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SUMMARY 

The object of the present research was to find and evaluate the 

effects of programme loading on fatigue crack propagation in EN24 steel. 

A potential drop technique was developed to measure very small changes 

in the crack length. The constant load amplitude test results, 

analysed on the basis of fracture mechanics, served as a basis for 

comparison with the results of the programme loading tests. The block 

programme loading schedules were designed to find the effects of load- 

interaction and stress levels on the crack propagation rate. Micro- 

scopic and fractographic examinations were conducted to understand the 

influence of micro-structures and strength levels on the fatigue 

fracture process. 

The results showed that the micro-structural features of the three 

heat-treatments considered exerted a secondary influence on the crack 

growth rate. The capacity of the low strength ductile steels to accom- 

modate large amount of strain at the crack-tip by plastic deformation 

and their ability to dissipate energy by numerous crack-branching and 

island formation were associated with the higher crack growth resistance 

of these steels as compared with the high strength martensitic steel. 

At any AK level, the crack growth rate was initially constant followed 

by a gradual slowing down which depended on the loading variables. With 

a growing fatigue crack at a constant AK, a decrease in the maximum 

stress caused a transient slow growth period whereas an increase in 

Oo did not show any appreciable acceleration of the crack growth rate. 

Based on a proposed mechanism of fatigue crack growth, an equation of 

the type & aan’ where R! = Se, was found to unify the results 

of different loading conditions seat This equation does not 

account for the slow growth periods and would, therefore, yield a 

conservative estimate of fatigue life.
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ive INTRODUCTION 

Fatigue failure of materials under fluctuating load has been a 

great concern to the designers of engineering components for a 

long time. A vast amount of research work has gone into 

evaluating the fatigue properties of a variety of metals and non-metals. 

The traditional approach to fatigue research is the determination of the 

fatigue strength of a material on the basis of number of cycles to 

failure under certain stress conditions. This merely tells the 

designer when the failure is going to occur. The major part of the 

fatigue life determined in this way might have been spent in crack 

initiation in some cases or in crack propagation in others. 

In practice, all the commercially produced materials have inherent 

flaws such as cracks, inclusions and other stress—raisers and hence the 

crack initiation becomes of less importance. Many structures can be 

operated, with such flaws or fatigue cracks generated in them, until the 

cracks become long enough to cause failure. Thus, if it is possible to 

determine how far a crack has propagated in a structure, it could be 

possible to safeguard against failure. This fact, coupled with the 

advent of precise non-destructive testing methods, has given rise to the 

interest in evaluating the rate of propagation of a flaw in a component 

during fatigue loading and thence the total time available before 

catastrophic failure occurs. The inspection period can then be decided 

upon and any failure preventive measure can be taken. Consequently, 

investigations have been carried out on notched laboratory specimens and 

empirical equations developed to relate fatigue crack propagation rates 

with the stresses encountered by the specimens. However, these results 

could not be directly used in practical circumstances because of the 

geometrical differences between the real components and laboratory 

Specimens.
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In the past few years, the concept of Linear Elastic Facture 

Mechanics (L.E.F.M. ) has developed gradually. This considers K, 

the intensity of stress at a crack tip in a body as the singular 

factor determining the stress state for fracture. The fracture 

mechanics concept has been used to determine the crack propagation 

lives of notched specimens in the form of crack—growth-rate versus 

stress intensity range relations. A number of empirical equations 

based on the experimental data have thus been produced by different 

investigators. Some of these crack growth equations have found wide 

acceptance with the researchers in the field of fracture mechanics. 

The beauty of this approach is that the data generated on laboratory 

Specimens can be related to real components through the use of a 

geometrical factor. 

In general, the L.E.F.M. approach to fatigue crack propagation 

problems has shown a good deal of promise with a variety of steels and 

light aircraft materials under constant stress amplitude fatigue 

conditions. 

The components in actual service generally undergo variable 

amplitude loading sequences. This random loading service spectrum can 

be approximated by a programmed loading ‘Gia is done mainly 

for two reasons. Primarily, it enables to quantify the different 

variables involved in concrete terms. Secondly, the capabilities of 

ordinary fatigue machines can easily cope with it. Thus the programmed 

loading fatigue experiments are used to simulate the actual service 

conditions. 

The present research was mainly aimed at evaluating the fatigue 

crack propagation characteristics of a low alloy steel under simple 

block programme loading using the fracture mechanics concept. The 

influence of interastion between different load amplitudes or mean 

loads on fatigue crack propagation life was the primary field of interest.
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It was believed that if the mechanism of the fatigue crack 

propagation under programme.loading conditions could be well 

understood, then it could be easier to design against fatigue 

failures. With this view in mind, the detailed examination of 

the fracture surfaces and the facture path in relation to the 

microstructural features were undertaken to understand the effects 

of heat-—treatments and the resulting micro-structures on the 

fatigue crack-growth characteristics of the steel concerned.



a LITERATURE REVIEW 

2.1 General Approach to Fatigue 

Through many years of investigation it has been well established 

that the fatigue failure of a structure or a component takes siaaetiaa 

two stages, namely, fatigue crack initiation and its subsequent 

propagation. In the past, the design against fatigue failure was based 

on the number of cycles of stress required for crack initiation in a 

material. Recently the emphasis for the basis of design is shifting 

from crack initiation to the rate of propagation of crack in the 

material. This information helps in the determination of inspection 

intervals for a critical part of a structure and also in the calculation 

of the residual life before final failure would occur. 

There are two general approaches to fatigue problems: 

(a) The stress approach. 

(b) The fracture mechanics approach. 

The stress approach is the traditional approach to fatigue problems but 

the fracture mechanics approach is a fairly recent development. 

2eL1..Sbress Approach 

The stress approach to fatigue has been used for a good many years. 

It will be described only briefly. The data is generated on smooth or 

notched specimens and generally represented in the form of stress versus 

number of cycles to failure curves. The minimum stress amplitude at 

which the crack initiation does not occur in 10! cycles is considered 

as the endurance limit of the material and is applied to design with a 

factor of safety. The Goditan *12 diagram or different variations of 

it are used to take into account the effect of mean stress. 

The crack propagation rates in notched specimens have also been 

related to the gross or net stress on the specimen through empirical 

equations. The basic disadvantage in this approach lies in the fact 

that the data generated on laboratory specimens cannot be directly 

related to the real service conditions.
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2.1.2 Fracture Mechanics Approach 

Sharp—crack fracture mechanics originated from a concept of crack 

propagation based on energy criterion put forward by A.A. crireitn'2), 

Working with a brittle material, he postulated that a crack would 

propagate under the action of an external stress, if the energy used 

in creating new fracture surfaces is supplied from the released strain 

energy in the elastic solid. Thus, if a gross stress g is applied at 

right angles to a centre crack of length 2@ ina plate, the fracture 

  

  

stress under monotonic loading o f will be given by 
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Both Siow eee and Irwin (4) noted that in the case of ductile 

material, the Griffith type energy balance must be between the energy 

used in creating the new surface plus the work done in plastic deformation 

and the stored elastic energy in the solid. Since the work done in 

plastic deformation Yo can greatly exceed the true surface energy. y , 

6) Irwin used the sum* “y+ ov = G, assuming that plastic working could 
p 

be considered as a pseudo surface energy and hence the equation (1) can 

be written as : 

EGie 

re —| so (2) 
Ta 
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where G is the total work done per unit of crack extension and is 

called the strain energy release rate. For a certain crack length,
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at a certain critical value of oO = Ou) instability will occur and 

G will be equal to Got the critical strain energy release rate 

which is a material property. 

Paris and Sih nobed that for the tensile mode of crack tip 

deformation, the stress field near the end of a centre crack of length 

2a in an elastic solid (Fig.I) could be given by the equations 
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as io = 0, oO. = 0 (generalised plane stress) 

*; = v( Pde y (Plane strain, y is Poison ratio) 

In the above equation (r, i) Signifies the polar co-ordinates of 

a point in the stress field taking the crack tip as origin and K is 

called the stress Pa ORALNS. factor which is equal to (Re)= for plane 

stress and ae ‘a for plane strain. The elastic stress 

distribution is shown in (Fig. 2). 

If K = (na)* is substituted in equation (2), we get the stress 

intensity factor in a panel of infinite width 

K.=o (2 a)é for plane stress ok Ge (4) 

Since K is independent of the co-ordinates r and 9 , it controls 

the intensity of the stress field but not the distribution, which is 

constant in the near tip region for all cracks. 

For a specimen of finite width, the equation (4) is modified as 

R= Yow (as wees (5)
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Where Y is called the compliance function and depends upon the crack 

length and specimen geometry. Through the work of Brown and fagietoy 

boundary collacation approaches are now available to determine Y values 

for different specimen geometries. Experimental compliance calibration 

(8, 9, 10) is also possible. Through the use of this geometrical 

factor, the data generated from the laboratory tests can be used in the 

practical situations. 

Subsequent to the development for montonic loading, L.E.F.M. found 

its application to fatigue as well. Substituting the o term in the 

oe and 4 o , the corresponding ara b 
equation (5) by Onin.’ _ max 

stress intensity terms can be obtained. It has been demonstrated 

through works of different peopie(14) that the fatigue crack propagation 

rates in a variety of materials could be related to stress intensity 

factors by means of simple equations. The fracture mechanics approach 

is now widely used to evaluate the resistance of materials to fatigue 

crack propagation. 

Linear Elastic Fracture Mechanics can be applied in cases of less 

ductile material where only small scale yielding occurs at the crack tip. 

To encompass the cases where the materials are very ductile and general 

yield has occurred in the specimen so that the measurement of applied 

stress has no meaning, an alternative measurable parameter called the 

crack opening displacement (C.0.D.) has been suggested by we11s‘"2) and 

Cottrei1('3), Critical C.0.D. is the amount by which a crack opens 

before a final fracture and depends only on the local fracture ductility 

of the material. It is thus considered a material property and is 

directly related to a critical stress intensity factor. 

We11s(14) has shown that the basic equation relating to the linear 

elastic fracture mechanics and the general yield fracture mechanics is 

given by : 

G= @¢ 5 aes (6) ys 

where § C.0.D. at the crack tip. ll



-O- 

Later we11s6 15) proposed that for monotonic loading condition 

G2 = mia 6, score, 

where subscript c stands for the critical values and n is a plastic 

stress intensification factor at the crack tip which is approximately 

1 for plane stress and 2 for plane strain condition. 

By substituting the value of G. in terms of stress intensity factor 

K, in equation (7), we get, 

c 

Sas: Seek (8)   

The critical C 0 D is measured by clip gauge or photographic method 

some times aided by a crack growth detection technique, such as 

(16) (17). ultrasonic or electrical potential method 

More and more research workers are now 

using C O D as a parameter for evaluating fatigue crack propagation 

rates, but proper theoretical analysis for fatigue situations is not 

available as yet. 

Pelee ele. The plastic zone ahead of crack tip 
  

Since the intensity of stress at the very crack tip approaches 

infinity according to the equation (3), localised yielding takes place 

as the stress reaches the yield level. A plastic zone thus develops, 

the shape and size of which depends on the stress system and the material 

properties. Depending on whether the specimen containing the crack is 

under plane stress or plane strain, the size of the plastic zone varies. 

Under plane stress conditions, yielding will occur when the applied 

stress reaches the yield stress of the material in wniaxial tension. 

Thus substituting oo in the equation (3) at %=0, we get 

L Karas 

ee ( } for plane stress alors ote (9)     

ys
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However, according to Rice‘) due to stress redistribution, the 

plastic zone extends to a size w which is approximately equal to 2 tS 

In the case of plane strain conditions, due to the presence of 

oO, stress, yielding criterion dictates that yielding would occur at 

(19) a higher stress than the uniaxial yield stress. Irwin states 

that yield stress in plane strain can be approximated by S35 rs" 

Hence the equation (9) becomes, 

ue 
Ba oe pre (oe) for plane strain Wire (10) 
y 61 oO 

ys 

Paris (20) and Rice (28) independently stated that the equations 

(9) and (10) do not apply to fatigue situations. Due to the presence 

of extreme stress concentration at the crack tip, plasticity is always 

present in the material. When the load is reversed as in the case of 

fatigue, plasticity occurs at the crack tip in the reversed sense. 

The new plastic zone starts to form within the old plastic zone from 

the maximum load. 

Since to cause plasticity in the reversed direction the yield 

stress should be doubled, the new fatigue plastic zone size is 

approximated by 

  
  

  

  

A Ke 1 AK 2 
gO ET a soe ) for plane stress <... 
y on (28..)° aie ee ae 

ys ys 

oat 
) AK* ee 

and a2 = site te. ee ( ) Por. plane? strain << si. 
a on (J 20.) Shai 0 

For fatigue cycling with a stress amplitude of AP, the cyclic 

plastic zone depends on A P only and is independent of the maximum 

stress provided that no crack closure occurs during compressive part 

of the load cycle. The formation of the cyclic plastic zone within 

the maximum plastic zone is shown schematically in (Fig. 3).
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Frost and Dugdale (22) carried out fatigue tests on centrally 

cracked sheet specimens and concluded that the ratio of the length 

of the plastic zone to the crack length ie. "/a is related to the 

maximum stress by smooth curve implying that the region at the yield 

stress during the maximum stress of ,cycle will be dependent on the 

maximum stress. The same data was replotted by McClintock ‘22) as 

“la against the ratio of applied stress to yield stress in shear and 

found that a functional relation existed. He concluded that if the 

fatigue crack growth is by progressive damage or renucliation ahead 

of the crack tip, the crack growth rate is proportional to the square 

of the plastic zone radius but if the propagation is by irreversible 

plastic deformation, the growth rate would vary as the first power of 

the plastic zone radius. 

In cases of very ductile material, especially in plane stress 

Situations, because of the presence of appreciable plasticity at the 

tip of a fatigue crack, a plastic zone correction factor equal to the 

radius of the plastic zone, needs to be added to the crack length to 

get an effective crack length. In a fatigue test, the size of the 

plastic zone can change depending on the geometry and the properties 

of the material tested if the state of stress changes from plane strain 

to plane stress as usually happens with sheet materials. 

2.2 Mechanisms of Crack Propagation 

Any metallic structure subjected to cyclic loading, undergoes 

considerable damage leading to final catastrophic failure. This 

fatigue failure has been found to take place in three stages. 

a) The initial damage occurring at a defect or a source of stress 

concentration leading to the nucleation of crack; 

b) The propagation of the crack 

c) The final failure through very fast fracture when the crack 

length reaches a critical size.
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Bach of these stages are effected by a number of variables,such as 

mechanical and physical properties of the material, the state, 

magnitude and infraction of the stresses. Since the initiation of 

fatigue crack is beyond the scope of this research, it will be only 

briefly dealt with. 

The crack initiation is associated with cyclic slip (23, 24) 

and occupies a large percentage of fatigue life depending upon the 

stress amplitude for an un-notched specimen. The fatigue crack 

appears from the intensification of slip bands near the surface. 

The initiation of fatigue cracks from defects, inclusion or notches 

arises from the high stress concentration in those areas and 

constitutes a relatively shorter proportion of fatigue life. 

Yokobori et e125) have reported a number of mechanisms of micro—crack 

formation. They observed that the number of micro-cracks initiated 

depended on the stress level. 

The propagation of a fatigue crack takes place in two stages 

(264° 27) 3 

(a) Stage I - micro-crack growth and (b) Stage II - macro—crack 

growth. The stage I crack growth occurs in crystallographic planes 

{ru response 46 the resolved shear stress. The growth tends 

to occur on planes approximately at 45° to the stress axis and the 

direction varies slightly from grain to grain. The micro—cracks 

@enerated during initiation period undergo a process of joining at 

stress level, which in turn determines the rate of Stage I crack 

propagation (25). The stage I crack propagation persists only through 

a few grains after which Stage II takes over. 

The Stage II crack propagation occurs at 90° to the stress axis 

and fracture surface may have striation markings, characteristic to 

fatigue crack growth only, running more or less parallel to the crack 

front. The mechanisms for Stage II growth and the striation formation



ent thas 

CULL 
4, 

ete A 

(a) 

Y fy kkitypuyny” 

               
Tip Y 

ty Yj” 

rt) 
F 19.44—The plastic blunting process of fatigue crack propagation in the stage 

II mode: (a) zero load, (b) small tensile load, (c) maximum tensile load, (d) smail 
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(After Ref.28) 
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(After Ref.29)
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Fig.4d--Fatigue crack growth during one cycle of stress : 
(a) end of compressive half cycle, which may have 

- cracked inclusions ahead of crack tip; (bj) tensile 

half cycle blunts crack tip and produces void uhead 
of crack in region of triaxial tension; (c) thinning 
of unfractured bridge under biaxial tension; (d) final 

separation of bridge by thinning. 
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have been explained in different ways. A few of them are noted below: 

(a) Plastic blunting process at crack tip (28) 

(b) Cyclic slip and movement of dislocations (29, 30) Pig-4, 4 

(c) By shear and decohesion Cat 327 

(d) Void coalescence and growth (33) 

All the models for crack propagation are based on the damage due 

to cycling at the immediate vigcinity of the crack tip. They differ 

only in the way in which the damage occurs. 

(28) 
Laird in his plastic blunting process assumes that a small 

double notch exists at the crack tip from prior damage. On application 

of a small tensile load, the double notch serves to concentrate the slip 

bands along planes at 45° to the crack plane and thus maintains a square 

geometry of the tip. When the maximum tensile load is applied, the 

crack tip blunts and assumes a semicircular shape due to broadening of 

the slip bands. As the compressive load is applied, reversed slip 

occurs and the new crack surface formed during tensile portion of the 

load is forced into the plane of the crack and partly folded due to 

the buckling of the very front surface of the crack. The process then 

repeats and crack growth occurs. Depending on the inclusions, grain 

poundarpgetc. in the material, the slip zones may not remain symmetric. 

Moreover, variation of the positions of the slip planes with respect to 

the stress axis for different orientation of crystals at the crack tip, 

may cause asymmetry of the notch. Subsequent loading may induce 

plastic blunting process in the most advanced part of the notch. 

Therefore, in ductile polycrystalline material, different types of 

Striation can be observed. 

Schi jve(2?) considers the Stage II crack propagation as an 

extension of the Stage I crack propagation. On cycling, dislocation 

movement occurs on one or two sets of crystallographic planes at 45°.
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to the crack plane. The crack tip may act as source or sink 

depending on the stress condition. Thus the crack extension 

occurs in each cycle as a consequence of a "sliding off" mechanism. 

Broek‘ 2°) suggests that depending on the orientation of the slip 

planes, striation depth could be larger on one fracture surface 

than on its mating part. 

(31) Pelloux considers that deformation at the crack tip may 

take place either by alternate shears or simultaneous shear on the 

two shear bands. The fatigue crack propagation can then occur only 

by alternate shear on the two slip bands. If shear starts on one 

plane and strain hardening occurs, it could be easier to shear on the 

other plane. This process may alternate. Thus, the notch length 

is extended by a rupture process and the amount of crack extension 

will be equal to half the COD. If the material is non—hardening or 

if the hardening is saturated, simultaneous shear may occur and the 

crack blunting will take place. Due to the presence of high strain 

ahead of the crack tip, void nucleation and growth may occur which 

will sharpen the crack and lead to further lind ue obipaint 32)” on the 

other hand, considers that the shear decohesion along the inner edges 

of both the flaw bands occurs during the tensile part of the fatigue 

cycle. During compression, the reversed slip occurs, the crack closes 

but without significant re-cohesion of the newly cracked surface. 

Tomkins considers lac eran fatigue fracture surfaces ripple patter 

can form due to this process (Fig. 4c) and suggests that the same 

mechanism occurs in Stage I growth as well but only on one plane. 

Forsyth and Ryder’ 33) argued that dimple type fracture observed 

in tensile fracture surfaces can also be formed in fatigue. The 

tensile stress applied to a notched specimen will cause plastic
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deformation at the tip of the notch. Due to plastic deformation, 

a redistribution of the stress gradiant ahead of the crack will occur. 

The maximum root stress will diminish and the crack will blunt. This, 

by virtue of the plastic strain involved and the increase in the 

effective root radius, causes an increase in the mean stress in an 

increased volume of material ahead of the crack tip. This constrained 

volume of material is being hydrostatically stressed in tension; 

therefore the tensile stress to shear stress ratio is high. Voids 

nucleate due to tensile stress usually at the brittle second phase 

particles, but due to the shape of the crack tip, the affected region 

lies ahead of and parallel to the crack front. In the next step, 

thinning of the unfractured bridge between the crack and the void 

will occur resulting in crack extension. Striations can form on 

the fracture surfaces by this mechanism. 

263 Laws of Crack Propagation 

To provide adequate description o¢ the manner in which a fatigue 

crack grows in a material, a number of empirical laws have been 

proposed based on the experimental evidences. These laws consider 

the ratio of the incremental increase in crack length to the 

incremental increase in the load cycle as a continuous function of 

different variables such as load range, specimen dimensions and 

(34) material properties. Christensen and Harmon have listed a number 

of such crack propagation laws originated by different persons during 

the years 1935 to 1965. A critical analysis of these laws is also 

(35) (18). given by Paris and Erdogan and Rice 

One of the earliest continuum fatigue crack growth equations was 

given by Head‘ 36) who showed that, 

c Ao? a3/? da (12) 
oe = fia See Ree eeee 

dn (o Lo )/ ry 
ys
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da 
where dn is the crack growth per cycle, C is a constant, AO is the 

stress range, a is the crack length, ae is the material yield 

strength and , is the plastic zone size at the crack tip. In his 

equation Head assumed that the plastic zone size is constant 

irrespective of the crack length. Later Frost and Dugdale(2") 

showed that the plastic zone size is proportional to the crack length. 

