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ARSTRACT

Models of fatigue crack growth under constant and variable amplitude loading
are briefly reviewed. Concepts of energy balance, damage and the phenomenon of
crack closure are unified to model fatique crack growth, The crack growth rate
relation derived from this model is shown to account in a physically
consistent manner for the effects of a number of parameters such as fracture
toughness, stress ratio, threshold, thickness, non LEFM conditions, ‘pop-in’
vnder high stress ratio constant amplitude loading, etc.. The concept of
damage inherent in the model allows consideration of environmental effects on
crack growth rates, Since the model 1is hysteresis energy and crack closure
based, the growth rate relation derived from it can account for interaction
effects under variable amplitude loading. It also avtomatically implies the
applicability of Rainflow cycle counting to fatigue crack growth analysis
under random loading. Interesting experimental work is presented to establish
the applicability of Rainflow cycle counting to fatigue crack growth. Froblems
of extrapolating crack growth test data on simple laboratory specimens under
flight simulation loading to prediction of crack growth in structures are
examined. Segment Simulation Technique (SST) is proposed to resolve such

problems.
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INTRODUCTION

Fatigue crack growth has been a topic of intensive study by a number of
investigators for more than two decades. It is a topic of interdisciplinary
nature, A large number of parameters relating to the nature of loading,
material chemistry / microstructure and the environment are known to affect
fatigue crack growth behaviour. Although the effects of some of these are
known, new observations which either modify earlier understanding or generate
new ideas on varicus aspects of fatigue crack growth continve to appear in the
literature. The relevance of fatigue crack growth to design and maintenance of
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structures stems from the ever increasing concern of the designer to ensure
safety against fracture in service due to a growing crack originating from s
defect that escaped detection by NDI. The increasing application of fail safe
and damage tolerant design concepts particularly in the design of aircraft
structures has given considerable impetus to the study of fatigue crack growth,

Many continuum and dislecation mechanics based models of fatigue crack growth
under constant amplitude loading proposed over a period of more than two
decades have resulted in a large number of fatigue crack growth relations,
Hoeppner and Krupp (1973) tabulated nearly 35 crack growth rate relations,
Various models have been propesed to account for interaction effects in
fatigue crack growth under viriable amplitude loading. Most of them are based
0n a particular mechanism and can therefore only account for certain effects
in isolation. Any unified vnderstanding of the effects of various factors on

fatigue crack growth in a physically consistent manner does not emerge from
existing models,

After a brief consideration of the various models of fatigue crack growth
under constant and variable amplitude loading an attempt is made in this paper
to present a model of fatigue crack growth which combines the concepts of
energy balance and damage with the phenomenon of crack closure. The crack
growth rate relation derived from this model is shown to account for the
effects of a number of parameters. The concept of damage and crack closure
inherent in the model allow consideration of environmental effects and
variable amplitude loading, Damage is assumed to be the result of hysteresis
energy dissipated in the cyclic plastic zone. Hence Rainflow cycle counting
which essentially identifies closed hysteresis loops wunder random loading can
be extended to analysis of crack growth, Fractographic evidence in support of
this observation is presented.

For constant amplitude loading conditions, it is firmly established that crack
growth data generated from sisple specimens can be extended to structural
elements provided the K-function is available. Experimental evidence is
presented to support the view that this is not valid for flight simulation
loading. A segment simulation technique is proposed for laboratory simulation
of crack growth in structures,

MODELS OF FATIGUE CRACK GROWTH - CONSTANT AMPLITUDE LOADING

Models of fatique crack growth under constant amplitude loading can be broadly
classified into four groups,

Group 1: Models based on crack tip stress, strain or displacement governing
track extension. In this group of models, crack growth is related to:

1. Strain hardening to fracture of a volume of material at the
crack tip proportional to plastic zone size (Head, 1953; McEvily and
I11g, 195%; valluri, 1961; Valluri and others, 1963),

2. A critical stress or strain being attained and its distance
from the crack tip (Weiss, 1764; Krafft, 1964, 1965),

3. Accumvlation of plastic strain or displacement to a critical
value and the distance at which this value is reached (Weertman,
1969, 1973),

4. Plastic opening displicement at the crack tip  or geometry
change based on the process of crack tip blunting and resharpening
or the process of alternating slip on +45 planes or decohesion
along +45 shear bands at the crack tip (Laird and Smith, 1962; Frost
and Dixon, 1967; Neumann 1967, 1974; Lardner, 1968; Tomkins, 1968,
1969; Pelloux, 1970; Donahue and coworkers, 1972; Schwalbe, 1973,
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c:;orkers 1961-) Barsom, 1971; Sih and Barthelemy, 1980; Badaliance,
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Models based on cumulative dgnage goyern12g Cra;k
these models damage 1s estimated wusing oW cyc ?
postuvlated Thgt Eraizteiizingieagsoi
mulation of damage in the ;
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1979; Proctor and Duggan, 1979; Stouvffer and Williams, 19 .
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fatigue relationships. It is

iti 1 of energy absorption or

M 1s based on critical leve ‘ :
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considerations of energy balance (Liv, 19333 R1c$é73 )Raju 2 an
i 3 k 19271, 735 ) 2;

kers, 1967; Paris, 1969; Wnuk, ' .
Ez::gp:nu; and) Halmonov, 1972; Mura and L}n, 197;T leeda1?ggd
coworkers, 1977; Weertman, 1978; Izumi and Fine, 1979; Raju, ,
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- ts evolved to explain stable
4: Models based on R-curve coencep
G::zi growth under monotonic loading. In these mode}s crack
: tension in each cycle is equal to stable grack growth increment
i;der the rising half cycle as estimated vusing Kg or Jr curve
approach (Musuva and Radon, 1979, 1980; Rhodes and coworkers, 1981),

i dels, a number of

rate equations from these mo "
arowt functiog of K or J-integral have been proposed
Heald and others, 1972; Richards

In additien to_crack
empirical relationships as a R

n and coworkers, 1967; Pearson, 23 ald n
;igrczndley, 19723 Sa;ena and others, 1978; Collipriest, 1972.

here to recognise that the' disc?uery gf crack glos::g
h on (Elber 1970) represents an important milestone 1nd }n
Fersts di of ;he mechanics  of crack growth. It has resulte i
undgrgtanllnq 1o existing equations, often in an empirical manner, The effect
nodlflta?lons' t intermediate range crack grouwth ratesAwas explalneq on the
o Hy réTiO iosure by Elber. Crack closure also exp131n§ retardation and
e ers -y ;fects observed under variable amplitude loadlng. More recently,
§CCE1er811on hE that crack closure can explain decrease 1in near threshold
ek rautn due to aggressive environment and the effect of stress
CF:Fk g:o:;:esgziss stress intensity (Ritchie and others, 1980; Paris and
ratio

others, 1972).

It is appropriate

i ivel review the variouvs models of
P 'iS e 1uten:i:thhe;:ny1iezg:z;ezini;: ugrious models of crack growth are
Fat}gue crac h gliter;TUPE (Rice, 1967; Grosskreutz, 1971; