the 
particular stress-ratio curve being considered. 

0 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-'-10-3  mm/cycle; for cold-rolled mild steel,'° Fig. 8, 
10-7-10-2 mm/cycle; and for A533 B-1 steel" Fig. 9, 

8 Crack-growth rate vs. 0. Cold-rolled mild steel, air 21°C 
(Ref. 10). 
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9 Crack-growth rate vs. 0. 	A533 B-1 steel, 	air 	21 °C 
(Ref. 12). 

10-7-10-2  mm/cycle approximately. In each of these cases 
the parameter may be considered valid over the full 
subcritical range. In the case of EN3A mild steel," Fig. 10, 
the parameter appears equally valid although in this case the 
maximum crack growth rate had been restricted to 
10-3  mm/cycle and the full range of Region III 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 

10 Crack-growth rate vs. 	EN3A mild steel, air 21 °C 
(Ref. 13). 

these cases the parameter 0 could be calculated as 

95= (I — Rth 2 ) (Kmax2  K2maxth) 	  (16) 

Metal Science May 1976 



scatter bands at randomly chosen da/dN values since only 
scatter bands were available. 

The above results clearly demonstrated that for mild steels 
the parameter ¢ is able to place in one single line data 
obtained at any values of AK, R, or K. Similar checks on 
high-strength Al alloys and steels will be made before the 
relationship is generally considered as a good predictor of 
crack-growth rates in metals. 

In LEFM the stress-intensity factor is related to the crack-
opening displacement i.,22  the plastic zone size r11 ,23 and the 
J-contour integra1.24  Hence eqn. (7) may be rewritten, when 
expressed in terms of the crack-opening displacement, as 

	

da 	PO A5th    (17) 
dN = A  \ 5c - 6max 

where 1. = -max max 6min, Smax  and -mi n  are the maximum 
and minimum values of S in the loading cycle, 
A5th = (6max)tii - (6mi dth at the threshold, and 8c  is the 
critical value of (5 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 > A8t1i  is attained. Also when 

	

Sit,„„ 	Oc 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 relationship between 
these quantities. However, the validity of this equation 
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 been made of the growth of fatigue cracks in 
BSI5 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 m= constant. 

1. Both AK and K„, arc significant factors in the crack-
growth process in this material. 

2. Threshold values of AK may be established at a crack-
growth rate of - 10-' mm/cycle. 

3. The fatigue threshold in BS 15 and other materials is 
not satisfactorily established 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 13S15 over the full subcritical range has been proposed 
as 

da X - — = A (:)°( 	where dN 	 Kc - Kmax  
6. An analysis of data published by other authors has 

shown this model 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. 
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