They proposed that the fatigue crack growth rate is proportional toAo 3 

and the length of the crack. 

da 
Theretere 3 

ea BOM am, a De caip (13) 

where A is a constant. 

(37) In a subsequent paper Frost et el incorporated a mean stress 

term 0, in the equation and hence gave 

da 

— =jAc>a(P+Q o1,) : Sese (14) 
dn 

where P and Q are material constants. 

Using saturation of hysteresis energy absorption as atcriterion 

(38) the 
for fatigue crack propagation, Liu argued that the power of, Stress 

range in equation (13) should be 2. However, recently Tomking 32) put 

forward a continuum theoretical model of crack propagation and showed 

that the crack growth rate can be given by the equation 

da 

— = Ado 

dn 

5 On a cece (15) 

He v@rified the equation by plotting - - versus Ao? Pe 

values from Frost et els data on different materials (Fig.5.) 

Hardrath and McEvily'39) analysed the results of aluminium alloys 

and found that a plot of log —~ Vs log a deviated from a straight 

line of unit slope. This is in contradiction to Frost and Dugdale's 

result. They also showed that the crack growth rate was a function 

ae 
of Ao (*/p)® where p is the radius of curvature of the crack tip.
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(35) Paris and Erdogan critically analysed different crack 

propagation laws and showed that 

da Ag™ ar 
wae ee (16) 
dn C 

  

where C is a constant and m = 4 and n = 2. 

They concluded that, in terms of fracture mechanics, equation 

(16) can be written as 

da 
— = a (Ax)™ ones (Ty) 
dn 

where A is a constant and m = 4. 

Pabia\<)) wnened that the value of the exponent m should be 4 on 

the assumption that the crack growth rate is proportional to the 

plastic work done per cycle for unit length of crack front, which 

in turn is proportional to the volume of the plastic zone size per 

unit crack front. 

According to Liu's godine OO): the value of m = 2. Liu argued 

that this value holds good for results with equimaximum stress 

levels. Since the elastic strain energy released is a function of 

maximum stress, the maximum stress should give reasonable correlation. 

Liu admitted that the value of m will be modified if _ &S 1s nob 

the same. 

Although a good fit for a variety of experimental data is observed 

with Paris type equation, it has been noted that m can vary from 2 to 

6 (40,41). 

(42) Forman et el have observed that Paris's equation was not a 

good fit for higher load ratios and crack growth rates. The 

instability of the crack growth rate when K ax approaches K, has not 

been considered. To incorporate the effects of these factors, they 

proposed that 

da Ge(8 xy. (18) 

  

dn (1 - R) Kr AX
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Kmin 

Kmax 

The data from 2024-T3 and 7075-T6 aluminium alloys fitted nicely 

  where GC is a constant, R= and K. = fracture toughness value. 

to the equation (18). For 2024-73, the data were found to be a 

good fit even at R = - 1 (43) | 

(44) Pearson tested different 12.7 mm.thick aluminium alloy 

specimens at different R values and found that Formar's equation did 

not fit well to the results. He modified Forman's equation by 

raising the denominator to a power $ and using K, = K nax (limit) 

obtained during the fatigue tests showed that a better fit could be 

(43) obtained. He argued that Forman et el and Hartman and Schijve 

obtained good agreement with equation (18) perhaps because the AK 

values used were much smaller than K. values. 

The primary purpose of including "Kt term in a crack growth 

equation was to account for mean or maximum stress effect. This 

could as well be done by including K or K term in an equation 
mean max 

containing A K. As a result Heald et e145) proposed an equation 

of the type 

da _ A AK + n 
hs oo oy (19) 

= Outs (K, ~ Snax ) 

where A is a constant, Mie is the strength of the material and 

n lies between 0.5 to £; 

They showed that fatigue crack growth results obtained from 

heat-treating a one percent carbon steel to different micro-structures 

were in good agreement with the equation (19). 

Arad et e146) working on a polymer (PMMA) found a mean stress 

effect and put forward an equation of the form 

da 5 
2 s 8 (Bmax ~ Kis) wfed (20) 

where 8 is a constant. He found the value of n = 2.5.
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Roberts and Eraogan(4") analysed the results of Broek and Schijve 

on 2024—-T6 aluminium sheet specimens in tension and some of their ow 

results on 2024-T3 in bending and showed that the dependency of crack 

growth rate on mean stress and A K can be satisfactorily represented 

by an equation of the type 

da 

— =. B(x 3)" (4-x)* ‘eo (21) 
on max 

where B is a constant. They found the value of both m and n to be 

equal to 2. 

Recently some attention has been given to the threshold value of 

A K at which no crack propagation takes place. This is considered 

aS a fracture mechanics equivalent of the fatigue limit of an SN 

(48) curve. Klensil and Lucas carried out experiments on steels of 

three different carbon contents. By giving proper consideration to 

the fact that residual stress may develop at the tip of the crack 

when load is lowered from a high to low value, they found that the 

basic threshold stress intensity factor was a constant and was equal 

to 4.02 unm 2/2 (410 Kp eee They therefore proposed an 

equation 

da * ny 

ome CA K oar Ak an (22) 
Sn a at 

where AK. + is the threshold stress intensity value following a 

stress intensity of A Ke 

It was shown that AK,,35 dependent on A Ko by the equation 

l-a oO, 
A = ° A eeee 

Kt AK tb A (23) 

where Soa is the basic threshold value of stress intensity and 

@ is a material constant “+ ~ dependant on the strength. 

(49) Cooke and Beevers have also found threshold stress intensities 

for five medium carbon steels and concluded that A K+ depends on 

load: ratio. BR
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To encompass the effect of threshold stress intensity at low AK 

values and the influence of strength, constraint and mean stress for 

conditions approaching failure, Richards and Lindley 59) have 

suggested the following equation 

4 n 
Pe a je Cee oe AS) ee (24) 

a Z 2 

= Cuts (K, - i 

where A' is a constant and AK. is the threshold stress intensity value. 

Using this equation they found good correlation with crack growth rate 

results on three different heat—treatments and strength levels of 1% 

carbon steel. The value of the exponent in these cases was found to 

be 0.73. 

In the case of high strain fatigue, to accommodate the effects of 

cyclic hardening or softening, efforts are being made to incorporate 

different variables such as plastic strain, plastic zone size, strain 

hardening exponent and COD in the crack growth equations. In the 

light of the present growing interest in the crack opening displacement, 

a few researchers have tried to correlate crack propagation rate with 

coD. 

(31) 
Pelloux has plotted the crack opening displacement value 

corresponding to different stress intensity values against the rate of 

crack propagation for 4340 steel, 2024-T3 and 7075-T6 aluminium alloys 

and also for titanium alloys. He observed that a unique relation exists 

between the two parameters. He put the relation in the form 

2 — = A (coD) oak (25) 
dn 

where A is a constant. 

(51) Dover performed high strain fatigue tests on mild steel and 

measured COD by clip gauge and transducer meter. He converted the clip 

gauge COD values to crack tip COD values through an equation and 

established a relation of the type,
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da 

dn 
= A (cOoD range)” Seen (26) 

where A is a material constant. The value of n was determined to be 

tithe 

It can be seen from all the crack propagation 'laws' described 

above that the fatigue crack growth rate can be expressed as a 

function of the crack tip stress intensity factor. It has been 

observed that for simple zero—to—tension cycling in air or inert 

environments, the crack-growth-rate versus stress intensity range 

relationship generally, follows a sigmoidal shape consisting of three 

regions (Fig.6). Most of the equations given above describe the 

linear middle portion of the sigmoidal curve. Incorporation of the 

threshold stress intensity factor has been done in a few 'lawst to 

cover the portion of the sigmoidal curve at very low AK levels. 

Similarly, the introduction of K. term in the crack propagation 'laws! 

is meant to cover the portion of the sigmoidal curve close to 

catastrophic failure at very high values of AK. 

2ich Effect of Stress Level, Stress Ratio and Mean Stress 

Though the stress amplitude or AK is the main variable in 

determining fatigue crack propagation rate, various people have found 

that stress level, stress ratio or mean stress exert a secondary 

influence in various materials. 

Early work of Frost and Dugdale (2) showed a dependence of crack— 

growth rate on mean stress in aluminium alloys. In the case of mild 

steel they found very little mean stress dependence. Later Frost and 

(52) Denton examined a variety of metals and alloys and confirmed that 

aluminium alloys had marked dependence on mean stress. They showed 

that the mean stress dependency was reflected through changes in the 

value of A in equation ese They believed that this dependency on
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mean stress was associated with the spasmodic elements of fast 

fracture known to occur in these alloys. They postulated that 

the fast fracture could have been due to the presence of brittle 

inclusions intermetallics or second phase particles which do not 

permit the crack tip blunting. Thus the contribution of the fast 

fracture element would be dependent on the size and distribution of 

the inclusions. They also argued that if during the loading cycle, 

the maximum tensile stress ahead of the crack tip is not high enough 

to operate the fast fracture sources, the dependency on mean stress 

will not be noticed. Hence, for a particular load cycle, there is 

a minimum crack length at which the fast fracture contribution to 

the crack-—growth occurs. 

Frost and ec tested double—edge—notched mild steel 

sheets and observed that under certain loading conditions non—propagating 

cracks may occur. They found that whether or not an edge crack of 

length a, small compared to the plate width, grows under loading cycle 

+ 
0 2S, 56, here oO 
mean alt’ m 

o 3 
a Rs They noted that a certain factor Ch existed 

Ww
W < < and a aC. m Cvield depends 

on the value of 

such that if ae ae Cw a crack will grow and if se Pa CW it 

will be dormant, the value of Ch depending on material and —. At 

0 a 

= es Ch had a value of 0.7 and decreased linearly with increasing 

a 

om according to the equation C_ = 0.7 - 0.27 ( — - 1) to a value 
o a 

of 0.15 at -— = 3 and then remained constant. 
oO 

Gurney (54) carried out fatigue tests on mild steel and plotted his 

crack growth rate data as a function of K,.% A point of transition 

of slope in the data was observed. He found that below the knee of 

transition, the crack growth rate was a function of mean stress and 

could be described by a series of straight lines. Above the point 

of transition, all data were encompassed into a narrow scatter band 

showing no Significant effect of mean stress.
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nein? analysed the results on 7075-T6Al alloy and a 

titanium alloy at stress ratios from 0 to 0.85 obtained by C.M.Hudson 

of the NASA Langley Research Centre and showed the influence of mean 

stress on transition of A K - slope. The transition occured 

at lower values of AK as the stress ration R is increased. He also 

observed that the transition points occured at very nearly the same 

crack growth rate for a given material. 

Hudson and Scardina’ © tested 7075-16 Al alloy at stress ratios 

ranging from -1 to 0.8 and at maximum stresses from 34.5 to 345 Mim ~~. 

They found that in the plot of _ Vs AK, data from negative R values 

and that from R = 0 fell within a narrow scatter band indicating that 

the compressive part of the load cycle did not significantly effect the 

crack growth. For given R values, the data fell into discrete bands 

and the higher was the stress ratio the greater was the rate of crack 

growth for a given AK. As AK is increased, the spread between the 

rates for different values of R became larger (Fig.7). For tests with 

teal R values, the value of AK at which the fracture mode changed 

from normal to shear was approximately constant. Forman et els crack 

growth law (Equation 18) was found the give good fit to the data. 

Dahlberg”) tested SAE 4340 steel and observed that if the maximum 

to minimum load ratio is changed from 5:4 to 5:1, the growth rate 

increases by 2 orders of magnitude. This effect was not observed in 

wet atmospheres. In:contrast to this Ryder and Gallahar‘?”) found no 

effect of mean stress in inert atmosphere but observed that corrosion 

fatigue growth rate increased with increasing Kmean. 

Miller 4°) investigated a variety of high strength steels and 

observed that the crack growth rate was dependent on stress intensity 

level.For low stress intensity levels e ee 18.7 unm 2/2), the 

rate of crack propagation was nearly similar for all the steels 

examined despite wide variations in mechanical properties.
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At high Knsax levels, the growth rates were different and the 

value of m in equation (17) was different. Yokobori et 0159) 

working on steel used the same mean load but different load 

amplitudes and found the value of m to vary with amplitude. 

This perhaps shows the effect of R. 

(60) Carman and Katlin using various thicknesses of high strength 

steels, observed that for A K values below 0.7.to 0.8 Kos the Ath 

power law of Paris was valid but after that transition occurred and 

higher growth rates were obtained. A similar observation has been 

made by Barson (64) with high strength steels. His data showed that 

da the deviation from the equation of the form = = A( AK)” occurred 

) (_4 Ky 
Oys 

equal to 4.07 x 107mm . He concluded that this transition may occur 

  and a higher growth rate obtained when is approximately 

at a Slightly higher or lower value of A K if the fracture toughness 

of the material is higher or lower respectively. 

2.5 Micro-structural and Fractographic Aspects of 

Fatigue Crack Propagation 

Most workers on fatigue seem to agree that the influence of 

micro-—structure is generally masked by the predominant influence of 

stress amplitude or AK on the macroscopic growth rate. Never—the- 

less, a better understanding of micro-structural and fractographic 

aspects of crack propagation can lead to the development of materials 

having better fatigue crack growth resistance. 

(50) A recent survey by Richards and Lindley on the influence of 

stress intensity and micro-structure in steels, has summarised the 

different mechanisms of crack growth in fatigue. They concluded that 

depending on the mechanical properties and micro—structures, the crack 

growth can take place by (a) striation formation; (b) micro-—cleavage; 

(c) micro-void coalescence and (a) intergranular separation or by a 

mixture of them.
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Well defined striations are usually observed in non-ferrous 

metals and alloys. Striations in ferritic and bainitic structures 

are less clearly visible. In martensitic structure, the presence 

of striations has not been confirmed. The growth rate due to a 

striation mechanism is generally less than that due to the other 

three mechanisms mentioned. Gre Striation formation occurs at low 

and medium values of a 

Micro—clevage has been observed in steels and high strength 

aluminium alloys. Micro—cleavage may occur in materiak containing 

brittle second phase particles. Micro—void coalescence, on the other 

hand, seems to operate in structural metal and alloys having fine 

micro—structures and high toughness. This mechanism is favoured by 

high AK and K nax Values. Fatigue crack propagation by intergranular 

separation iS common in quenched and tempered steels. The separation 

takes place along prior austenitic grain boundaries. Impurity 

elements and moisture encourage intergranular fracture during fatigue 

in high strength steels. 

An interesting observation has been made by Inck1e 62) on three 

different carbon steels. He found that the stage II crack propagation 

took place in two sub-stages which he designated stage Ila and stage IIb. 

The first part, stage Ila occurred at low A K values and was structure 

sensitive, the crack path changing at ferrite grain boundaries. The 

crack also tended to follow ferrite—pearlite interface. Whether the 

crack would go through the pearlite colony or not depended on the 

orientation of the cementite lamellae to the crack path. The 

stage Ila fracture surface was characterised by markings roughly parallel 

to the direction of crack propagation, representing a ‘hill and valley! 

structure. Ill-defined striation markings were also present. 

The stage IIb was insensitive to micro-structure. The crack 

propagated without regard to detailed micro-structure of the steel.
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The fracture surface was characterised by well defined striations and 

crack branching. 

Kawasaki et e1 (63) observed striationsin fatigued fracture 

surfaceg of a structural carbon steel. They could associate 

tearing type of fracture as the crack passed through ferrite grains 

and a brittle type of fracture through the pearlitic region. 

Heald et e145) found that crack growth rate in spheroidised 

steel was less than that in the pearlitic steel. The fatigue crack 

passed aroung the spheroidised particles which in general did not 

fracture or de-cohere. The striation markings were distorted and no 

void—coalescence occurred. The crack growth rate was not dependent 

on K ax Level, whereas in pearlitic steel it was. In pearlitic steel, 

complex fracture surfaces were observed which were dependent on the 

orientation of the carbide lamellae in the pearlite colonies. 

Occasional micro-cleavage regions present were perhaps due to the 

fracturing of the grain boundary carbides. The crack path was found 

to propagate through the pearlite colonies fracturing the carbide lamellae. 

The higher growth rate was attributed to the micro—cleavage mechanism 

operating when K nax 2PPproaches Ke value. 

Wei 664) could not find any obvious correlation between the fracture 

path and the micro-structure of a low alloy steel. However, he found 

that the crack path seemed to follow the martensite plate boundaries. 

He also observed the cracking of the prior—austenitic grain boundaries 

in humid argon atmosphere. Quasi-cleavage type fracture was present 

in case of low toughness material and dimple rupture type fracture along 

with some isolated intergranular cracking were observed in high toughness 

material. | 

Griffiths et 01665) working on a bainitic weld metal and Crooker 

et e166) on alloy steel, found that at low values of AK, the 

fracture surfaces had tear ridges with striations in isolated patches.
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At medium AK values, the predominant features were shallow dimples 

and tear ridges, but at high AK, micro—void coalescence was extensive. 

Griffiths et el associated micro-void coalescentéand higher growth 

rates with the second phase particles. In the regions where striation 

mechanism was working, the second phase particles were visible but they 

took very little part in the crack growth process. 

Heiser and Hertshoaeee ? studied different heat-treated hot rolled 

steel plates in three different orientations. The micro-structural 

constituents and their orientation and direction with respect to the 

fracture plane was important in determining crack growth rates at 

different stress levels. The macroscopic growth rate was due to the 

combined effect of a predominant striation mechanism and inclusion— 

matrix interfacial failure or cleavage. Depending on the orientation 

of the inclusions, the inclusion-matrix interfacial failure could 

either locally accelerate or retard the crack propagation rate. 

The observation that the mechanism of fatigue crack propagation 

changes from a striation mechanism to a progressive micro-cleavage 

and/or void—coalescence as the stress intensity is raised, has also 

been made in Al-alloys ‘68: 69) | Polloux!/) and Kershaw and 

Lin 69) consider the micro—cleavage mechanism to be dependant on the 

size of the plastic zone. The higher the AK, the bigger is the 

plastic zone and the more will be the fracture prone brittle particles 

within the zone and therefore the growth rate will be higher. 

(71) Gerberich and Hartbower related dimple size on fatigue fracture 

surfaces of a steel to the stress intensity values on a plot of log 

A K verus log dimple size and noticed that a slope of 2.3 existed. 

They argued that if there is a relationship between the dimple size 

associated with microvoid coalescence and the region of fracture 

instability, then a relationship between dimple size and COD is expected.
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Since COD is proportional to Ke (equation 8), then the result 

showed that direct relationship exists between dimple size and 

COD. Since plastic zone size is also proportional to Ke 

(equation 9), on the basis of the above work, it can also be argued 

that dimple size should be directly proportional to the plastic zone 

Size as well or vice versa. 

2.6 Fatigue Under Complex Load History 

Po ak Introduction:— 

The S-N curves produced on the basis of pure sinusoidal stress 

histories depend on the values of mean stress a. and the stress 

amplitude mhat The magnitude of fatigue life determined in this way 

is also dependent on the specific material tested, the temperature of 

test, the severity of notch and in the case of un-notched specimens, on 

the surface finish of the material. Frequency and stress wave forms 

have insignificant effect on S-N diagram except at high temperature or 

in aggressive environments. 

In the practical service conditions, a member or a component 

undergoes complicated stress patterns. The S-N curves based on pure 

sinusoidal test results cannot predict the failure life under these 

circumstances. On the other hand, because of the multitude of possible 

load patterns, it is not feasible to compile S-N data for complex load 

histories similar to that accumulated for pure sinusoidal loading. 

Consequently, a number of fatigue "damage laws" were developed which 

made use of the sinusoidal S-N data but still could reasonably predict 

life for complex load histories. 

The most commonly used law is the one put forward by Miner in 1945(72) 

He assumed that the cumulative damage under cyclic loading was related to 

the net work absorbed by the specimen. The number of cycles applied, 

expressed as a percent of the number of cycles to failure at a given
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stress level, would be a proportion of useful life expended. When 

the total damage derived from different stress level would reach 100 

percent, the fatigue failure will occur. Hence, this hypothesis 

applied to variable amplitude loading can be expressed as:— 

ee = 1 gues (27) 

where n, is the number of cycles at a given stress level at which N, 

number of cycles are required for failure. 

It was subsequently found that Miner's Rule based on a concept of 

linear damage generally over—estimates life. Main criticism . against 

Miner's hypothesis is that the parameters such as mean stress, loading 

sequence, notch effect and static loading prior to fatiguing, are not 

included in the treatment. Because of the inherent simplicity of the 

Miner's Rule, it has found widespread application in design. 

2.6.2. Random Loading 

Components in service usually undergo random load histories. It 

gasily simble 
is mee ree to define a random load—time history by &, pathoma ti oa} 

function and it is not easy either to give a complete definition of it. 

An example of this type of loading is given in fig.(8). Usually 

the distribution function of the peak loads is presented but it does 

not show the sequence in which these peak loads are applied. It. is 

possible to describe certain types of random loadings by means of 

power spectrums. The results of the random load fatigue tests are 

generally evaluated in terms of Miner's Rule or are compared with 

constant amplitude fatigue data. A comprehensive survey of random 

(732 load testing is given by Swanson in reference 

(20) 
Paris showed that by using a power spectrum approach and with 

some modification of crack growth laws, it is possible to use fracture 

mechanics to correlate fatigue crack propagation data under random 

loadings. In case of aluminium alloys, he found that a good correlation
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exists between the average rises in the quasi-stationary K—time history 

and the average extension of crack per rise. Paris admitted that in 

his approach, the sequence effects of rises and falls in the load—time 

history has been ignored. He pointed out that the sequence effect 

could be a minor variable compared to the effects of rises and falls 

Sad thecmeiers: oak used the same approach to find the fatigue 

crack growth behaviour of aluminium and titanium alloys. He compared 

the sinusoidal and random loading crack growth rate data on the basis 

of average of the greatest rise and fall in stress intensity between 

mean level crossings. The data showed a cross over between constant 

amplitude and random loading behaviour; at low stress intensity level, 

random loading exhibited faster crack propagation rates than constant 

amplitude loading and at high stress intensity level, the growth 

rate for random loading was slower. He also compared the fatigue 

crack growth behaviour of the alloys under narrow and broad band 

spectrum loading. The narrow band spectrum is the one where the range 

of frequencies is small compared to the spectral height, whereas in the 

broadband spectrum, the range and the spectral height are of the same 

order of magnitude. No significant difference in fatigue crack growth 

was found between the two types. 

22083 Programme Loading 

The constant amplitude fatigue testing is an over simplification 

of the actual service condition and the random load testing, on the 

other hand, is too complicated to use and analyse. The programme 

loading is thus a reasonable solution to these difficulties. It 

usually contains sinusoidal loading at different mean levels with 

different amplitudes (Fig.9). Programme loadings are usually 

derived from random load—time histories generated in service. The 

loading in a programme—fatigue test is established such that it 

contains the same distribution of peak loads (or some other characteristic
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measure for the load history) as the random load. However, some 

variables need to be selected arbitrarily. These variables are 

the number of cycles in one period or block, the sequence of loading, 

the number of load levels, and the highest and the lowest load 

amplitude to be included. All of these may have some influence on 

the overall fatigue behaviour. 

Different methods of reducing random load—time history to a 

collection of cyclic loads are at present peep wee 2" 92) These 

are; (1) Peak count method; (2) mean crossing peak count method; 

(3) range count method; (4) range mean count method; (5) range pair 

count method; (6) fatigue-meter count method and (7) level crossing 

count method. A brief description of these methods is given in 

Fig. (10). 

Arrangement of load blocks in a programme loading can be done in 

different manners, viz. (a) increasing load amplitude; (b) decreasing 

load amplitude; (c) increasing-decreasing load amplitude or 

(d) randomised sequence of load amplitudes. Sometimes, occasional 

high positive or negative stresses are included to simulate conditions 

characteristic to an aircraft—flight. Most of the present programme 

thoading tests are done to evaluate life of a structure in terms of 

Miner's rule, though the load interaction and sequence effects on crack 

(73, 75, 76) growth behaviour are noted. Many workers have used 

programme and random loading fatigue tests and have found either 

adequacy or inadequacy of Miner's rule or evaluated the usefulness of 

using a particular programme. Limited literature is available 

correlating fatigue crack propagation rates with load interaction, 

load sequencing or such other phenomenon in programme loading.
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2.6.3.1 Effect of Load Interaction and Load Sequence 

The earliest work on load sequence effect that could be traced 

in the literature, was the one done on un-notched specimens by 

D.R. Kibbey at Ohio State University in 1949. He found that in the 

case of ascending load amplitude tests ce was greater than one 
the i n. 

and in/case of descending load amplitude tests v= was less than 

one. Marco and Starkey (17) followed this work Pai SAE4340 steel 

and an aluminium alloy. Their data confirmed Kibbey's observation. 

The argument put forward in support of this behaviour was that at low 

initial load amplitude, lesser number of crack nuclei were contributing 

to the accumulation of damage whereas at high initial load, greater 

number of crack nuclei were operative and the actual accumulation of 

fatigue damage was non-linear @ndcontrary to Miner's rule. In the 

light of the present understanding of fatigue crack initiation from 

unnotched specimens,it seems obvious that the number of cycles 

required for actual initiation of cracking will be more in the case 

of ascending load amplitude giving rise to the result as observed. 

The effect of load interaction on crack growth rate was observed 

(78) by Christensen in steel and nickel alloy under stepped programme 

loading. A decrease in stress level caused a transient delay in the 

Line Seah whereas an increase caused a momentary acceleration. 

Crack growth rate data for a steel tested at different constant load 

amplitudes with different temperatures and cyclic frequency were shown 

to follow a unique relation when plotted against stress intensity 

range. Programmed loading tests performed on similar material gave 

results which could be reasonably predicted from the constant load 

cycle growth data. It could be noted from the results given that the 

maximum change in load level in low-high sequence was 34 percent and 

that in high-low sequence was about 20 percent.
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In two-step load tests on 2024-T3 and 7075-T6 aluminium sheet 

Specimens, Hardrath and McEvily( 79) observed a Similar delay effect 

when a high load was followed by a low load. No appreciable 

accelerating effect was noticed when a low load was followed by a 

high load. In one test, after high-low sequence, the crack did 

not grow at all although the stress at the lower level was enough 

to grow the crack if it were a constant load test. The larger was 

the stress level change and the higher was the preceding level of 

stress, the greater was the delay. Hardrath and McEvily presumed 

that probably the introduction of compressive residual stress 

reduced the local mean stress such that the local stress range remained 

below the minimum value required for crack propagation. On examining 

the fracture surface, they observed altermate dark and light bands due 

to programming. Donaldson and biaowan”? also found local interaction 

effect in two-step programme loading at zero stress ratio. The crack 

length at the end of each step was used to calculate stress intensity 

values. Integration of the crack growth rate data in low-high and 

high-low sequence gave essentially the same result indicating 

negligible effect of analytical sequencing. It was observed that 

somewhat conservative results could be obtained if the load interaction 

effect is ignored. Since the final crack lengths resulting from the 

above integration were not compared with the actual crack lengths 

obtained in the tests, the picture of sequencing is not very clear from 

the literature. 

(81) Schijve et el did two-step programme loading tests and tests 

with occasional positive and negative peak loads on aluminium alloys. 

They noted the retardation effect of high-low sequence of load eycle 

(Fig.1l). They also observed that occasional application of negative 

peak loads did not show any visible effect on the crack growth rate. 

If a positive peak load was followed by a negative peak load, the



sia 

favourable retardation effect of the positive peak load was greatly 

reduced and a small acceleration followed by a retardation was 

observed. They reasoned that formation of negative residual stress 

at crack tip was responsible for the crack delay in two-step load test. 

When positive-negative peaks were applied, a small tensile residual 

stress formed inside the bigger compressive residual stress field 

resulting in a momentary acceleration of growth rate followed by 

retardation. When only negative peaks were applied, the crack 

closed partly, thus reducing the stress concentration at the tip and 

therefore positive residual stress could not form easily. 

McMillan and Pelloux! 2) attempted to find the influence of 

maximum load, load amplitude and load sequence on crack propagation 

rates in 2024-T3 aluminium alloy. They used two basic load programmes: 

(a) constant maximum load with variable load amplitude, and 

(b) constant load amplitude with variable maximum load. 

Crack growth and striation spacing measurements were used to explain 

the effect of programming. In cases of constant maximum load tests, 

though the crack growth rates varied with different types of programmes 

used, there was no marked acceleration or retardation due to the load 

amplitude change. In constant load amplitude tests where maximum stress 

values were varied, marked transient acceleration or retardation in crack 

growth rates were observed depending on whether the stress level was 

increased or decreased respectively. The acceleration of growth rate 

was assumed to be related to the radius of the crack tip which is 

sharper at lower load levels. Sudden application of high load to a 

sharp crack was believed to cause the crack acceleration until the 

crack tip attained a stable radius. The retardation in crack 

propagation rate in a high-low maximum load sequence was considered 

to be due to work softening of the plastic zone ahead of the crack tip. 

Excellent electron—micrographs showing evidence of crack jumpsdue to
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low-high sequence have been produced, but no evidence pertinent to 

the retardation effect has been presented. The electron micro— 

graphs also showed the variation of striation spacing with the changes 

of maximum load level in constant amplitude load tests. 

(83) Morrow et el approached the problem of high-low sequence in a 

different manner. They tested 2024-T3 notched aluminium alloy 

Specimens in completely reversed loading. They used two types of 

high pre-stress amplitudes consisting of single cycle of the same 

stress range. The only difference between the two types was that 

type A started in tension and ended after a compressive peak, 

whereas the type B started in compression and ended after a tensile 

peak. They found that at lives shorter than 104 cycles i.e. when 

nominal stress range used was high, application of the two different 

pre-stresses had no effect on life, but at long lives, i.e. when 

the stress range used was small, type B loading gave much longer life 

than type A. The reason given was that with type A which goes 

through compressive peak test, local tensile residual stresses are 

formed at the tip, which contribute to the fatigue damage at 

subsequent cycling. The type B loading, on the other hand, produces 

local compressive residual stress which is beneficial. If the 

subsequent cycling is at high stress range, sufficient plastic strain 

is present which causes the relaxation of the residual stresses and 

the effect of prestress does not show up. A similar observation was 

made by nea on aluminium alloy box—beams. Application of a 

Single static preload or periodic overloads of 100 percent or more of 

the limit load, increased the fatigue life provided nominal fatigue 

loading was 60 percent or less of the limit load. The increased 

fatigue life was attributed to the introduction of beneficial compressive 

residual stresses at the rivet holes due to overloads. It appears from 

83) these results that Meeontat argument regarding relaxation of
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residual stresses could be applicable here also. Inck1e 62) also 

believed in the role of residual stress and its decay, on the 

observation of transient growth after a high-low load sequence. 

Structure sensitive stage Ila. type of fracture was observed to 

occur after a high-low load change even though the maximum stress 

intensity at low load level was greater than the transition value 

and structure insensitive stage IIb was supposed to occur. Inckle 

reasoned that the compressive residual stress formed was responsible 

for lowering the actual Pas value at the crack tip. He also noted 

that the extent of unstable growth region or in other words the rate 

of decay of the residual stress, was dependent on AK values at the 

low load level. Higher AK values were associated with shorter 

lengths of induced unstable growth region. 

Impellizzeri®>) summarised the effect of residual stress on fatigue 

life due to spectrum loading. He noted that periodic application of 

high tensile stress is more beneficial to fatigue life than a single 

application. This happens because the favourable compressive 

residual stress induced by high peak load decays gradually on cycling. 

The Sp Talition of negative high stress is detrimental to fatigue 

life because it either:- 

(a) introduces unfavourable tensile residual stresses, or 

(b) nullifies the compressive residual stresses induced from 

previous high-low sequence. 

The negative peak stress is also more detrimental when used at the end 

of a low-high sequence. The order of application of load, whether 

low-high, high-low or high-low-high, or random, that would give the 

lowest life depends on the exact detail of each particular spectrum. 

In the absence of beneficial compressive residual stress, the low stress 

levels have no detrimental effect to fatigue life, but their ability to 

cause relaxation of the compressive residual stress field is the main 

reason for shortendfatigue life.
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(86) Swanson et el studied crack propagation in aluminium 

alloy square panels under programmed and random loading. In 

the programme loading tests, all done at constant amplitudes, 

incremental load shedding procedure (Fig.12) was applied to keep 

either K ax! or net stress, or some other variable constant. It 

was possible to correlate all the crack growth rate data obtained 

from programme and random loading with the maximum stress intensity 

levels. They found no effect of prior load history when the 

programme and random loading data were compared with the constant 

amplitude test data without load shedding. It is understandable 

from these results that the residual stresses would have no effect 

because the changes in load levels were very small. 

Schijve et e1 (87) have listed some of the arguments for 

interaction effects during fatigue crack propagation, these are:- 

(1) Residual stresses; 

(2) Crack blunting or sharpening; 

(3) Cyclic strain hardening (or softening) and associated 

influence on the material structure; 

(4) Mismatch between the macroscopic fracture planes as a 

consequence of different states of stress at the crack tip. 

Schijve concluded that with the exception of influence of residual 

stresses, the qualitative understanding of the other arguments is 

still partly speculative and therefore requires further study. 

A very recent reason put forward to explain interaction effect 

is the crack closure under positive stresses during fatigue. 

(88, 89) Elber showed that as a result of permanent plastic deformation 

left in the wake of a propagating fatigue crack, it is possible to 

have at least partial crack closure during the loading cycle, even 

(90) though loading may be in tension. Adams supported Elber's view 

through experimental observations. Measurements of COD and strains
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near the crack surface of aluminium alloy sheets both displayed 

a two stage behaviour. In the first stage occurringat the lower 

portion of the load cycle, both measurements agreed with those 

predicted for an uncracked sheet. In the second stage which 

occurred at the upper portion of the load cycle, both measurements 

agreed with those predicted for a cracked sheet. This implied 

that the crack was at least partially closed for the lower portion 

of the load cycle. Elber postulated that due to crack closure 

during zero to maximum fatigue cycling, there should exist a minimum 

stress at which the crack will open and hence the effective stress 

range for fatigue will be the difference between the maximum stress, 

Ma and the crack opening strees) Pi Hence, the effective stress 

ratio U will be Mere where Ao, 
KO as 

and Ad is the applied stress range. Hence, if the crack propagation 

is the effective stress range 

rate is described as a function of effective stress intensity, it will 

take the form 

. Gilat) = eer a” bine’ (28) is Cie 

It was found that in the case of 2024-T3 aluminium alloy, the 

effective stress ratio was a function of R. Thus using equation 

(28), it was found that a better fit to the crack growth data could 

be obtained. 

Elber also observed that crack closure phenomenon can account for 

the load interaction effects in variable amplitude loading. 

Experiments suggested that the variation of the crack opening stress 

after a high-low load sequence, can cause delayed retardation observed 

in the crack growth rate. When the change of maximum load was 50 

percent, the crack became non-propagating after a period of delayed 

retardation. Elber argued that it was the residual deformation left 

behind the crack tip that caused the retardation. When low-high load
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Sequence was used, the crack opening load dropped substantially 

causing an acceleration of growth rate. After a few cycles, the ; 

crack opening stress rose to the level compatible with the new 

load level and a normal growth rate was obtained. 

Corbly and Packsnaes? o> have compared different models that 

have been presented to-date to account for the crack growth 

retardation due to the high-low load sequence. They are as follows:— 

(a) Elber's crack closure mode1\°8: 89) 

(») Wheeler's mode1'?2) 

(c) Willenborg ét el%s model‘) (Developed at Air Force Flight 

Dynamics Laboratory (AFFDL) ). 

Elber's model based on effective stress intensity value resulting 

from crack closure has been described before. Wheeler's model gives 

the retarded crack growth rate after high-low sequence as 

da 

(retard) =. C6 °. ¢ ( Ax)” wwal (29) 
an p 

where Ca is the retardation parameter bounded by zero and unity. 

a increases monotonically according to the equation 

Cc. = (—t— ) i. (30) 

where *y is the plastic zone size at lower stress level, (a, - a) 

is the distance from the crack tip to the boundary of the last plastic 

zone formed due to high stress, and m is a shaping exponent. 

Wheeler's model is shown schematically in Fig.13. The retardation 

is assumed to be proportional to the cist@ne2 the crack has to pass 

through the initial plastic zone. The retardation disappears and 

normal growth rate is obtained when the current plastic zone touches 

the initial peak plastic zone. Wheeler chose a value of m = 1.3 for 

the steel he investigated to suit his results. This model predicts
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retardation for all values of the ratio between high and low stress. 

AFFDL model given by Willenborg et el assumes that the 

retardation is obtained due to the change of AK value at lower 

stress levels to a reduced value In fact the reduction A e 
Kore 

is effective on K and K.. . According to this model, initial 
max min 

maximum plastic zone size can be calculated at the high stress level, 

but when the load is reduced from 9 5 to Oh a the equivalent applied 

stress will be less than 9O, by an amount a The maximum 9 
3 ed° red 

will be given by Cod nnzye* 5, - o and the minimum reduction 

will be zero. The values of maximum and minimum effective stress 

are then calculated by subtracting the respective G os values from 

the applied maximum and minimum stresses. These values are used to 

calculate effective stress intensity ranges. 

AFFDL model predicts that a reduction of peak stress by 50 percent 

or more produces no crack growth. The decrease in effectiveness of 

the retardation for a high-low sequence is monotonic and dependent 

upon some measure of the equivalent difference in plastic zone sizes 

produced by the high and low stresses. The retardation ceases, as 

in the case of Wheeler's model, when the two plastic zones touch each 

other. 

Corbly and patenanie?) performed fatigue tests on 7075-16511 

aluminium alloy and compared thex-results in the light of different 

models. They found that complete ceasation of crack growth at 

50 percent reduction of peak stress as suggested by Elber and AFFDL 

models did occur only in cases where secondary AK was small; but 

the retarded growth occurred if the secondary AK was high. The 

amount of retardation by a sequence of high-low was strongly dependent 

on the number of applications of the high loads, the retardation 

increasing with increasing number of load application. On low-high 

sequence, the crack growth rate first rose above that predicted for
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the secondary level and then gradually returned back to normal. 

The acceleration was associated with the formation of a stretch 

zone in the fracture surface. The crack—growth rates were related 
only 

fractographic measurement of striation spacing in 
A 

the above investigation. The validity and accuracy of the rate of 

to AK levels by 

crack-growth measurements are therefore in doubt. 

Von Euw et e193) used constant stress intensity tests on 

2024-T3 aluminium sheet material to investigate load-interaction 

effects. A single peak load was found to cause delayed retardation 

of the crack growth rate, which became more pronounced as the 

percentage overload or baseline stress intensity level, or both, is 

increased. The minimum growth rate did not occur immediately after 

the single overload. The delayed crack length was found to be 

equivalent to the plastic zone size formed due to the peak load. 

When multiple peak loads or high-low block loading sequences were 

applied, the retardation was greater, but the minimum growth rate was 

obtained immediately after the high-low load change. Fracto—graphic 

examination revealed stretch zones associated with peak—overload. 

The crack growth acceleration effect was observed with low-high loading 

sequence. All the interaction effects were explained in the light of 

Blberts (28: 89) crack closure concept. 

Summarising the findings on load interaction and sequence effects, 

the following conclusions can be drawn:-— 

1) Short range interaction effects on the fatigue crack growth 

exist in variable amplitude loading. 

2) High-low load interaction produces transient crack-growth 

retardation. The extent of retardation depends upon the 

magnitudes of the interacting loads. The condition of the 

crack tip and the material immediately ahead of it seems to 

be the controlling factor in crack—growth retardation. The 

nature of retardation is not very clear.
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3) The interaction effect due to low-high load is not very well 

understood. 

4) The findings on the effects of repeated load sequencing are 

contradictory in nature and no firm conclusions could be drawn 

It is interesting to note that most of the programme loading work , 

particularly that pertinent to the load interaction effects, we 

done on aluminium alloys. This particular line of work was initiated 

by the problems encountered in the variable loading situations with 

components in the aircraft industry. Because of the relatively small 

amount of work done on this particular aspect of fatigue and also 

because of the fact that only aluminium alloys have been investigated, 

the overall picture is not very clear at the present stage. It was 

therefore an obvious decision that a different material should be 

selected for the present investigation. Two materials were initially 

considered. They were titanium alloys and EN24 steel (SAE4340). 

The latter was finally selected for two reasons. 

(a) EN24 steel is a general purpose steel used for a wide range of 

engineering parts. It is widely used for different moving 

parts in automobile and machine tool industries where variable 

loading situations are encountered. 

(b) EN24 steel can be heat-treated to produce different strength 

levels with widely different micro-structures. 

Since the aim of the present investigation was to evaluate the 

effects of programme loading and micro-structures on the fatigue 

crack propagation, EN24 steel seemed to be an ideal choice.
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Be EXPERIMENTAL WORK 

Bet Objectives 

It could be observed from the available literature that the effects 

of load-interaction and load-sequencing in programme loading tests, are 

not very clear. The object of the present research was to investigate 

this aspect of fatigue by using very simple block programme loadings on 

a structural steel. The effects of different micro-structures on 

fatigue crack propagation in programme loading also needed to be 

evaluated. It was believed that the constant load fatigue test 

results would serve as a basis for the comparison of the programme 

load fatigue test data on the crack propagation rates. 

3.2 Material 

Some work has been done on load—interaction and sequencing 

effects, particularly in aluminium alloys. It was thought that 

Similar investigations needed to be done on a different material. 

With this view in mind, EN24 steel was chosen for investigation. 

This steel has got a wide range of engineering applications. The 

material was obtained in the form of 48.1 x 19.1 mm (13" x 2") rolled 

bars. The analysis of the material is given below (wt%) . 

€ s Ose hs Bi eB 26e S F Oe024 P 2 -<..0 501 

Mn «2° 0.613 We es. 1.333 Grist 14083 No 0.81 

Sony, 2.002% Db: 2 >.0:005s AS. .¢ 0301 Pb. tu<) 0 2002 

Bi :<0.0002. 

3.2.1 Specimen Design and Testing Machine 

It was decided that 3 point bend specimens would be suitable for 

the present investigation. The following points were considered in 

the selection of the specimen type and dimensions.
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1.59 mm. wide notch with 60° included angle and 

0.127 mm. root radius. 

Fige 14. Bend Specimen. 

  
Fig. 15. Amsler Fatigue Testing Machine And The Potential 

Technique Equipment.
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(a) Minimum amount of material required; 

(>) Maximum testing capacity available; 

(c) Convenience in preparation; 

(d) Availability of K-calibration data; 

(e) Availability of enough width for crack growth measurement. 

Four lots of specimens were prepared during the investigation. 

They had the following dimensions:-— 

(a) ~B =" $2.7 mm, W = 25.4 mm, L = 127 mm. 

(b) B = 12.5 mm, W = 25.0 mm, L = 125 mn. 

(e) Bs) 1.99 fe, he 24 Boon, Ls et Poe ee: 

(€) Bo =. 10.43-mmy WS 22.86 mm, I = 175 me: 

Each specimen had an initial notch—length of o.1 W with a root—radius 

of 0.127 mm. (Fig. 14). The notches were cut perpendicular to the 

rolling direction. The specimens were to be loaded in Span to width 

PA GLe OFA sos 

A two ton (= 20 KN) Amsler Vibrophore fatigue machine (Fig.15) 

was used for the crack propagation tests under sinusoidal loading at 

room temperatures. The test frequency varied from 175 Hz at low crack 

lengths to 150 Hz at high crack lengths. In the case of block programme 

loading tests, the machine was stopped after each block of load and the 

testing conditions were changed to suit the new block of load. The 

automatic load change mechanism was not used because it entails a 

gradual change of load amplitude from one block to another. The crack 

growth measurements were made using a potential drop technique which will 

be described later. 

3.2.2. Heat—treatments 

Roughly finished notched specimens were given three different 

heat—treatments to produce different micro-structures and strength levels.



  

Fig.l6. Typical Micro-structure of QT-A Steel. 

(x 300) 

  

Fig.17. Typical Micro-structure of QT-B Steel. 

(x 400)
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(a) Heat—treatment QT—A 

Austenised at 840°C for 1 hour, quenched in oil, and 

tempered at 200°C for 2 hours. 

(b) Heat-treatment  QT-B 

Austenised at 840°C for 1 hour, quenched in oil. Heated 

to 650°C, held for 15 hours at temperature and then air cooled. 

(c) Heat—treatment IS 

Austenised at 840°C for 1 hour, transferred instantly to a 

salt bath at 670°C, held for 15 hours at temperature and 

then air cooled. 

After the heat-treatments, the specimens were ground to size. 

The micro-structures resulting from the above heat—treatments are shown 

in Figs. 16-18. The general etchant used was nital. Alcohol 

saturated with picric acid (with a few ml. of teepol) at 70°C was used 

to etch prior austenitic grain boundaries in the cases of QT-A and 

QT—-B steels. 

The material QT-A was quenched and tempered martensite. The 

material QT-B was very finely spheroidised and the material IS was a 

mixture of isothermally transformed ferrite and somewhat spheroidised 

fine pearlite. 

3.2.3 Mechanical Properties 

Tensile tests were carried out withNo.1l tensile test specimens 

by a Heunsfield tensometer. Hardness tests were done on a Vickers 

hardness testing machine. 

Fracture toughness tests were performed on an Instron Universal 

testing machine. The recommended procedure for plane—strain fracture 

toughness testing was followed‘ 2°) for the material QT-A. For the 

materials QT-B and IS, the test geometry did not yield valid plane— 

strain fracture toughness values. For these two materials, a COD
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(16) approach was used - Following the procedure in refi(16) and using 

the calibration curves therein, (Fig.19), COD values at maximum load 

positions were determined. The fracture toughness values were then 

calculated by using the equation (8). 

Average grain sizes were measured by using the linear intercept 

method and checked by Quantimet. 

Various mechanical properties of the materials used in this 

investigation are given in Table I. 

TABLE I Room Temperature Mechanical Properties. 

  

Material Cys Viet S.. Elong Area Hardness Grain K value 
Red size 

  

sworn Nm ° % % Vhn um wntm3/ 2 

QT—A 1637 1867 14 28 550 28 51.8 . 

QT-—B 687 841 28 60 2 ae 39 68.2 

Is 386 696 29 52 200 _ 94 

  

* Valid Kin value. 

3-3 The Crack-Growth Measurement Technique. 

Different methods of crack extension measurement have been 

described by Srawley and Brown in ref.(99). The use of any of these 

techniques depends on its speed of operation; accuracy, reproducability 

cost, probability of automation and the ease of application. A visual 

method with a maximum accuracy around 0.1 mm is used widely and also as 

a check to other methods used. In the present days the ultrasonic and 

the electrical potential methods are gaining popularity because of their 

high sensitivity (around 0.025 mm) and reproducibility and ease of 

continuous monitoring of crack-growth in a fatigue situation. 

The electrical potential method involves passing a stabilised 

direct current through the specimen and measuring the increases in the
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potential drop across the crack as it propagates. The increases in 

the potential drop can be calibrated against the crack length by using 

the visual method. The sensitivity of the system can be changed by 

different mode and amount of current application, the positioning of 

the potential measuring points and their distance of separation. 

The sensitivity also depends on the instruments used to measure the 

potentials which are usually of micro—volt range. Different aspects 

of the electrical potential method have been dealt with by Jack and 

yi tees (101) 
and Ritchie Various features in the system which 

could cause inaccuracy in the results are as follows:— 

(a) Instability of constant current supply. 

(vb)  Thermo-electric E.M.F. generated due to dissimilar metal 

connection between potential leads and the specimen. 

(c) Inefficient earthing and screening of wiring. 

(da) Temperature variation in the specimen. 

Any of these factors can cause instability of the system and give rise 

to spurious results. 

In the present investigation, a highly stabilised Farnell constant 

power source of maximum 50 amp. capacity was used. Two methods were 

used to apply current to the specimens:— 

(a) Through brass strips soldered at the ends of the specimen, and 

(b) Through brass strips screwed at the ends of the specimens with 

silver—dag-layer in between. 

It was found that if proper contacts were not made between the brass 

strips and the specimen ends, instability of the potential drop measurement 

results. A 0.28 mm screened iron wire was used for the potential loads 

which were spot welded on to the specimen. The potential drop was 

measured by a Rikadenki D.C. micro—voltmeter before being recorded by 

a Kent three-speed chart recorder. The apparatus gave a 100 micro-—volt 

full-scale deflection. As the potential drop increases with the growth
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of the crack, a back-off voltage was required to maintain 100 

micro—volt full-scale deflection on the chart recorder. The back-off 

voltage was supplied from a potentiometric source. A schematic diagram 

of the apparatus is shown in Fig.(20). 

(102) used a theoretical calibration between the Gilby and Pearson 

potential drops and the crack lengths for different applications of the 

current and for different positioning of the potential measuring leads 

yielding good correlation with visual measurements. An example of the 

typical calibration curves from ref.(100) is shown in Fig.(21). It was 

noted that the maximum sensitivity of the potential method could be 

obtained if the potential leads were placed at the position where the 

crack length was zero. The uncracked potential gradiant 1% was 

approximated by measuring the potential at the back surface of the notched 

specimen. The ICL 1903 computer was used to fit polynomials to the 

theoretical calibration curves derived for different positioning of 

the potential leads (i.e. y values) as shown in Fig.(21). The values 
V 

of a/W at different values of amc were tabulated at intervals of 0.001 

oO 

(Appendix I). The values of the co-efficients of the polynomials for 

different values of y are given below:-— 

For _y=0.090W; C6, = -0.081389, C, = 0.76142, 

C, = 0.37229, C, = 0.20344, 

C, = -0.07420, C, = 0.010734. 

For y= 0.095 Wj GC, = 0.091324, C, = 0.79260, 

C, = +0.41581, C, = 0.23376, 

C, = 0.084474,  €, = 0.012080. 

For _y = 0.10 W; Cy = 0.10178, C, = 0.82574, 

C, = 0.46218, C, = 0.26608, 

Ci =O, 09541, - Cles O.0195I3,
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For y = 0.105 W; Cy = -0.11319, Cc, = 0.86173, 

C, = 0.51264, C, = 0.30142, 

Cc, = 0.10744, C, = 0.015094. 

For _y = 0.11 W; Cy) = -0.12501, C, = 0.89882, 

C, = 0.56406, C, = 0.38713, 

C, = -0.11957, C5 = 0.016694. 

Knowing the initial notch length ay at the start of each test 
Vv 

and the value of oe , it was possible to follow the right calibration 
Oo 

Vv 

curve. This would eliminate any inaccuracy in positioning of the 

potential leads. A representative check by the visual method (using 

travelling microscope) on the potential method, is shown in Fig.(22). 

By passing a current of 20 Amps through the specimen, the 

sensitivity of the potential crack growth monitoring system was of the 

order of 0.001 W i.e. about 0.025 mm. In terms of measurement of 

absolute crack length, a maximum difference of about 0.50 mm (i.e. about 

0.02 a/W) between the visual and the potential drop measurement was 

observed at low a/W values. This would represent only a small change 

in the specimen compliance value and hence a relatively small inaccuracy 

in the absolute value of the stress intensity at the crack tip. The 

potential method was capable of detecting the crack initiation long 

before the crack was visible on the surface. 

3.4 Fatigue Crack Initiation 

Since a machined notch is less sharp than a fatigue crack, the 

load required for the initiation of a fatigue crack from a notch is 

higher than that required for its propagation. The initiation load 

was therefore calculated as follows:—
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As laid down in the BISRA open report on plane strain fracture 

(103) toughness , for the propagation of a reasonably sharp fatigue 

crack by 1.27 mm (0.05 inch) in 50,000 cycles, we need:— 

A K = 0.0005 E pice (31) 

where E is the Young's modulus of the material. 

Now for a 3 point bend specimen (span : width = 4:1), 

Kia Pp 
AK = —— wees (32) 

B.W al
e 

where A P is the load range and Y is a geometrical factor given as a 

function a/W (104) | 

For a certain crack length a (e.g. notch length), Y is know and 

hence equating equations (31) and (32), we can write: 

(0.0005 E) (B i) 
he aE eee wees (33) 

The equation (33) gives the load range required for the 

propagation of an existing fatigue crack by 0.127 mm in 50,000 cycles. 

It was found that for the initiation of a fatigue crack from the 

machined notch in a reasonable number of cycles (say 50,000), a load 

range of about 140 percent of that given by equation (33) was necessary. 

(103) It was also noted from the reference that to maintain a sharp crack 

tip, the load range should not be less than 75 percent of the maximum 

load in the case of tension—tension loading and if the load alternates 

through zero, the load range should not be greater than twice the 

maximum load. 

3.5 Constant Load Fatigue Tests: 

A suitable load range was selected to give a wide range of AK 

values over the range of crack lengths for which compliance function 

was available. After the initiation of the fatigue crack from the
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machined notch (a = 0.1 W) at high load, the test load was applied 

and the crack growth measurement started at about 0.15 W. It was 

found that with the Amsler Vibrophore, the constant load amplitude 

could be maintained to a maximum crack length of about 0.65 W. 

3.6 Programme Load Fatique Tests 

The loading programmes used in this investigation were aimed 

at finding out the effects of mean load, maximum load, stress ratio, 

load-interaction and load—-sequence and also the effect of overall 

load history on the crack propagation. Some of these programmes 

were designed to follow up the results of a preceding. programme. 

The designs of the load programmes were such that the controlling 

variables were either stresses or stress intensities. Sometimes 

mixed design was used. The load programmes used in this 

investigation are briefly described below:— 

(a) Constant load amplitudes in blocks with increasing or 

decreasing mean load. 

A constant step of increase or decrease of mean load was 

used thus changing the stress ratio in each block. 

(b) Stepped increase in load amplitudes in blocks at constant 

mean load. 

The increase in load amplitude was about 40 percent of the 

preceding load. 

(c)  Two-step block load test at constant mean load. 

In this programme high—-low—high-low sequence was used. 

the difference in the magnitude of load amplitude was 

20 percent in one test and 40 percent in another. The 

load ranges selected were such that the stress intensity 

ranges corresponding to them during total crack propagation 

upto a/W of about 0.6 would be within the overall stress



(a) 

(f) 

~T 

intensity range of the constant load amplitude tests. 

The crack was allowed to grow by a constant amount 

equal to 0.05 W in each block. 

Constant AK test at constant cae 

In these tests, as the crack grew, load shedding similar 

to fig.(12) was used to keep both AK and ae constant. 

  The value of R which is defined as was therefore 
min 

K 
max 

constant throughout a particular test. The amount and 

frequency of load shedding was determined by the following:-— 

i) The minimum value of Amsler load—scale reading. 

ii) The rate of crack-growth which determined the time 

available between load shedding. 

iii) he sensitivity of the crack growth measuring equipment. 

Three different values of AK and Sas oft were chosen to give 

three different R values. The Olivetti Programmer 101 was 

used to determine the values of the crack lengths at which 

load shedding had to be done. This procedure, therefore, 

resulted in a 'semi-continuous' load shedding. 

Constant AK at constant Fs 
  

In these cases semi-continuous load shedding was not used. 

The crack was allowed to grow by amounts equal to 0.05 W. 

At the end of each block, the load was reduced to keep the 

average AK constant. The average AK was calculated by 

using the Y value at the mid-point of each block. This 

procedure of keeping the stress intensity approximately 

constant can be termed as "block load shedding' method. 

Different AK and mean load levels were used in these tests. 

Constant AK at constant P 
max 

  

In these cases both the semi-continuous load shedding and the 

block load shedding described before were used to keep AK 

constant. Different AK and maximum load levels were used.



(g) 

(n) 

(35) 

ae 

Constant K with increasing AK 
max 
  

In these tests semi-continuous load shedding was used. 

Three different levels of Rs were chosen. 

Constant AK and K with zero K.. 
max min 
  

In these tests block load shedding was used. Stress ratio 

R in this programme was zero. 

K reduction tests 
mean 

In these tests block load shedding was used to keep AK and 

K constant. A control block of AK and K was applied 
mean mean 

to grow the crack by an amount equal to 0.05 W and then E sael 

was reduced by a certain percentage of the control Rian 

keeping the AK as before. The crack was then allowed to 

grow by another 0.05 W at the end of which the Bean was 

raised to the control value. This procedure was repeated in 

a test with different percentage reductions of K A 
mean” 

follow up programme of the above test was done by increasing 

the AK level by a certain percentage of the control AK 

after the K was reduced by 50 percent. 
mean 

Determination of threshold value of AK 

A low AK value was chosen which would give a reasonable crack 

growth. The maximum load was kept constant and AK was 

reduced in blocks by steps of 10 percent. The load programme 

used in this test was somewhat similar to that given in Fig.23¢. 

All the load programmes used in this investigation are shown 

schematically in Fig.(23 ak)
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3.7 General Method of Data Analysis 

In order to obtain consistant and accurate results, almost all 

the tests were duplicated except in cases where the test procedure 

was too cumbersome to permit duplication. The constant load 

amplitude tests which would serve as a basis for comparison with 

other programme load results were triplicated. 

The initial crack growth data were plotted as the crack length 

versus number of cycles curve. The crack propagation rates were 

obtained graphically by taking tangents to the curves at different 

points. The stress intensity values for the corresponding points 

were calculated from the equation (32). No plastic zone correction 

was used. For some of the programme load tests, specially the K- 

controlled tests, average crack-growth rate was calculated by dividing 

the crack increment in a block by the number of cycles taken to grow 

that increment. The stress intensity value was calculated at mid-point 

of the block. Wherever possible, a cadet line was fitted to the 

crack propagation data to show the general trend. 

3.8 Other Experimental Work 

Because of the present interest in COD approach to fatigue and also 

to explain some of the results obtained in the programme fatigue tests, 

the measurements of COD in fatigued specimen were carried out. The main 

difficulty in doing this was the non-availability of proper instrumentation 

for measuring COD in actual fatigue situations. Following the argument 

put forward by Elber' 89) that the plastic deformation left in the wake of 

a propagating fatigue crack contributes to the displacement at the crack 

tip, an approximate method of COD measurement was employed. The method 

involved stopping the fatigue cycling and measuring COD at the crack tip 

under monotonic loading over one cycle. It was assumed that frequency 

of loading would have negligible effect on actual measurement. Micro-— 

hardness marks were placed on either side of the crack at a distance of
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Fige23x. Experimental Set-up for ¢ 0 D Measurement.



ite 

O.1 mm. The marks at the crack tip were photographed by a 35 mm. 

camera with microscope attachment (Fig.23x). The film was projected 

on to a screen by a slide projector to get a total magnification of 

about 700. The distances between the micro—dots were measured and 

COD obtained with reference to the datum distance at no load condition. 

Two types of COD tests were done:— 

(a) COD values were measured for different loads below K. after 

propagating the crack to different lengths. 

(b) The specimen was cracked under constant K conditions to a crack 

length of 0.3 W. The Pan was then reduced by 30 percent and 

fatiguing was continued under the same AK as before. he 

crack opening displacements were measured at maximum and minimum 

loads by stopping the fatigue cycling at intervals of 3000 cycles. 

3.9 Microscopic and Fractographic Study 

The specimens were sectioned, polished, etched and optical 

micrographs of the fracture path taken to reveal the effects of micro-— 

structures on the fatigue crack propagation. The fracture surfaces 

from constant load tests and from different programme loadings were 

also studied extensively under a scanning electron microscope. 

The micro-meter attached to the stereoscan specimen—holder was 

used to locate different load change positions and also to determine 

the value of the stress intensity at the area under examination. In 

cases where demarcation lines of the load change position were visible 

by the naked eye, hardness marks were given to locate such positions 

under the stereoscan.
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4. RESULTS 

4.1 Initiation of Fatigue Crack 

Under the initiation condition described in section (3.4), the 

fatigue cracks initiated from the machined notch within 50,000 cycles 

in almost all the specimens. The initial fatigue crack front was 

straight in most of the specimens with the exception of a few where 

slant crack fronts were observed. It was found that the slanting 

occurred due to the rough edges of the machined specimens. A very 

slight rounding of the specimen edges eliminated crack front slanting. 

However, a little slanting occurred in almost all the specimens at the 

start of the tests, but it evened out before the crack growth measure- 

ments were started for the purpose of analysis. The variation in 

duplicate results in some cases was due to the persistent slant crack 

front. These results were therefore discarded. The crack initiation 

was easier in the case of martensitic steel as compared to the other 

two structures, but it was more prone to crack slanting. 

4.2 Constant Load Amplitude Tests at Constant Mean Load 

The constant load amplitude tests were done at a stress ratio of 

0.2 on all the three heat-treatments. The rates of crack propagation 

obtained graphically from a-N curve were plotted as a function of stress 

intensity ranges. The relationship between logAK and log = was 

linear as predicted by the equation (17). The plots are shown in 

Figs. 24a-c,. The regression line fitted to the results of three 

specimens was regarded as the master curve for each heat-treatment. 

All regressions of log = on log AK showed high degrees of positive 

correlation. 

In the case of material QT-A, the values of crack growth exponent 

m varied from 2.35 to 2.48 and the pre-exponent A varied from 3.12 x 

407° LO, Abi x 107° when the growth rate was in nn/cycle and the
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aha stress intensity in Mnm_ Henceforth all the A values of equation 

(17) will be quoted for these units. In QT-B, the values of m varied 

from 1.99 to 2.19 and A varied from 1.88 x 10° to 3.77 x 10--. The 

material IS showed a variation of m from 2.27 to 2.52 and a variation 

of Atrom, 725’ x 107 TO" ls Ont tie The values of m and A for the 

master curves for the three heat-treatments are given in table 2. 

  

  

Material micro-structure m Ax 107° 

QT-A Martensitic 2.44 3.68 

QT-B Spheroidised eae 261 

TS Pearlitic Zoo 1.09 

  

Table 2. Values of Crack Growth Exponent & Pre-exponent 

The crack growth rates in material QT-B and IS were identical 

and fell nearly on the same scatter band. The growth rates in QT-A, 

on the other hand, were about 3 to 5 times faster over the range of 

AX considered (10 to 50 wnm2/2) , Though the values of m and A 

seemed to be very close for the three heat-treatments, the crack- 

growth data fell into two distinctly separate scatter bands. 

Ais Programme Load Tests 

4.3.1 Constant Load Amplitude with Varying Mean Load 

Two types of varying mean load tests were done on materials QT-A 

and IS (Figs. 23a-b). In one case, the mean load was increased by a 

constant step between the blocks in such a way that the stress ratio 

increased from zero at the start of the test to about 0.3 at the end. 

In the other case, the reverse procedure was followed. About seven
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blocks were used in each test. In each block, the crack was allowed 

to grow by 0.05 W under a constant stress amplitude. The a-N data 

from each test produced a smooth curve. The crack-growth rates 

obtained graphically were related to stress intensity range as shown 

in Figs. (25a-b). In both the materials tested, the overall life 

was shorter in the case where the mean load was decreasing than where 

the mean load was increasing. The values of m and A are shown in 

  

  

table 3. 

Material Load Programme m A 

QT—A Increasing Mean Load 3.62 9.86 x 1074 

QT-A Decreasing Mean Load 1.69 6.56 x 10" 

Is Increasing Mean Load 9: leQO: 3 107? 

Is Decreasing Mean Load 1.75 1.07 x 10°. 

  

Table 3. Values of Crack Growth Exponent & Pre-exponent 

Ae OD aic Stepped Increase in Load Amplitude at Constant Mean Load 

In this case the tests were done at a constant mean load, but the 

load amplitude was increased by about 40%, thereby increasing Snax 

_ and decreasing Onin after each 0.1 W of crack growth (Fig. 250) 6 

Thus three load blocks were used for growth between 0.2 W to 0.5 W. 

These three load blocks were at stress ratios of 0.333, 0.177 and 

0.053 in the case of material QT-A. With material IS, the stress 

ratios were 0.385, 0.233 and 0.069. The a-N curves showed a sudden 

and discrete change in slope at starts of a new load amplitude level. 

This was more pronounced in the case of material IS than QT-A. Within 

each block, the a-N curve was smooth as can be seen from Fig. 26. The
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crack propagation rates obtained in each test were related to stress 

intensity ranges (Figs. 27a,b). The crack growth rate seemed to 

conform to the higher stress intensity level as the change was made 

from a low to a high stress amplitude. The crack growth rate curve 

was thus broken down into three separate regions. Ignoring this 

effect, regression line was fitted to the overall data. In the case 

of QT-A steel, m and A values were 2.26 and 6.5 x 107° respectively 

and for material IS, the values were 2.56 and 8.79 x 1079 respectively. 

AeD.e Two Step Block Loading 

Two-step block loading tests were done at constant mean load 

level (Fig. 23d). After a high load amplitude block, 6. . was 

decreased and 0. increased to obtain a low amplitude block. ‘The 

difference between the high and the low amplitude was 20% in one test 

and 40% in another. In the case of 20% difference in the load 

amplitude, the high and the low load block had stress ratios of 0.2 

and 0.304 respectively and in the case of 40% difference, 0.2 and 

0.428 respectively. The tests were started at a high load block and 

ended with a low load block following a high-low-high-low sequence of 

loading. In the case of material QT-B, tests were done with only 

20% load amplitude change. A representative a-N curve obtained from 

these tests is shown in Fig. 28, In the case of 40% load amplitude 

change tests, a sideit slowing down of growth rate after a high-low 

load sequence was observed. This effect was more pronounced in 

material IS than QT-A. The crack growth curves for these tests are 

shown in Figs. (29a-c). The values of m and A are shown in table 4.



  

Material Load Programme m A 

  

QT-A Two step-20% 2.39 4.37 x 107° 

QT-B Two step-20% 2-16 2.38 ¢40- 

Is Two step-20% 2,48 . 9:25 24107 

QT-A Two step-40% 2.67 6.61: 40° 

Ts Tro step-40% 2.51 67t = 167 
  

Table 4. Values of Crack Growth Exponent & Pre-exponent 

AD a Constant AK Tests at Constant x. 
  

an. 

i . da m 
According to the equation a7 * A(AK), for any constant AK 

condition the crack propagation rate should be constant. The effects 

of stress ratios and other minor variables would be reflected through 

the values of the pre-exponent A. Thus to investigate the effects 

of stress ratios, tests were done keeping both AK and Site constant 

by reducing the load amplitude and mean stress with the increase in 

the crack length (Fig. 23e). Different levels of Kean one AK were 

chosen to give different stress ratios. A variation of this test was 

done to obtain a zero stress ratio as shown in Fig. 23i by keeping 

zero O_. and reducing © only. Table 5 shows the different 
min max 

programmes used. (See page 102)
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Material AK Kean a « ee 
wesin73/2 wating 2/2 naxx 

QT-A 19 28 0.493 

QT-A 19 27 0.48 

QT-A 25 28 0.383 

QT-A 25 27 0.367 

QT-A 30 28 0.302 

QT-A 30 27 0.286 

Is 19 28 0.493 

Is 25 eet 0.367 

Is 30 27 0.286 

Is 19 9.5 0 
  

Table 5. Test Programmes for Constant AK & K ; 
mean 

) (Controlling Variables: oO, 
m Oo a. 
ax mean min 

The results obtained in the above tests did not show a constant 

crack growth rate for a constant AK. The growth rate remained 

constant for a certain length of crack and then a transition occurred 

leading to a gradual slowing down. The maximum reduction in crack 

growth rate was obtained in material IS at a constant AK of 19 win 2/2 

at zero stress ratio. The reduction was 76.5% over a crack length 

of 0.15 W to 0.55 W. The minimum reduction observed over the same 

crack length was 33% with the QT-A steel at a constant AK of 30 win 2/2 

and a stress ratio of 0.286. The data obtained from different tests 

are shown in table 6. The crack growth rates are also shown as a 

function of a/W in Figs. 30a-b and as a function of mean stress in
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Figs. 31a-c. (The data for QT-B had been obtained for tests 

described in section 4.3.9.1.) 

4.3.5 Constant AK Tests at Constant Mean Load 

These tests were done at a constant mean load but with gradually 

decreasing load amplitude to keep AK constant (Fig. 23f). Different 

levels of AK and mean loads were used. In each case Ba tr and x ae 

gradually increased as the crack became longer. The value of the 

stress ratio also increased over a certain range during the test. 

With the increase in crack length during the test, a reduction in 

growth rate was observed in the case of IS steel. In the case of 

QT-A steel, the crack growth rate was reasonably constant over most 

of the crack length, but increased gradually at high a/W values. The 

results of these tests are shown in table ile 

4.3.6 Constant AK Tests at Constant Maximum Load 

These tests were done according to the programme shown in Hime oo 5 

Different levels of constant AK values were used. The tests were 

started at a stress ratio of about zero. Since Fae and AK were kept 

constant throughout the test, the value of R increased as the crack 

became longer. The final value of R was about 0.6 in QT-B and IS 

steels, but was about 0.35 in the case of QT-A. As K ay increased 

with the test, the.ratio of ey to AK increased from 1 to about 2.5 

with materials QT-B and IS, and to about 1.55 with the material QT-A. 

The crack growth rate in the high strength QT-A steel remained fairly 

constant over the crack length tested. In fact, the growth rate had 

a tendency to increase at longer crack lengths. In contrast, the 

crack growth rates in low strength QT-B and IS steels were constant 

WDE GO a/W value of about 0.45, but tended to decrease after that. 

These decreases were much smaller in comparison with those obtained
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a da 
Test Condition W dn 

nm/c 

-3/ O240:= 0545 13.6 
AK = 16 MNm ~/2 

-9 0545 = 0250 F358 
Os 6% 12.35 MNm 

= 0.50 — 0.55 20.0 

0455750; 60 19.8 

-3/ 0.40 —_ 0.45 S550 

AK = 25 MNm “2 

=) OVAD) 20 550 85.6 
si 19.7 MNm 

. 0.50 _ 0.55 93.2 

0,55" 0 60 o7..5 

-3/ OL 40°= 0245 163 <0 
AK = 32 MNm ~/2 

9 0:45, 50.50 223.0 
Onne* 26.0 MNm 

0.50 — 0.55 155.0 

0.55 — 0.60 200.0 

Table 8a. Crack Growth Rates for Constant AK and 
Constant F es 

Tests (QT-A). 

(Controlling Variables: 6 .o 
mean? “min 
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a da 
Test Condition W dn 

nm/c 

a O20 20.0525 9.98 AK = 16 MNm79/2 
-2 0525 43. 0.36 LO256 

Onno ¥ 25.5 MNm 

0.30" 20.235 9.13 

O73). 220.40 10,5 

0.40 — 0.45 10.85 

0.45 =— 0.5 Bo 

0.20 — 0.25 BOF], 

AK = 25 wnm79/2 
0 525' =: O30 43.3 

-2 =6 z a Css * 39.5 MNm 0.30 = 0436 39.7 

0835. 2.0.40 36.4 

O540-=::0 545 Oe el. 

06457 0250) 26,0 

Os 20 0225 TIA 

a -3/5 AK = 32 MNm 0225 2.0.80 81.0 

O =6x 510 MNm72 0.30 oe 0.35 WASIEXC) 
max 

0.35 = 0.40 (263 

6.40 _ 0.45 68.0 

0.45 = 0.50 5Ois,7. 

Table 8b. Crack Growth Rates for Constant AK and 
Constant Pay ests (QT-B) 

(Controlling Variables: dO. 
ean’ 
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a da 
Test Condition 7 ok 

nm/c 

0.15— 0.20 11.47 

0.20 = 0.25 13.78 
Ak = 19 wim °/2 0.25 - 0.30 12.82 

" 0.30 — 0.35 11.78 
O56 27.8 MN 0.35 — 0.40 10.25 

0.40 — 0.45 10.15 

0.45 — 0.50 11.42 

0.50 — 0.55 7.38 

0.20 ~ 0.25 16.23 
eS eae 0.25 ~ 0.30 14.11 

- 0.30 = 0.35 13.10 
O56 % 28-3 MNm 0.35 — 0.40 14.72 

0.40 — 0.45 14.03 

0.45 — 0.50 11.58 

0.50. 0.55 9.86 

0.15— 0.20 36 «8 

0.20 — 0.25 38.5 
AK = 25 wim” °/2 0.25 50.86 43.2 
oe ee er: 0.30 . 0.35 40.3 

ro 0.35: 0540 S577 

0.40 — 0.45 59 3 

0.45 — 0.50 29.1 

0.50 _ 0.55 205 

0.15 — 0.20 44.18 
Aas a ere 0.20 — 0.25 45.88 

0.25 0.80 45 .88 

OS 8X 37.2 MNm™ 0.30 — 0.35 43.38 

0.35 . 0.40 38.48 

0.40 _ 0.45 30.58 

0.45 _ 0.50 26.21 

0.50 _ 0.55 30.58 

Table 8c. Crack Growth Rates for Constant AK and 

Constant P_... Tests (rs) 

(Controlling Variables:O > is ) 
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with constant AK and constant Bias tests. The results are shown in 

table 8a-c. 

Vo Cons tant ae with Increasing AK 
  

In these tests the load amplitude was kept constant but the 

maximum load was decreased with the increase in crack length to keep 

eae constant (Fig. 23h). Three different levels of Ky were 

investigated. The load range values were so chosen that a reasonable 

range of AK values could be obtained during the test. The crack 

growth data in each test resulted in a smooth a-N curve. The crack 

growth rates obtained graphically are plotted against AK as shown in 

Fig. 32. The value of R changed from about 0.55 at the start of the 

test to about zero at the end of the test resulting in the change of 

Ee to AK>ratio of saboult 2.25: to. 1. The values of m and A of the 

crack growth equations obtained for the tests are given in table Dis 

  

  

  

Constant 

Material Knax m A 
wiuane 

345 1.74 3.81 x 107. 

Qr-A 28 2.43 4.97 = 107° 

a9 2.53 2.87 x 10- 

19, 28,35 2.74 1.36 gene 

19 2.28 1w38 x 40-~ 

QT-B 28 1.43 2.57 x 107| 

35 1.75 1.18 x 10" 

19,28, 35 2.52 g.55< 107° 
  

Table 9. Crack Growth Exponent and Pre-exponent Values for 

Tests with Constant ee and Increasing AK. 

Oo. (Controlling Variables: O poo. 
mi mean’? ~min 

AO = Constant) 
AX
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Test AK Red. da 

Conditions es unin 3/2 a 4 es . 
nm/c 

Qr-A 1 25 - 125.5 0 

W = 23.86 mm 2 17.5 30 70.0 0.243 

Base AK fF 
35 WN o/2 3 25 > 133.0 0.136 

Const. Oo 4 15 40 43.4 0.427 

=£X 18.6 wie 5 25 - 183.5 0.259 

6 12.5 50 19.5 0.593 

8 10 60 4.84 0.738 

Is 1 25 - 35.1 0 

6 2.53,06 mm 2 17.5 30 15.0 0.386 

aaa a), 3 25 : 41.8 0.239 
25 MNm ~/2 

4 15 40 8.84 0.599 
Const. o 

so » 25 - 30.6 0.412 
(xX 37.2 MNm 

6 12.5 50 4.24 0.745 

- 25 - 24.9 0.563 

8 10 60 1.4 0.85 

Table:.16 Crack Growth Data for AK Reduction Tests 

) (Controlling Variables: 0 Co. ; max’ “mean? “min
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AS Bete Tests with AK Reductions at Constant Mean Load or 

Maximum Load 

These tests were designed on the basis of the results obtained 

in sections 4.3.5 and 4.3.6 with a view to find the effects of AK 

reductions on the crack growth rate. A constant mean stress of 6X 

18.6 wim~< was chosen for the test with QT-A steel and a maximum 

stress off%37.3 wim * was selected for the test with material IS. 

For both the cases, a base AK value of 25 wnin72/2 was used. At 

constant mean stress or maximum stress level as the case might be, 

the crack was allowed to grow by 0.05 W at the base AK value. Then 

AK was reduced by a certain percentage of the base value and the crack 

grown by another 0.05 W before returning to the original test conditions. 

This was repeated for different percentage reductions of the base AK 

value. Average crack growth rate was calculated for each test block. 

The crack growth rate data are shown in table 10. No appreciable 

decceleration or acceleration of growth rates was observed with the 

decrease or increase of AK respectively. It was observed with both 

the steels that at about 60% reduction of AK i.e. at AK value of 

10 wim ?/2, the crack growth rate was discontinuous and occurring in 

jumps. 

AES, Ko at Reduction Tests 
  

These tests were performed according to the block programme 

outlined in section 3.6 (i) and Fig. 233. 

A597 Ke Reduction at Constant AK 
mean 
  

The base re selected for the tests was 28 win 2/2 , Three 

different levels of AK were investigated with material QT-B but only 

two levels were tested with QT-A and IS. With the growth of the crack, 

the required AK and Be levels were maintained in each load block
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cS 
doce Noe ‘ane Cneap Maye - (1) o (2) R 

x6 “e nn/c nm/c 

Qr-B 1 23.0 40.08 28 13.44 13.02 0.556 

a ee 2 20.4 28.4 22.4 13.62 13.58 0.473 
Const. AK = 

ihr v2 3 17.85 31.25 28 13.51 12.13 0.556 

Crack Growth 4 14.67 16.6 16.8 8.84 10.20 0.355 

ae i 5 13.38 23.6 28 10.00 9.53 0.556 

6 12.13 21.05 28 9.75 10.34 0.556 
7 10.20 12.73 19.6 7.03 8.77. 0sae 

8 8.93 15.3 28 7.44 7.30 0.556 

QT-B 1 27.4 40.08 28 19.40 20.20 0.48 

Ce ee oe 24.2 28.4 22.4 20.00 20.00 0.404 
5 ig 902 3 21.35 31.25 28 18.93 18.93 0.48 

Crack Growth 4 18.5 19.1 19.6 15.71 17535 05347 

ee a ees 15.9 23.6 28 14.26 15.06 . 0.48 

6 14.3 12.4 16.8 9.88 9.80 0.278 

7 12.14 17.85 28 11.90 11.90 0.48 

8 10.20 15.3 28 12.90 10.68 0.48 

Qr-B 1 31.9 40.08 28 29 .06 25.00 0.436 

cee 28.1 28.4 22.4 29.04 25.94 0.341 
59 MNm73/2 3 24.2 31.25 28 27.17 28.40 0.436 

Crack Growth 4 5 19.1 19.6 26.13 96.15 0.281 

at ae 19.15 23.6 28 23.46 23.65 0.436 
6 16.6 12.4 16.8 16.96 15.66 0.209 

7 14.0 17.85 28 17.12 17.60 0.436 

8 23: Si 28 13.69 13.64 0.436 

9 10.20 7.0 15.4 9.54 9.03 0.167 
  

Table lla. Stabilized Crack Growth Rate Data for Nee Reduction Tests 

(Controlling Variables: at bale 07 
min 
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Test Block AO, 2 nea aa. (1) = (2) 
Conditions No. MNm ~2 MNm ~/2 : R MNm nm/c nm/c 

x6 x6 

QT-A l 21.0 36.4 28 91.8 119.3 .. 0.556 
W= 23.86 mm 
Canes wae 2 18.2 22.4 19.6 70.2 88.3 0.42 
16 MNn73/2 3 16.1 28 28 91.8 102 0.556 
Crack Growth 4 14 14 L668 60.7 98.2 0.355 
from 0.2 W to ‘ 0.566 5 11.9 21.4 28 70.2 83.6 0.556 

6 10.5 9.1 14 52.5 419.2 S00 rs 
7 9.1 15.75 28 85.2 199 0.556 

QT-A 1 28.7 36.4 28 219 188 0.436 
W = 23.86 mm Conetia ie 2 25.2 22.4 19.6 232 177 0.281 
9 MNn73/2 3 Dire T 28 28 262 167 0.436 
Crack Growth 4 18.9 JACy 16.8 215 159 0.209 
from 0.2 W to a 5.68 w 5 17.5 21.4 28 253 167 0.436 

6 14.7 9.1 14 119.2 66 0.120 

7 12.6 15.75 28 153.8 167 0.436 

IS 1 24.4 42.7 28 14.67 - 0.556 
W = 22.86 mm 
Chast ae e 2 21.0 39.6 22.4 12377 - 0.473 
16 MNn79/2 3 18.6 32.5 28 12.1 - 0.556 
Crack Growth 4 16.4 20 19.6 LOR TE - 0.42 

fron Gee ae 14.3 25.05 28 10.64 : 0.556 0.55 W 

6 12.5 13.43 16.8 6.88 - 0.355 

7 10.8 18.9 28 ay - 0.556 

8 9.14 16.1 28 6.12 - 0.556 

Is 1 33.4 42.7 28 35.2 = 0.436 
W = 22.86 mm Sikes 2 29.1 39.6 22.4 31.6 - 0.341 
59 MNn73/2 3 25.5 32.5 28 30.9 ~ 0.436 

Crack Growth 4 22.5 20 19.6 29 - 0.281 
re Was 19.7 25.05 28 24.3 3 0.436 

6 ge i2778 16.8 13.9 - 0.209 

a 14.77 18.9 28 16.8 - 0.436 
  

Table llb. Stabilized Crack Growth Rate Data for re Reduction Tests 

(Controlling Variables: @. x? mean’? 
5. 
min ) 
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by adjusting the load amplitude and the mean load respectively. At 

any AK level, a reduction in x ae after a base block was achieved 

by a proportionate reduction ind aw thereby reducing O14 and 

Oo The load amplitude was adjusted to obtain the constant AK 
min* 

for that block. It was observed with all the three heat-treatments 

that above 20% Ot reduction, a transient period of crack growth 

occurred immediately after the reduction. The transient period 

consisted of a slow crack growth region sometimes preceded by a dormant 

period. The extent of this transient period depended on the amount 

Of ee reduction, increasing with increased reduction. It was 

also observed that a total dormancy of the crack could occur at about 

50% Ban reduction in the case of low strength QT-B and IS steels. 

With high strength QT-A steel, about 60% reduction in che caused 

total dormancy only in the case where AK was low (16 wnim™2/2), In 

tests with higher AK values, 60% reduction did not stop the crack 

totally but induced a long dormant period followed by a slow growth. 

About a million cycles were allowed before deciding on the total 

dormancy of a crack. 

After the transient growth period, the crack growth rate was 

observed to attain somewhat constant stabilized value commensurate 

to the constant AK value of the test. The extent of the transient 

growth period was determined in each case by locating the point of 

deviation of the potential drop chart record from the straight line 

which was characteristic of the constant growth rate. A typical 

example of the potential drop chart record is shown in Fig. 33. The 

erack growth results for the stabilized part of the growth in each 

block for different tests are shown in table 11(a-b). ‘The 

transient crack growth results are also shown in Figs. 12(a-b).
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A3SeOwe x atl Reduction Tests with Increased AK 
  

It was observed in the Rey reduction tests that a total dormancy 

of the crack growth could be obtained in QT-B and IS steels by more 

than 50% reduction in Pca under constant AK conditions. In order 

to investigate the role of AK under the reduced es condition, the 

following test was done. 

A constant base Men and AK condition was used to grow the crack 

by 0.05 W in a block. In the next block, Fe, was reduced by 50% 

by reducing the mean load. This would cause the dormancy of the crack 

if the base AK was used by reducing Ona and oft However, the AK 

used in the test block was actually bigger by a certain percentage 

of the base AK. This was achieved by using a bigger load amplitude 

than that would be required to maintain the base AK. When the crack 

grew under this condition, it was allowed to grow by the same amount 

as in the base block. The testing conditions of the base block were 

then applied again and the process repeated with different percentage 

increases in AK. In this test only QT-B steel was used. The results 

of these tests are shown in table 13. It was observed that more 

than 20% increase in AK was required to allow the crack to grow. 

It should also be noted that even 50% increase in AK could not totally 

overcome the effect of oe c, reduction, some transient growth still 

existed. 

425510 Determination of Threshold AK 

In order to determine threshold value of AK below which no crack 

growth would occur, it was necessary to take into account the findings 

that any abrupt and large change in mean or maximum stress could cause 

a transient growth and would give rise to a false threshold value. 

Therefore, starting with a small value of AK which would give
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reasonable crack growth, the block loading test was continued with 

only 10% reduction of AK after each block by reducing O15 .° The 

material IS was tested and hence to avoid any slowing down of the 

crack growth rate, the maximum stress was kept constant. The results 

of the test are shown in Fig. 34. It was observed that starting with 

an’ initagal AK of 15 wnin2/ 2 and stepping down to as low a value as 

6 win 2/2, no crack arrest was obtained. At low AK value, the crack 

growth was very slow and discontinuous. The crack growth rate at 

the AK value of 6 wntin 2/2 was of the order of 0.3 nm/cycle. Fig.34 

shows that a crack growth transition existed at a AK value of about 

11 win 2/2 where crack growth rate was around 3 nm/cycle. Before 

the transition, the crack growth exponent and pre-exponent values 

were 3.77 and 4.98 x 4074 respectively and after transition these 

values were 1.41 and 1.02 x 107! respectively. The later co- 

efficient values did not agree with those obtained in the constant 

load tests, presumably because a lower value ofo ox was used in the 

threshold determination tests. 

4.4 Other Results 

The Crack Tip Opening Displacements (CTOD) were measured by a 

photographic method (16) in fatigue cracked specimen following the 

procedure given in section 3.8. Two types of tests performed were 

as follows: 

Test A: The fatigue cycling was stopped after the crack had attained 

a certain length. The crack opening displacements at the crack tip 

were measured at different load levels under monotonic loading 

condition. This was repeated for different crack lengths. 

Test B: After stopping fatigue cycling at constant AK condition at 

a certain crack length, CTOD was measured at static loads equivalent 

to the minimum and the maximum stress of the constant AK used. The
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K Condition eee a i we 
10 oh) 10" im 1079 mm 

28 * 16 MNm72/2 0 4.48 225 1.49 
19.6 * 16 MNm73/2 3070 2.99 0.75 2.24 

" 6010 1.49 0.75 0.74 
" " 9050 2.24 0 2.24 

w " 12070 2.24 0.75 1.49 
" " 15160 2.24 0.75 1.49 
" " 18110 2.24 0.75 1.49 
" tt 21130 2.24 0.75 1.49 
" " 24120 2.24 0.75 1.49 

tr " 29120 2.24 0.75 1.49 
" " 39120 oes 0.75 1.49 
" ¥ 49130 2.99 0.75 2.24 

" 69120 4.48 0.75 3.74 
" 89060 14.90 7.5 re 

Table 14. COD Results in yaa Reduction Test 

(Controlling Variables:O. Or: Cin) 
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Sea aaa was then lowered by 30% by lowering OL oan and hence One and 

Gases had to be lowered to maintain the same base AK. The CTOD 

measurement was performed as before after stopping fatiguing at 

intervals of 3,000 cycles. 

Both the tests were performed at a frequency of 60 Hz. For test 

A the crack was grown under constant K conditions with AK and ee 

at 19 wnim2/2 and 27 wnim~2/2 respectively. The results of the 

CTOD measurements are shown in Fig. 35 as the maximum stress versus 

CTOD curves. Fig. 36 shows typical examples of COD photographs 

taken at the crack tip. 

For test B, the crack was grown witn constant AK and A aa of 

16 wim2/2 and 28 nim 3/2 respectively. When the crack grew to 

0.3 W, the as was reduced to 19.6 wan 2/2 and the test was continued 

at constant AK as before. The results of the CTOD measurements are 

shown in table 14. The last two measurements shown on the table 

were taken when the crack tip had gone well past the micro-hardness 

marks given near the crack tip. 

4.5  Metallographic Observations 
  

The general micro-structures of the three heat-treatments used 

in this investigation have been shown in Figs. 16-18. In QT-A and 

QT-B steels, banding was observed perpendicular to the cracking 

direction (Fig. 37). The distance between the bands was about 100um. 

The banding did not exert any noticeable influence on the crack path 

or the macroscopic growth rate. 

In general, the crack path was not much influenced by the micro- 

structural features. The crack path was fairly straight in the case 

of QT-A steel. The main crack generally passed through the grains, 

but tended’ to follow the grain boundary if its orientation with 

respect to the direction of crack growth was suitable (Fig. 38).
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Fig.37. Banding Perpendicular to Crack Propagation 

(x 100) Direction.
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Fig.38. Grain Boundary Cracking in QT-A Steel. 

(x 700) 

  

Fig.39. Deep Branch Crack Following G.B. in QT-A 

Steel. (x 400) 
7 3/2 e -3/2 AK=10.7MNm K ax 18-4 MN



a 

  

Fig.40. Numerous Branch Cracks in IS Steel. (x 400) 

‘, 3/2 e -3/2 
Ak=42.3 MNm _— 52.8 MNm 

  

Fige41. Crack Branching along a MnS Inclusion 

in QT-B Steel. (x300) 

-3/2 -3/2 
Ak=24.2 MNm Knaxn2oe3 MNm
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Fige42. Parallel Cracks in QT-B Steel. (x 300) 

x —3/2 fe ~3/2 AkK=14.1 MNm ads 17.6 MNm 

  

Fig.43. Forked Crack and Joining of Micro-cracks 

in IS Steel. (x 400) 

AK=15.4 unm 2/ e K ax 29 °2 un 3/ e
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Occasional fairly deep branch cracks were also observed (Fig. 39). 

The branch cracks generally followed the grain boundaries. The 

presence of stringer type MnS inclusions which were perpendicular 

to the cracking direction did not seem to have any influence on the 

rate and direction of crack growth. 

The crack paths in the heat-treatments QT-B and IS were not as 

straight as in the case of QT-A. In both the materials, numerous 

branch cracks were observed (Fig. 40). These branches were smaller 

compared to those in QT-A and were generally trans-granular in nature. 

In contrast to QT-A, the branch cracks in QT-B and IS were found to 

be influenced by the presence of MnS inclusions and tended to follow 

them though they were at right angles to the general crack growth 

direction (Fig. 41). In both QT-B and IS steels, the extent of 

crack branching was such that it very frequently caused the formation 

of islands on the crack path (Fig. 41). At some places this crack 

branching even gave the impression that as if two main cracks were 

running parallel to each other (Fig. 42). In some cases the main 

crack forked and then one of the forks became dormant while the 

other continued growing (Fig. 43). Fig. 43 also shows that micro- 

cracks were being formed ahead of the main crack and crack growth 

was continued by a process of joining the micro-cracks. The 

formation of forked crack was also observed in QT-A steel. 

The effect of programme loading on the directionality of the 

crack path or on the rate of crack growth process did not show up 

conclusively. In the case of two-step loading, extensive measurements 

on the crack path showed that some deviations of the crack path 

occurred at the points of load changes. The deviation was gradual 

and possibly represents the transient growth after the load change.
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Fig.44. Mixed Transgranular and Intergranular Fracture 

in QT-A Steel. (x 1400 ) 

En -3/2 AK=K, = 16 MNm



  
Fige45. Region of Intergranular Fracture in QT-A Steel. 

(x 1400)  AKe16 unm72/2 x x72 unm 3/2 

  
Fig.46. Region of Transgranular Fracture in QT-A Steel. 

; s ~3/2 a -3/2 (x 1350) AkK=9 MNm Ko 17.8 MNm
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After these slight deviations, the crack path again followed the 

general direction of crack growth. These deviations were only 

noticeable in the case of 40% difference in load amplitude levels. 

4.6 Fractographic Observations 

The fracture surfaces obtained in different types of tests were 

closely examined under a scanning electron microscope. The 

predominant mode of cracking that has been observed in QT-A steel 

was a mixture of intergranular and transgranular fractures (Fig. 44). 

However, with different specimens investigated, it was noticed that 

certain regions of fracture surfaces could be located where nearly 

100% intergranular (Fig. 45) or 100% transgranular fracture (Fig. 46) 

existed. A point counting method was applied to the series of 

pictures taken from different fracture surfaces to determine the 

extent of each mode of fracture and its relation to the stress 

intensity values. The results of this investigation are given in 

table 15. This did not show any definite trend of a particular type 

of cracking to be associated with a particular stress intensity level. 

The evidence of the maximum extent of intergranular cracking has been 

found at around a stress intensity range of 16 to 20 wm 2/2, Tt 

could also be noticed that the maximum intergranular cracking occurred 

was around 1.6 to 1.7 provided that ak 
mean mean 

unity. On the other hand, when was less than unity, the 

  
  when was greater than 

  

mean 
maximum extent of either of the two fracture types occurred at 

  value of about 1.4 In the case of QT-A steel, no definite 
mean 

striation markings were observed. 

In the QT-B and IS steels, transgranular fractures predominated. 

These were of a ductile tearing type (Fig. 47). No striation was 

observed on the fracture surfaces. On high magnifications, furrows



  
Fig.47. General Transgranular Fracture in QT-B Steel. 

(x 1300)  Ak=22.3 unm72/2 K eg227 08 unm73/2 

  
‘Fig.48. Furrows Running Prallel to Crack Growth Direction 

in QT-B Steel. (x 13,000 ) 

AK= 27.4 unm 3/2 Kaz 3402 MNm_ 3/2



  
‘Fige49. Intergranular Branch Crack in QT-A Steel. (x 2600) 

‘ -3/2 c —3/2 
AXk= 3304 MNm Knax ee? MNm 

  
‘Fig.50. MTransgranular Branch Grack in IS Steel. (x 7000) 

—3/2 * —3/2 
OK=19 MNm i 37-5 MNm



  
Fig.e51. Transgranular Branch Crack in QT-A Steel. (x 7000) 

AK=16.8 unm72/2 K _=30.6 MNm72/2 
max 

  
Fige52. Decohesion of a MnS Particle in QT-B Steel. 

(x 1600 )



  
Fig.53. Decohesion of a Cr-rich Particle in IS Steel. 

(x 2800) AKe6 unm72/2 x _=30.9 mnm73/2 
max 

  

Fige54. Photograph Showing Dark and Light Bands on 

Fracture Surface of a Two-Step Load Test. 

(x 5.8 )
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running parallel to the crack growth direction were observed (Fig. 48) 

on the transgranular fractures. The furrows were also found in QT-A 

steel in the fully transgranular portions of the fracture surfaces. 

In all the three types of steel, branch cracks were observed 

under the stereoscan. The evidence of intergranular branch cracks 

in QT-A steel is shown in Fig. 49 and a representative fractograph 

of a transgranular type of branch crack found in QT-B and IS steels 

is shown in Pige 50. In QT-A steel, the crack branching was not 

only observed along the grain boundaries but also through the grain 

in some cases (Fig. 51). The fracture surfaces also revealed a 

bigger number of branch cracks in the QT-B and IS steels as compared 

to QT-A steel. 

The inclusions and the second phase particles seemed to play a 

secondary role in the process of fracture. Decohesion of the 

inclusions and the second phase particles from the matrix was observed. 

Fig. 52 shows a MnS particle and Fig. 53 shows a chromium rich particle 

separated from the matrix by decohesion during the fatigue crack 

growth process. These particles were identified by an energy 

dispersive x-ray analysis equipment (Keevex-Ray) coupled with the 

stereoscan. 

The fracture surfaces of the two-step loading tests showed 

alternate light and dark bands corresponding to the high and low load 

levels of the test. The bands were generally clearer in the tests 

where the difference between the high and low loads was 40%. Again 

these bands were more prominent in the QT-B and IS steels than in the 

QT-A steel. A typical picture of the fracture surface is shown 

in Fig. 54. When the fracture surface of IS steel was closely 

examined under the stereoscan at about 0° tilt angle, it was found 

that the fracture consisted of ill-defined large cellular structures.



  
(a) Low Load’ Region. (x 1250 ) 

  
(b) High Load Region. (x 1250 ) 

Fige55. Comparison of Fracture Surfaces on Adjagcent 

Dark and Light Band of IS Steel.
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Inside the large cells, there were smaller cells. Comparison of 

the adjacent light and dark band showed that the light band, i.e. 

the high load fracture surface, had more elongated cells than the 

dark band. The cells were drawn out in the direction of crack 

propagation. This is shown in Figs. 55a-b. Similar behaviour 

was observed with QT-B steel. In the case of QT-A steel, the 

cellular structure was not visible. The fracture had an appearance 

of flow in the crack growth direction. The high load band showed 

a more flowed fracture surface than the adjacent low load band 

(Fig. 56a-b). 

When the fractographs taken from the IS specimen were arranged 

in the ascending order of AK (Fig. 57), the gradual elongation of 

the cell structure with the increase of AK became more prominent. 

In the case of QT-A, the fracture surface became more flowed with the 

transgranular portions becoming more fibrous in the direction of 

crack growth as AK was increased. No noticeable pattern was 

observed when the fractographs were arranged in the ascending order 

of K es’ 

No special features of the fracture surfaces were found which 

could be related to small changes of load amplitude or mean load. 

However, the examination of the fracture surfaces of Seu reduction 

tests, where crack stopping and transient growth behaviour were 

observed, revealed one interesting feature. It was found that 

generally the region of Ba ay change was marked by the appearance 

of a ridge-like structure running perpendicular to the crack growth 

direction. At positions where Scan change was large, the ridge- 

like structure was accompanied by branch cracks. The branch cracks 

were found to be in a discontinuous line running nearly along the
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Fige58. Ridge-like Structure at the Position of High 

ae Change in QT-B Steel. 

(x 1250 )



  
(x 1300 ) 

  
Fig.60. Static Fracture Surface of IS Steel. 

(x 1300 )
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Fige61. Static Fracture Surface of QT~A Steel. 

(x 1250 }
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whole width of the fracture surface, (Fig. 58). 

The static fracture surfaces of the three steels were also 

examined. The fracture surfaces of QT-B and IS steels showed ductile 

dimple type of fracture (Figs. 59 and 60). The fracture surface of 

the QT-A steel, on the other hand, showed a mixture of ductile 

dimples and intergranular cracking (Fig. 61). In all the static 

fracture surfaces, the inclusions and the second phase particles 

were found to be associated with the dimple sites.
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De DISCUSSION 

5.1 Constant Load Tests 

The results of the constant load amplitude tests at constant 

mean load show that the rate of crack propagation was dependant on 

the heat-treatment and the general mechanical properties obtained. 

The materials QT-B and IS have nearly similar mechanical properties 

(Table 1) and similar crack growth rates. The material QT-A, on the 

other hand, has a much higher hardness and strength level and a much 

lower ductility. The crack growth rate in this steel is 3-5 times 

higher than that of the other two. It should be noted that the 

values of the crack growth exponent m, on their own, do not reveal 

the difference in the rates of crack propagation. The values of m 

for the three heat-treatments lie between 2 to 2.5 and their 

differences are marginal (Table 2). In actual fact, it is the 

combination of the values of m and the value of the pre-exponent A 

which determines the crack growth rate in each of these materials. 

The values of m and A do not show any significant correlation with 

the fracture toughness values obtained in the three heat-treatments. 

Therefore, the fracture toughness value cannot be used as an indicator 

of the rate of fatigue crack propagation. In general, the scatter 

of the results on the crack growth curve was more in the case of 

QT-A (Fig. 24a) than in QT-B and IS (Figs. 24b-c). The scatter 

bands of the constant load tests for the three materials will be 

used as the basis for the comparison of crack growth rates with the 

results of the programme loading tests. 

Disc Constant Load Amplitude with Variable Mean Load 

The results of both QT-A and IS steels show that the test with 

gradually decreasing mean load gave an overall higher growth rate than
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the corresponding test with increasing mean load. The value of R . 

was changed over the same range in both the cases. The test with 

decreasing mean load started with a high R value and a corresponding 

high crack growth rate. Though the R value was decreased with the 

progress of the test, the growth rate did not decrease in proportion 

to the R value since AK was increasing. On the other hand, with the 

increasing mean load test,the initial crack growth rate was low at 

the low R value, but the rate did not increase in proportion as the 

R value was increased. This indicates that the sequence of load 

application has an effect on the overall crack propagation rate even 

though the range of R value during the test could be the same. in) 

the increasing mean load case the value of m was higher and A lower 

than the values of m and A in the corresponding decreasing mean load 

case (Table 3). 

Figs. 95a-b show that the results of the decreasing mean load 

tests are mostly lying outside the scatter band of the constant load 

test results indicating a much higher overall crack growth rate. 

This effect is more pronounced in the case of QT-A steel. ey as 

possible that in this case of low toughness material, a static mode of 

fracture was operative in addition to the usual fatigue damage. 

Ritchie (105) has observed that the static mode of fracture such as 

cleavage or intergranular cracking could be dependent on the magnitude 

of the maximum tensile stress. He associated intergranular cracking 

with the higher growth rates in a low alloy embrittled steel tested 

at high R values. In the decreasing mean load test of QT-A steel, 

  

  

the analysis of the first load block showed an average x ratio 
min 

of about 1.56 and oe ratio of greater than unity, average AK 
mean 

being around 16 MNm-3/o. This condition, as observed in section
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(4.6), was associated with the highest percentage of intergranular 

cracking. Thus the higher growth rates in the decreasing mean load 

test on QT-A steel could be due’ to the static component of fracture. 

Da Stepped Increase in Load Amplitude 

The results of these tests show that there was no noticeable 

transient acceleration of crack growth rate at the point of increase 

in load amplitude when the mean load was kept constant. The rate of 

crack propagation after the load amplitude change seems to conform 

to the higher AK level experienced by the crack ‘tip. Though the 

respective m and A values for QT-A and IS materials were different 

from those obtained in the constant load tests, the crack growth 

rate results fell within the scatter bands of the constant load tests 

for the two materials (Figs. 27a-b). When the crack growth curve 

for any of the two heat-treatments were examined closely, it could 

be noticed that the results of each load block had a different slope 

than the other ones. For both the heat-treatments, the slope for 

the individual load blocks became steeper with the increase in R 

value. This tendency was stronger for QT-A steel which is possibly 

more susceptible to the static mode of fracture. 

If the overall growth rate for each test is considered, there 

does not seem to be any effect of the interaction between the load 

amplitudes in the adjacent blocks in either of the heat-treatments. 

5-4 Two Step Loading 

The crack growth rate results of the two step block loading 

indicate that there was no transient acceleration effect on crack 

growth rate due to the low-high load amplitude change. The high- 

low load amplitude change, on the other hand, showed some transient 

delay effect on the crack propagation rate. This effect became
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more noticeable if the difference between the high and the low load 

amplitudes were increased. Moreover, this transient slowing down 

effect seems to be related to the yield strengths of the materials, 

being prominént in the case of low strength material such as IS. 

Let us now compare the constant load crack growth results with the 

two step load test results (Figs. 29a-c). It can be noticed that 

in the case where the difference between the high-low amplitudes was 

20%, the crack growth results for the two step load test fell within 

the constant load scatter band for each of the heat-treatments. The 

values of m and A obtained with the three heat-treatments also correspond 

to those obtained in corresponding constant load tests. This implies 

that the load interaction effect is not operative in cases where load 

amplitude difference is low. This observation agrees with the con- 

(78) clusion drawn by Christensen in two-step load tests. 

In the case of 40% load amplitude difference between the high 

and the low load blocks, the results of QT-A material were within the 

scatter band for the constant load test. Thus even for a considerable 

difference in load amplitudes, the load interaction effect does not 

show up clearly in the case of high strength material. In fact, the 

values of m and A, when compared with the constant load results, 

indicate a slightly higher overall crack growth rate. This increase 

could be due to the effect of higher R values of the load blocks as 

compared to the constant load test. On the other hand, for the low 

yield strength IS material, part of the crack growth rate results of 

the two-step load test with 40% amplitude difference lay outside the 

scatter band for the constant load test. This indicates an overall 

slower crack growth rate. Thus, a big difference in load amplitudes 

for high-low loading causes the transient delay effect in low strength
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material. From the equation (10), it can be seen that the lower 

the yield strength, the bigger will be the maximum plastic zone size. 

If the maximum plastic zone size were related to the delayed crack 

growth rate (91,92) | it seems reasonable that the lower strength IS 

material would be subjected to a bigger load-interaction effect than 

the high strength QT-A material. 

De Constant AK Tests at Constant K 
mean 

  

It was quite surprising to find that with both QT-A and IS 

steels, a gradual reduction of the crack growth rate occurred with 

the increase in crack length even though AK and Per were kept 

reasonably constant. It was hypothesised that the load-interaction 

due to block-load shedding could have caused this slowing down. A 

test was, therefore, performed with IS steel using semi-continuous 

load shedding where the difference between the adjacent load 

amplitude was only about 4%. The stress intensity range was kept 

constant at 19 win 2/2 at R = 0.493. <A reduction of 46.2% in crack 

growth rate was observed between a/W of Oudib to 0755... This resimkc 

eliminated the possibility of load-interaction. Next it was thought 

that the current passing through the specimen for the crack growth 

measurement purpose might have some effect. Therefore, the above 

test was again performed without the potential method and using 

travelling microscope only. The slowing down was again obtained. 

Next, it was considered that the atmospheric moisture might have 

been increasing the crack growth rates at low a/W values, whereas 

at high crack lengths, due to the difficulty of penetration, the 

moisture had no effect. The test was, therefore, performed by 

sealing off the possible fracture path from the outside atmosphere 

by means of a small container built around the specimen. The
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reduction of the crack growth rate was observed once again. The 

fracture surface was considerably cleaner than that usually obtained 

with tests in atmospheric condition. This showed that the moisture 

was not responsible for slowing down. 

The constant K condition tests were performed at different AK 

values. The tests showed a reduction of the crack growth rate by 

about 50% between crack length of 0.15 W to 0.55 W. Recently 

Von Euw et al (93) reported a similar effect in aluminium alloy. 

He observed a reduction of about 15% for crack lengths between 

0.25 W to 0.45 W, but he could not explain the reason for it. 

Dowse and Richards (106) found a reduction of crack growth rate 

by a factor of 2 in tests with a welded low alloy steel under constant 

K conditions. They observed this gradual slowing down when the 

crack was grown from the parent metal towards the heat-affected zone, 

the H.A.%. being at wo. to the tensile axis. They argued that the 

increased hardness of the H.A.Z. did reduce the plastic zone size 

at the crack tip with a consequent reduction in COD and the crack 

growth rate. In contrary to their arguments, the hardness and 

a curves given in the paper showed that the slowing down occurred 

long before the crack tip reached the hard H.A.Z. By considering 

the extreme case of a plane stress condition, if we calculate the 

plastic zone radius ry (Equation 11), using the data given in the 

paper, we get Ly = 1.15 mm. The slowing down started at a distance 

of 5 mm from the hard H.A.Z. Thus the explanation put forward for 

the reduction of the plastic zone size by the hard H.A.Z. does not 

seem to be a very sound one. 

On the basis of the evidence of the present investigation and 

the examination of the available literature it seems reasonable to
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conclude that the reduction of the crack growth rate at constant K 

conditions is a material property and does not depend on the specimen 

geometry. 

It can be seen from table 6 and Fig. 30a-b that the gradual 

and systematic reduction in crack growth rate started at about a/W = 

0.3. The crack growth rate values before that show scatter, but can 

be approximated by a mean constant value. The scatter is more at 

high AK than at low AK. 

In constant K tests, the mean load was reduced gradually to keep 

Basar constant. The crack growth rates were therefore plotted against 

mean stress (Fig. 3la-c) which showed that a relation between the two 

variables existed for each AK value. If the crack growth rates at 

different AK values for a constant mean stress are plotted against 

AK, we obtain Fig. 62a-c. These curves show the effect of mean stress 

on the crack propagation rates of the three materials. In each case, 

: : dae: : 
at a constant AK, if on increases, 37 increases; a factor of 2 increase 

da 
dn 

the case of QT-A steel at constant mean stress, the rate of increase 

in mean stress causing an increase in by va factor of. (5. in 

in = increased at very high AK levels. It could also be noted from 

Figs. 31a-c that for each AK value, there is a saturation mean stress 

level at which the crack growth rate is virtually constant. 

Pemiedagse 2; through his theory of crack growth by shear and 

decohesion, has shown that the crack growth rate could be a function 

of AO, oO, and a (equation 15). Since the constant K condition 

tests showed an effect of mean stress and crack length on the crack 

growth rate, it would be interesting to find how well equation 15 

fits the present data. The data replotted in terms of this equation 

are shown in Figs. 63a-b. It could be seen that 1:1 slope between
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3 da AO 7o, and 7 . * as predicted by equation 15 does not hold. For 

the present data, the slope observed had a value of roughly 1:2. 

Thus an equation of the following type resulted: 

B= aso)to™ a (34) 

where A, m and n are constants. 

The values of m and n for the present data are about the half 

of those obtained by Tomkins who used Frost and his co-workers' data 

on different materials. The constant K condition data, though it 

followed equation 34, showed a layering effect which depended on 

AK values, the data of each AK level having a A value of its own. 

A similar correlation can be obtained by replacing oO, by ae 

in equation 34. The layering effect still existed, but the overall 

scatter is reduced (Figs. 64a-b). Thus the use of the maximum 

stress is advantageous over the use of Oe ak and the maximum stress 

seems to be a better controlling factor for the crack growth rates. 

The equation of the crack growth rate obtained in this 

investigation on the basis of maximum stress was of the type: 

ae 16D O55 
Chak oe A(Ao) "> Cox oe (35) 

When os =A0O, the above equation reduces to: 

da 2 
ata A(Ao) "a 

da 2 
or ro f£(A0)~a 

£(AK)°
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' Fige65. Isolated Regions of Micro—void Coalescence and 

Intergranular Fracture in QT-A Steel. (x 2000) 

. -3/2 E -3/2 
Ak=22.9 MNm Kao MNm
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(38) The above relation is consistent with Liu's observation 

who used an energy criterion for his fatigue crack growth equation. 

5.6 Constant AK Tests at Constant Mean Load or Maximum Load 

In view of the discussion on the results of the constant K 

condition tests, it could be expected that the crack growth rate at a 

constant AK and at a constant mean load would be constant. Table 7 

shows that in the case of high strength QT-A steel, this is true. 

In fact, the crack growth rates showed slight increases at high crack 

lengths. Such an increase would be expected if this material is 

sensitive to high Pee values. Examination of the fracture surfaces 

showed the evidence of both the intergranular cracking and the micro- 

void coalescence in isolated areas at high ro values (Fig. 65). 

In the case of low strength IS steel tested at constant mean 

load, a reduction in the crack growth rate with the increase in crack 

length was observed. This showed that though the mean load may affect 

the growth rate, other factors are at work. It was noted that for 

the low AK tests (AK = 19 wnin~2/2) , the higher was the mean load, the 

bigger was the reduction in growth rates; whereas for the high AK 

tests (AK = 30 wim 2/2), the reverse happened. For the latter case 

where ee was high CK = 60-70 wnim3/2) , the possibility is that 

some static modes such as micro-cleavage or micro-void coalescence 

was contributing to counteract the crack growth reduction. An 

examination of the fracture surface was not very conclusive, but some 

micro-void coalescence was observed. 

When ©. oy was kept constant at constant AK, the QT-A material 

again showed a behaviour similar to that at constant mean load. In 

the cases of QT-B and IS steels, the crack growth rate was fairly 

constant up to a/W = 0.45, indicating that O.y is a better crack



  
Fige66. 

Etched Fracture Surface. (x 6500 ) 

Etchant-—— Nital{2%). | Time-—— 20 Secs. 

Cleaved Region in QT-B Steel. 

Ak=18.4 unm72/2 K _=35 unm73/2 
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growth controlling factor than ©. oan? The slowing down at very high 

crack lengths in the IS steel could be related to excessive 

plasticity and crack blunting due to very high ae values. 

  

Dior. Constant hea with Increasing AK 

The crack growth curves given in Fig. 32 show that at low value 

of Baie (= 19 unin” 2/2), the crack growth rates were well inside the 

scatter-band of the constant load tests. . For tests with high Bs 

values, the crack growth rates were faster than the constant load 

tests in both QT-A and QT-B materials. The fracture surface of the 

QT-B steel showed isolated patches of cleavage fractures at high 

Sa The cleaved area, when examined closely, showed particles 

embedded in the matrix. The fracture surface was etched in nital 

for twenty seconds and examined under the stereoscan again. The 

cleaved area now showed up the distribution of some small second 

phase particles (Fig. 66). These particles are believed to be 

carbide particles which caused the cleavage fracture. Thus in both 

QT-A and QT-B steels, the crack growth rates at high Gaee were 

influenced by additional modes of fracture. 

Though the regression lines have been drawn through the results 

of the tests for different San values, it could be noticed that in- 

spite of the increasing AK, the crack growth rates showed a slight 

gradual slowing down. This could be due to the decreasing R value 

with the progress of the test. Looking at it in another angle, 

this slowing down could be due to the decreasing maximum stress 

which has been shown previously to influence the crack growth rates. 

5.8 AK Interaction Effect 

When the testing conditions are such that no slowing down of the 

crack growth rate occurs at a constant AK condition, it would be of
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value to find the effect of interaction between different magnitudes 

of stress intensity ranges. The results of such tests are shown in 

table 10. No crack growth retardation effect of AK reduction was 

noticed in either QT-A or IS steel up to aAK change of 50%. On the 

other hand, no crack growth acceleration was observed due to the 

increases of AK values. The crack growth rates given in table 10 

show some increases as compared to the constant load crack growth 

rate values, but this is only a reflection of higher maximum stresses 

used in the present tests. These increases, therefore, do not 

reflect any genuine AK interaction effect. The AK titemietion 

effect showed up only when the reduction in AK was 60%. Under this 

circumstance, the crack growth rates became considerably slower with 

respect to the constant load tests in both the heat-treatments even 

though R values were higher. Tt could be argued that in the case of 

IS steel, for the reasons of crack blunting and excessive plasticity 

at high K ek as discussed in section 5.6, the slowing down has occurred. 

However, QT-A steel which would be expected to show crack growth 

acceleration at high ee values, did show a slowing down. Therefore, 

this slowing down of the crack growth rate above 50% reduction in AK 

is a genuine interaction effect, though in the case of IS steel, part 

of it could be due to the crack blunting effect. It is thus believed 

that an interaction effect due toAK change occurs only at very high 

changes and the magnitude of such an effect is very small. 

Bad K Reduction Tests 
mean 
  

The occurrence of a transient crack growth period in steel after 

a reduction in Pies agrees generally with similar observations made 

by other people in aluminium alloys. The number of cycles required 

at the lower ce level to return to a stable crack growth rate was
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found to be a unique function of the percentage reduction in the 

maximum stress or ea at the point of load change. Attempts to 

relate the number of transient growth cycles to the average stress 

intensity parameters of the load-blocks were not very successful. 

The functional relationship between the transient growth cycles and 

the percentage reduction in nas is shown in Fig. 67. The two 

variables can be represented by an equation of the type: 

lop Np = BO) +C (36) 
max 

where Nn is the number of cycles of transient growth, ee % is the 

percentage reduction in the maximum stress, and B and C are 

constants. 

The maximum stress is preferred to Kae to establish this 

relationship because the former has been found to be an important 

crack growth controlling variable (Sections 5.5 and 5.6). However, 

oe can be replaced by an at load change in equation 36 to obtain 

the same result. 

It can be seen that the results of the two low strength ductile 

steels fell into one scatter-band and are different from the results 

of the high strength QT-A steel. The co-efficients B and C in 

equation 36 characterise the two sets of results. Thus the transient 

crack growth region increases systematically with the increase in 

Dea reduction. The transient growth exceeds a million cycles if 

the percentage reduction in a is about 45% in the case of QT-B 

and IS steels, and about 55% in the case of QT-A steel. This can be 

regarded a totally retarded or dormant crack. This observation 

(107) 
agrees with the findings of Jonas and Wei on a titanium alloy.
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The table 12a-b shows that the number of transient growth cycles 

decreases with the increase in AK for the same percentage reduction 

an Thus in QT-A steel, even a 60% reduction in Ree did 
mean” an 

not cause crack dormancy at AK = 22 win 3/2, whereas under the same 

condition a dormant crack occurred at AK = 16 wm” 2/2, In general, 

the low strength steels were found to be more susceptible to crack 

growth delay than the high strength QT-A. Thus a total crack 

dormancy was obtained with QT-B and IS steels with only 50% 

reduction in K ae at all values of AK tested. 

Both the AFFDL model (91) and Wheeler model (92) predict a 

return to the non-retarded crack growth when the maximum plastic 

zone boundary at the lower stress level touches the elastic-plastic 

boundary due to the maximum stress at the previous high load level. 

It is worthwhile to analyse the results of the present tests in the 

Light of these models. 

The plane strain maximum plastic zone radius was calculated 

(equation 10) at the end of each high load block. The same was 

calculated for the low load block at the end of the retarded growth 

region. The difference between the two plastic zone sizes are then 

calculated. These differences and the actual transient crack growth 

distances are compared in table 16. No definite relation could be 

observed between the two parameters. At low changes in & the 
max’ 

transient growth is smaller than the plastic zone difference and at 

high changes, it is bigger. This holds good for all the heat- 

treatments and all the AK levels tested. Thus AFFDL and Wheeler 

models do not seem fit in the present results. On the other hand, 

the amount of transient growth can be related to the percentage 

reduction in Cans as shown in Fig. 68a-b. Again the results of
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QT-B and IS steels fell into one scatter—band and those of QT-A in 

another. The functional relationship between the two variables is 

given by 

log ap. 2 (PO, 2), +9 (37) 

where apis the amount of transient crack growth in mm; P and Q are 

constants. 

The observation of increasing amount of retarded growth with 

the increasing amount of percentage overload for a high-low load 

sequence is consistent with the observations made by Corbly and 

Packman (91) and Von Euw (93) | 

If we examine the stabilised crack growth rate data given in 

table 11a-b, we find that there is a systematic slowing down of the 

growth rates at constant AK for the different heat-treatments. The 

crack growth rates followed equation 35 generally, but the scatter 

was found to be bigger than that obtained in tests where AK was 

kept constant uniformly. This scatter arises from the interaction 

effects of Mes In general, the crack growth rates obtained in 

the stabilised growth regions of the test were higher than those in 

the constant load tests. This increase in growth rates can be 

attributed to the higher R values used in the Bars reduction tests. 

Some variations of the transient growth results could be 

observed when duplicate specimens are considered. This could be 

due to the difficulty in locating the exact position of the end of 

the transient growth period on the potential drop chart. Nevertheless, 

the trends observed in Figs. 67 and 68 are real and are not 

invalidated by the drawback mentioned above.
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Since it was established that about 50% decrease in Ena 

could produce a dormant crack in QT-B and IS steels at constant AK 

condition, it was necessary to evaluate the effects of increases in 

AK under such conditions. The table 13 shows that an increase of 

20% in AK could not counteract the interaction effect of eC 

The reduction of See in this case was 44.3%. This decrease can 

cause the dormancy of the crack as would be obvious from Fig. 67 

ch. CyOline. Tor 10° cycles is regarded as a measure for total 

dormancy. A AK increase of more than 20% is required to cause the 

crack growth and more than 50% increase in AK is required to totally 

overcome the effect of 50% reduction in a Thus an increase of 

just more than 8 wim” 3/2 in AK could counteract the effect of Rank 

reduction by 14 wain72/2 , It confirms that AK is a more important 

factor than Pat in the fatigue crack growth process. It should be 

noticed that an increase in AK needs to be such that the decrease in 

Ca is less than 20% so that the crack can grow practically 

unretarded (Fig. 67) in QT-B and IS steels. 

51 COD Tests 

The crack-tip opening displacement measurements were made to 

establish whether there is any relation between COD and the slowing 

down of crack growth rates under constant AK condition. For the 

Oi values used in the constant AK tests, the COD values were 

obtained: from Fig. 55. The plane strain COD value for the constant 

average Sal of the test was also calculated.



ou) Tae, 

  

  

Fn oe COD : Dia. d 

a wm? max pee 1:0) oem 

¥ x6 yin 2/ 2 Measured Calculated 

O22 =°0.25 A7.6 aT 65 7.8 9.5 

O15. = 0255 36.6 Sie o 6.0 9:55 

0.4 4 O.ae 28.1 aa 6.8 9.5 

  

Table 17. Comparison of Experimental and Calculated COD 

The table 17 shows the comparison of the results. It can be 

seen that the COD values obtained at different crack lengths were 

fairly constant and agreed reasonably with the calculated COD. 

Thus the results did not explain the phenomenon of crack growth 

slowing down at constant K conditions. In fact, the range of COD 

values should have been calculated to make a comparison with the 

crack growth rates. The method employed for COD measurement was 

not accurate enough at low loads. The COD values below the stress 

level of€20 wim could be in error. 

The second COD measurement test was performed to investigate 

whether or not a relationship existed between the crack opening 

displacement and the transient growth rate after a fe reduction 

under a constant AK fatigue condition. The results given in 

table 14 show that high values of maximum and minimum COD were 

obtained at the high x one block, the COD due to the stress intensity 

range being 1.49 x 10? mm. Keeping AK the same, a reduction of 

Ba by 30% did lower both the maximum and the minimum COD, but 

the COD range was higher. This higher COD range implies crack 

blunting. The measurements of COD up to 12,000 cycles showed some
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erratic behaviour and after that the values of maximum, minimum and 

range COD became constant. The range COD value was then the same 

as that obtained before the K oth change. On the potential chart 

record, the transient growth period was found to be about 39,000 

cycles. The table 14 shows that after 39,000 cycles, the COD 

values were increasing indicating that the crack tip has grown 

beyond the points at which the measurements were being taken. 

The results given in table 12b show that for the testing 

conditions as above, the number of cycles the crack remained dormant 

was 7500 and the number of cycles of slow growth was 39,000. These 

values are comparable to 12,000 cycles of erratic behaviour in 

COD and 27,000 cycles of steady values of COD before the crack has 

grown beyond the COD measurement points. This shows that there is 

some relationship between the COD and the transient growth after a 

load change but the picture of it does not become very clear from 

the present experiment. A more accurate and continuous method of 

COD measurement in fatigue condition needs to be employed to get a 

better understanding of the load-interaction process. Nevertheless, 

the present result indicates that the dormancy of a fatigue crack is 

related to the crack-tip blunting when a decrease in Gia occurs. 

The crack-tip then undergoes a process of re-sharpening to attain a 

particular root-radius before any growth can take place. This 

result agrees with the view put forward by McMillan and Pelloux (82) 

who believed that the radius of the crack-tip is characteristic of 

the stress level; the lower the load level,the sharper the tip is. 

However, Elber's (89) erack closure concept could be an alternative 

explanation to the transient growth behaviour observed in programme 

loading condition. He showed that when a high load cycle is
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followed by a low load cycle, the stress at which the crack opens 

is decreased below the value that should have prevailed should there 

be no interaction. This would increase the effective value of AK. 

In the case of 50% decrease in the load amplitude at R = 0, Elber 

demonstrated that the crack opening stress then gradually rises 

reducing AK. op until no growth occurs. However, in view of this 

observation it can be argued that in the case where the load 

reduction is less than 50% at R # 0, the crack opening stress is 

decreased thus increasing AK pe which would cause crack blunting. 

Further cycling would reduce AK. o¢ causing crack sharpening until 

the crack opening stress reaches a stable value so that a normal 

crack growth consistant to the stress level would occur. 

beet The Effect of Stress Level 

A study of the relevant literature showed that in the field of 

fracture mechanics it has been well established that the stress 

intensity range is the predominant factor which controls the fatigue 

crack growth process. It is generally believed that if AK is 

constant, & will be constant. The findings of the constant K 

condition tests in the previous investigation do not support this 

general belief. The crack growth equations containing AK and Eee 

listed in the literature survey can thus only be applied to the 

results of the present investigation where AK was not constant. 

No suitable fracture mechanics equation was available which could 

take into account the crack growth rate slowing down of the constant 

AK tests. The equations containing stress ratio term, which were 

meant to account for stress level effect, could neither be applied 

because all of them imply that aa should be constant at constant AK. 

However, since the evidence of stress level effect has been observed
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in some of the load controlled programme loading tests, it is 

necessary to analyse the present results in terms of the existing 

equations. 

Most workers in fatigue have shown that the rate of crack 

propagation increases as the stress ratio R increases. Some 

equations were, therefore, put forward to unify the results from 

different R level tests. The most promising one referred to 

frequently was given by Forman et al (Equation 18). Recently, 

(44) Pearson showed that equation 18 was not a good fit to his crack 

growth rate results. When the results of the present investigation 

were analysed, the same conclusion was arrived at. Pearson demon- 

strated that a better fit to the results could be obtained by 

modifying Forman's equation. Since Pearson used K instead 
max( Lt) 

of K, in the modified equation, analysis of the present results was 

done on the same basis. The results are shown in Fig. 69a-c and 

Fig. 70a-c. The modified equation fits better in the case of QT-A 

steel than IS steel. In all the cases, the scatter at high AK 

values is still noticeable instead of the modification done on 

Forman's equation. Moreover, if the results of the three loading 

conditions considered in the analysis for each heat-treatment are 

compared, a scatter between them can be found. Thus it appears 

that the available equations containing R term could not unify the 

results from the different tests. On the basis of this observation 

and the occurrence of gradual slowing down of the crack growth rate 

at constant K conditions where R was constant, it could be argued 

that the stress ratio R does not actually reflect the stress level 

effect on the fatigue crack growth rates. 

The observation that the crack growth rate at a constant AK
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condition was reasonably constant if the maximum stress was kept 

constant, indicates that it is the maximum stress which plays an 

important role in the fatigue crack propagation process. McMillan 

and Pelloux (82) also demonstrated the influence oo on crack 

growth rates in their programme loading tests. Moreover, the 

evidence of the occurrence of static modes of fracture such as 

micro-cleavage, micro-void coalescence and intergranular cracking 

were associated with the high maximum stress of the tests in the 

(50) 
present investigation and also elsewhere. Thus it seems 

reasonable to believe that it is not the stress ratio R but the 

actual magnitude of the maximum stress which reflects the stress 

level effect. 

Hele Microscopic and Fractographic Observations 

It has been shown in the results that the rate of fatigue crack 

propagation could not be associated with the general micro- 

structural features of the three heat-treatments. On the other 

hand, the general mechanical properties of the material such as the 

yield strength and hardness reflect the macroscopic fatigue crack 

growth characteristic of the materials. The material with high 

strength and high hardness (QT-A) showed 3 to 5 times higher growth 

rate than low strength and ductile materials (QT-B and IS). Because 

of the high ductility, the materials QT-B and IS could accommodate 

more strain at the crack tip by plastic deformation without fracture 

than the brittle QT-A steel. In addition to this, more energy 

was dissipated in ductile steels by extensive crack branching and 

island formation. Thus the QT-B and IS steels were more resistant 

to crack growth than QT-A steel. 

On the microscopic scale, the QT-A steel had inherent grain 

boundary weakness which contributed to its faster crack growth rate.
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This G.B. weakness has been shown to be due’ to the segregation of 

trace elements such as As, Bi, Sn, Sb and due to the precipitation 

(108) In QT-B steel, on the of brittle carbides during quenching. 

other hand, the segregation of impurities would have been eliminated 

by long hours of tempering. The general micro-structural features 

of thethree heat-treatments did not seem to play any important part 

in the crack growth process. The stringer type MnS inclusions 

which were perpendicular to the crack growth direction have been 

found to cause branch cracking in QT-B and IS steels and thus 

possibly lower the rate of propagation of the main crack. Alavegeyllab 

the three micro-structures tested, the inclusions and the second 

phase particles were found to be associated with the static modes 

of cracking at high maximum stress levels resulting in higher crack 

growth rates. The second phase particles were also found to be 

associated with the void coalescence of the static fractures. Thus 

these particles played a secondary role only at high stress levels. 

The occurrence of light and dark bands on the fracture surfaces 

of the two step load tests agrees with the similar observation made 

by Hardrath and McEvily (79) in aluminium alloys. They did not 

give any explanation to this phenomenon. In the present invest- 

igation, the appearance of dark and light bands has been found to 

be due to the relative difference in the size of the cell structure 

formed on the fracture surfaces or due to’the extent of flow of the 

material. This difference has been shown to increase with the 

difference in AK, because the size of the cell structure or the 

extent of flow showed increases with the increases in AK (Fig. 57). 

The appearance of dark and light bands was thus not due to any 

specific change of the fracture mode but due to the abrupt change 

in AK level. The size of the cell structures observed on the
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Material OK K 2 My 2ry ary 
MiNm7 3/9 af Fatigue Maximum Sie ae 

MNm ~“ 2 jum jum 

QT-A 16 20.0 2.6 15.8 0.564 
Oys = 19 24.8 3.6 oa 0.865 
1637 MNm~2 22 27.5 4.8 30.0 1.070 | 
Grain Size= 25 3.3 6.2 38.8 1.385 
pe 30 37.5 9.0 54.6 1.950 

QT-B ; 16 20.0 1432 90.0 2.30 
Oys = 19 24.8 20.2 138.2 3.54 
687 MNm™> 02 27.5 26.2 170.0 4.36 
Grain Size = 25 ge 35.2 220.2 5.65 
ee 30 37.5 50.6 316.2 8.10 

Is 16 20.0 45 .6 284.8 Tite 
Oys = 19 24.8 64.2 437.8 10.95 
386 MNm™* 22 27.5 86.2 538.4 13.46 
Grain Size ~ 25 Sis Tae? 697.6 7 44 

40 am 30 37.5 160.2 1001.4 25.04 

Table 18. Grain size, plastic zone size and crack 

growth rates for three heat-treatments
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fracture surfaces, because of their lack of definition, could not 

be related to the stress intensity values. The possibility is that 

the cell structures are formed due to a non-uniform growth of the 

crack front in the form of tongues; these tongues increasing in 

size as the plastic zone size increases at the crack tip. A 

similar model of fatigue crack growth has been suggested by Robinson 

and eaters 19? 

Williams and Smith (110) showed a kind of 'tide-mark' on the 

fatigue fracture surfaces of A-brass when the mean stress was changed. 

This mark was formed by a slight change in the direction of the crack 

plane. The observation of a ridge-like structure in the present 

investigation in the region of transient growth after a He haa 

change (Fig. 58) could be due to the same phenomenon. A slight 

change of crack growth direction was also noticed in the two-step 

(40% load change) tests after a load Dims and this again corroborates 

the above findings. 

Robinson and Beevers (109) have observed that in e&¢-titanium, 

when the reversed plastic zone size was smaller than the grain size, 

the fracture process became grain orientation controlled producing 

more intergranular cracking. When the plastic zone size was bigger 

than the grain size, Pa was playing a prominant role producing 

furrows running parallel to the crack growth direction. With a view 

to find the effect of grain size on the fatigue crack growth in the 

present investigation, the maximum and the fatigue plastic zone 

radii were calculated by using equations 10 and 11 respectively. 

The results are shown in table 18. 

It can be seen that the fatigue plastic zone size of QT-A steel 

up to a AK value of 30 nim” 2/2 was much smaller than the grain size.
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This could explain the occurrence of intergranular cracking in this 

micro-structure. However, in the QT-B steel, up to a AK value of 

25) win 2/2, the fatigue plastic zone size was smaller than the grain 

size. One would thus expect the intergranular cracking to occur 

at low AK values. On the contrary, no evidence of intergranular 

cracking was observed in this micro-structure. In the IS steel, 

the fatigue plastic zone size was much bigger than the estimate of 

the grain size. The absence of the intergranular cracking can thus 

be explained. 

When the maximum plastic zone size is examined, it is found to 

be smaller than the grain size in QT-A steel up to a AK value of 

19 wnin7 2/2, If we consider that the maximum plastic zone size to 

the grain size ratio is a controlling factor for the intergranular 

cracking, then the observation of maximum intergranular cracking at 

AK values between 16 - 20 wim 3/2 can be explained. In cases of 

QT-B and IS steels, the maximum plastic zone size is much bigger 

than the grain size and therefore transgranular fracture should 

predominate. Furrows were observed on transgranular fracture 

surfaces at high AK values which is in agreement with the observation 

of Robinson and eeversnee 

De lS) A Proposed Mechanism of Fatigue Crack Propagation 

In order to obtain a possible mechanism of fatigue crack 

propagation, the following assumptions were made:- 

a) The fatigue crack propagation is discontinuous, i.e. 

the crack increases in length by jumps. 

b) Fatigue is considered to be an accumulation of damage 

process. 

c) The material in the plastic zone is damaged.
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Fige7l1. Schematic Representation of The Proposed Crack Growth 

Mechanism.
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a) Two plastic zones are operative in fatigue, 

| i) The zone due to the maximum load, 

ii) The zone due to the cyclic load. 

e) The yield stress in tension and in compression is the 

same. 

Now we can briefly state the mechanism as follows. 

With the first application of the tensile load, a maximum plastic 

zone is formed at the crack tip. On subsequent cycling, a cyclic 

plastic zone is formed inside the maximum plastic zone due to the 

reverse yielding. Damage due to the plastic deformation accumulates 

inside the plastic zones. It ig to be noted that the maximum plastic 

zone forms only once during cycling if the crack is stationary. 

When the damage inside the cyclic plastic zone reaches a Critical 

value, the crack extends by a discrete amount inside the damaged 

material. As soon as the jump occurs, the immediately following 

rising part of the load cycle causes the maximum plastic zone size 

to extend beyond the old one by a certain amount. The maximum 

extension of the maximum plastic zone is on the crack plane and is 

equal to the crack jump. The cyclic plastic zone forms again and 

the whole process is repeated with the subsequent crack jump. the 

crack propagation rate will therefore be mainly dependant on the 

cyclic plastic zone (i.e. on the cyclic load or AK) but as a 

consequence of crack extension will also be dependant on a fraction 

of the maximum plastic zone. The extent of the fractional plastic 

zone will depend on the crack growth rate or in other words, on the 

crack growth resistance of the material. Schematically, the 

mechanism is shown in Figs. 7la-c. 

The mechanism shown in Fig. 71c will repeat. Hence it can be



wiGe 

argued that the crack growth rate will be dependant, to a minor 

extent, on the magnitude of the maximum stress. Since the extent 

of damage ahead of the old maximum plastic zone will also be 

dependant on the yield stress of the material, it can be assumed 

that the ratio of @: to 6 will be a measure of that damage. 
max ys 

  

  

Hence 

& cl (ry cyalae x Damage due to plasticity on account of o) 

ie, Bac (an)?, (BX) 

a _ a(ax)?, (B® 

Generalising the above equation, we can write, 

da, A(AK)™ 
apt tcon' (38) dn R 

This mechanism can be applied to account for the stress ratio 

effects. It has been observed that the higher the stress ratio, the 

faster a fatigue crack grows. Let us consider the two fatigue 

situations where AK values are the same but the stress ratios are 

different, i.e. one has higher Pas than the other.
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Time 

We find that the cyclic plastic zone size will be the same 

in both the cases but the damage due TO. ie will be different. 

The situation where ae is higher will experience more damage 

than the one with lower oS Hence the growth rate in the higher 

stress ratio case will be more than that in the lower stress ratio 

case. The crack growth rates will thus be given by the equation 38. 

Let us now estimate the area of the fractional plastic zone 

formed due to a. during a crack jump. For simplification a 

fatigue situation where Cy is constant is considered here. The 

size of the plastic zone formed due to the maximum stress intensity 

will be constant throughout the growth. After a crack jump, the 

position of the quasi-stationary crack and the associated maximum 

plastic zones are shown in Fig. 72. The points O and O' are the 

centres of the old and new plastic zones before and after the jump 

respectively. The radius of the plastic zone is ry and the crack 

jump 00' is considered to be equal to Aa. The area of fractional 

plastic zone (A,) will then be given by (see Appendix 2) 

1 
2 2 

Aes 8 Lee 21 sin7! Ae + ee 4S (Aa)” 
y ery 4 or 2] 

Y ry
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Old Plastic Zone New Plastic Zone 

Maximum Plastic: Zone Radius = r 

Aa = Crack Jump. 

Area ADBC = An = Fractional Plastic Zone 

Due To Crack Jump. 

Fige72. Schematic Drawing Of The Extension Of 

Maximum Plastic Zone Due To Crack Jump.
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If Aa is very small in comparison to Lys then neglecting the square 

“1 ha _ fa term and putting Sin 7 we O8e write, 

Z. Y 

2, aa Ap = ery ry 

= 2ry Aa (39) 

By using this simplified equation for A_, the error will be FP 

maximum if Aa = ery, but for small values of Aa, the error will be 

negligible. In an extreme case where the crack jump will be equal 

to the diameter of the cyclic plastic zone, the maximum plastic zone 

formed after the jump will be equal in size to that formed before the 

jump. In actual situation, the jump will occur by a fraction of the 

cyclic plastic zone. The residual stresses constraining the crack 

tip will not allow the size of the maximum plastic zone formed in 

this condition to equal the old one. Thus the newly formed 

maximum plastic zone will be smaller. The calculation used to 

arrive at equation 39 was based on the assumption that the maximum 

plastic zone before and after the jump are equal in size. This 

constitutes a limitation to the derivation. Though the area 

calculated from the simplified equation will be over-estimated by a 

certain fraction of the actual area formed due to the jump, yet it 

will be a fairly good approximation for the purpose of discussion. 

Let us take the data from six different tests with two heat- 

treatments QT-A and QT-B. The Hee value was kept constant in each 

case by reducing the O ax value as the crack grew. If we consider 

the crack jump to take place in each cycle, then a values from the 

tests can be used as the value of a to calculate the fractional
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plastic zone areas. The calculated fractional plastic zone areas 

Omax 
  are then plotted against values of the tests. (Figs. 73-78) 

ys 
Each plot shows a linear relationship between the two variables. 

Omax 
  Hence it can be concluded that the inclusion of term in the 

erack growth equation is justified in the light oft proposed 

mechanism of crack propagation. It can also be seen from these 

plots that as ae was decreasing, the fractional plastic zone size 

was increasing. This happened because the stress intensity range 

was increasing in these tests thus increasing the amount of the crack 

jump. 

The slowing down of the crack growth rates under constant AK 

and ice condition can be explained by the same mechanism. The 

fractional plastic zone areas were calculated for these tests and 

Omax 
  plotted against as shown in Figs. 79 and 80. It can be seen 

that even under fe Cone LAdi AK condition, the fractional plastic 

zone size was decreasing as’ the maximum stress was being reduced 

with the increase in the crack length. Again in these cases, except 

for the points at the high Cae end where = was fairly constant, the 

data plotted can be represented by straight lines. If the effect 

of constant AK on the crack growth rate is considered constant, the 

slowing down occurs due to the progressively lesser damage induced 

by the maximum stress. It is also worthwhile to note that in the 

tests where the maximum stress was kept constant under constant AK 

condition, the crack growth rates were virtually constant. This 

happened because the fractional plastic zone area which is a 

reflection of the crack growth resistance of the material was 

constant. 

Let us now plot the crack growth rate data obtained from
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different test programmes including those of constant K conditions 

in terms of the proposed crack growth equation (Equation 38). The 

Figs. 81a-b show that very good fit has been obtained with the results 

of each of the two micro-structures considered. The scatter-band 

in the case of QT-A steel is a bit large because of the inherent 

scatter in the crack growth nates observed with this material. For 

comparison purposes when the data of IS steel was plotted in terms 

of Paris's equation a = A(AK)”, it shows a bigger scatter and the 

inadequacy of that equation to encompass the results of constant K 

condition tests (Fig. 82). 

In order to see the usefulness of the proposed equation to other 

material than steel, the data (111) of a high strength Al-Zn-Mg 

Alloy for tests at two different stress ratios were plotted as shown 

an Hae Sa O.5% This shows a good fit. The same data when tried with 

Paris's or Forman's (42) equation did not show a good correlation. 

Thus it can be concluded that equation 38 can be used adequately 

to unify the results of fatigue crack propagation in a wide range 

of loading situations. 

Bend Computer Prediction of Fatigue Life 

It has been established that for a high-low load interaction, 

a transient delayed crack growth rate would occur in a fatigue 

situation. On the other hand, the interaction effect due to a 

low-high load change has virtually no effect on the crack growth 

rate. Thus if the load interaction effects are ignored in calcul- 

ating the fatigue life of a component, a conservative estimate of 

life should result. However, it is possible to take the transient 

crack growth period into account through the use of equations 36 and 

37.
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Test Tent Prediction of Fatigue Life (cycles) by 

as fe . Paris's Proposed Equation 

Material Cycles aoerre From From From 
Constant Incr. and * Regression 

Constant Lend Tebk D O Li , 
tne Saabs oad Tests ecr.Om ine in 

Tests Fig. 8& 

Two-Step 295 , 000 298,936 319,832 270,808 243,200 

(20% Decr.) 292,000 297,792 318,439 269 , 463 242,284 
QT-A 

Two-Step 246,000 292,345 258 ,638 220,468 195,681 
(40% Decr.) 283,000 253,470 259 ,822 221,286 196,768 
QT-A 

Const. AO, 111,000 114,758 115,679 90,785 94,525 

Incr. Om 141,000 123,380 1235733 98,618 - 99,584 

QT-A 

Const.AO, 65,000 114,758 96,435 78,633 83,756 

Decr. Om 66,000 123,380 116,957 88,363 91,154 

QT-A 

Step SP 167,000 180,537 180,359 155,225 L305 ea 

Increase. 177,000 180,537 180,359 155,225 L35;,237/ 

QT-A 

Two-Step 786,000 886,909 905 , 284 796,352 878,644 
(20% Decr.) 800,000 886,909 905,284 796,352 878 5644 
Is 

Two-Step 1227,000 986,180 1088, 187 946,616 1053,076 
(40% Decr.) 1046,500 983,631 1085 ,628 944,485 1050,663 
IS ‘ 

Const.AG, 576,000 490,882 019,593 455,169 503,375 
Incr. Om 464,000 481,328 508,578 448,772 496,407 
Is 

Const. AG, 379,500 481,328 422, 2045° 373,829 412,964 © 
Decr.Om 319,000 481,328 422,257 373,829 412,964 

IS 

Step AP 583,500 709 5134 706 5823 612,946 682,733 
Increase 572,500 709,134 706 ,823 612,946 682,733 
IS 

Table 19. Computer Prediction of Fatigue Life 
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In the present investigation, the beneficial load-interaction 

effect was ignored to predict the fatigue life of the specimens by 

using Paris's equation and equation 38. Both the equations were 

derived from the constant load amplitude data. In addition to this, 

equation 38 was derived from the results of a variety of test programmes 

and also from the constant load amplitude tests where o,, was 

increasing or decreasing in steps. 

The ICL 1900 computer was used to integrate the derived 

equations to obtain fatigue lives of specimens under different test 

programmes. The integration was carried out by starting at an initial 

crack length and increasing it by a very small increment until the 

final crack length is reached. The life corresponding to this 

crack length interval is obtained for the actual test. The comparison 

of the results of the actual test life and the life predicted from 

the equations are shown in table 19. Based on the constant load 

amplitude tests, equation 38 gave better life prediction than Paris's 

equation. In the cases of increasing or decreasing On tests and 

for the two-step load test with 40% decrease in load amplitude in 

IS steel, Paris's equation proved inadequate. When the equation 38 

obtained from a variety of test programmes was used, the life 

prediction was conservative or nearly the same as the actual test 

life. The better prediction resulted from the inclusion of O . 

effects of the tests. Since it is practically prohibitive to use 

a large number of test programmes for life prediction purposes, the 

results of the increasing and decreasing mean load tests were used 

to obtain the proposed equation. The prediction based on this 

equation is mostly conservative and adequate. Hence this simplified 

programme tests can be used instead of constant amplitude load tests 

to obtain equation 38 which can then be employed to obtain a
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conservative estimate of fatigue life in practical situations. 

Since an abrupt change of load has not been considered in this 

prediction, any situation where such load changes exist would yield 

a more conservative predicted fatigue life. For a more accurate 

life prediction in the aforementioned situation, equations 36 and 

47 can be vsed in conjunction with equation 38.
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6. CONCLUSIONS 

Paris's equation & . A(AK)" , which emphasises AK as the 

primary controlling factor for fatigue crack propagation, could be 

applied to constant load amplitude or increasing load amplitude 

cases only. In cases where both the load amplitude and mean load 

were decreased, Paris's equation did not apply. 

In programme loading situations, the fatigue crack growth rate 

was found to be sensitive to the maximum or the mean stress level 

in the loading spectrum. The maximum stress was an important 

variable in the case of low strength ductile steels and the mean 

stress being important for the high strength martensitic steel. 

In general, for any AK level, the higher the mean stress level, the 

faster was the crack propagation. However, the crack growth rate 

showed a saturation value at very high mean stress level at low 

crack lengths under a certain AK condition. 

At constant AK conditions, large reductions in the maximum 

stress caused a transient growth period comprising of a period of 

slow growth sometimes preceded by a dormant period depending on 

the amount of O ay reduction. The stable growth rate obtained 

after the transient period was slower than the rate obtained before 

One reduction. At a certain AK level, a growing fatigue crack 

could be totally stopped by a sufficiently large reduction in the 

maximum stress. The amount of reduction required was dependant on 

the strength and ductility of the steel and the level of AK. The 

dormancy of crack was possibly associated with the blunting of crack- 

Gap Large increases in Gee did not show any noticeable transient 

accelerating effect on the fatigue crack propagation rate. 

Crack growth equation of the type oo MAK)” which is 
dn “ [(1-R)K,-AK]”
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meant to account for stress level effect gave considerable scatter 

at very high and very low AK levels but showed good fit at the 

intermediate range. However, this equation did not apply to 

constant K condition test results. 

The constant AK tests generally gave reducing crack growth rate 

(after a/W 0.3) with decreasing mean stress and increasing = even 

though the stress ratio, R, was constant. The data generated 

followed an equation of the type & A(Ao)™ (Ga ue indicating 

that the stress ratio, R, which is defined as a ratio of Kin to 

eae cannot account for a genuine mean stress effect. 

da _ A(AK)™ 
A fatigue crack growth equation of the type — Rt where 

Oya Re A could be applied satisfactorily to the different load 

max 
programmes examined. This equation is based on a proposed mechanism 

of fatigue crack propagation. The equation takes the stress level 

effects into account but does not embrace the high-low load 

interaction effect which is beneficial to fatigue life of a component. 

Fatigue crack propagation in EN24 steel was found to be sensitive 

to the type of heat-treatments used and the general mechanical 

properties achieved. The fatigue fracture surfaces of high strength 

martensitic steel were mixtures of trans and intergranular cracking. 

The smaller maximum plastic zone size in this material as compared 

to its grain size was associated with the cracking along the weak 

grain boundaries. The ductile, low strength steels, on the other 

hand, showed transgranular fractures which did not correlate well 

with the micro-structural features. The capacity of these steels 

to accommodate a large amount of strain at the crack tip by plastic 

deformation and also their ability to dissipate energy by numerous 

crack branching and island formation were related to their higher
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crack growth resistance as compared to the high strength steels. 

The inclusions and the second phase particles played a secondary 

role in the fatigue crack propagation process, enhancing the crack 

growth rate at high stress levels. The light and dark bands 

observed on the fracture surface due to a load change were due to 

the difference in the size of the cell structures formed on the 

surface, the size increasing with the increase in AK. 

Ignoring the load-interaction effect which is mostly beneficial 

to fatigue life, a conservative estimate of crack propagation life 

da A(AK)™ 
could be obtained by integrating equation a Rt .
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RECOMMENDATIONS FOR FURTHER WORK 

Most of the programmed and random loading work has been previously 

done on aluminium alloys and the results analysed in terms of Miner's 

Rule. Limited amount of work has recently been reported making use 

of the fracture mechanics as a basis for analysis. Bearing this in 

mind and basing on the results obtained in the present investigation, 

the following recommendations can be made for some future work. 

1) In order to understand the fatigue behaviour of metals in 

general under complex loading conditions, basic programme loading 

work needs to be done on other metals and alloys such as titanium 

alloy and maraging steel. A fracture mechanics approach should be 

used. 

2) The load-interaction effects need to be evaluated in 

detail in terms of crack tip opening displacements under programmed 

fatigue loading conditions. Investigation into the crack closure 

concept could also be beneficial. 

3) Simple block programme loading work should be carried out 

in an aggressive environment to evaluate the contribution of load- 

interaction to the corrosion fatigue crack growth behaviour. 

4) The crack growth behaviour under random fatigue loading 

should be investigated and analysed on the basis of fracture 

mechanics. 

5) The fatigue crack growth equation proposed in the present 

work needs to be v@rified by using results from other sources on 

different materials.
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Appendix 2 

To Find the Area of the Fractional Plastic Zone 

In Fig. 72 we have two co-axial circles with centres at 

O and O'. The chord AB bisects the line 00'. Let 00! = 2h, 

Let the radius of the circle be a. 

Area of the segment ACB 
  

OP =f and OC = a 

a ea a a: h 1 

Area = 2 f (a?-x*)? dx = 2 f (a2-x?)?dx - 2 f (a?-x?)?ax 
h O oO 

2 h 1 

= 2 A)- 2 f (a?-x?)? ax h<a 
Oo 

h 1 
To evaluate f (a*-x?)?dx, let x = a sind 

oO 
dx = a cos@dé 

h 1 oa? 
oy Nate tan e J a*cos?6.d6 

oO oO 

. -lh 
a2 sin ie 

=a J (1 + cos26)d6 

Hoos ts + iar a 
oo [eo + 5 sin26] 

2 oats 

* > [6 + sind.cose]e” a 

f
s
 

'S 

ay 
2 sin 

= = [6 + sine /1-sine J 
oO 

a* Play 
a 

24 
== [sin +20 - SH]
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Area of segment ACB 

2 ee Wet Sop nl Wh a WD ee (ethane ets 2 aes 

Area of the shaded region i. e. Ap 

2ei5. 
thy, Bey - 2)7H] 

2 
Ta seiner 

= Taz = 2 oe = at {sin a a 

1 

|
"
 2 tee He Beas 2a? [sin HSL aril 

If we replace a by ty and h by “, then we get 

. -1 Aa Aa (Aa)? 3 A, = 2r* [sin  =—+=—— {1- — = }*] u 2 y ary ary ie 

The above expression gives the area of the fractional 

plastic zone for the loading cases where eee is held 

constant.
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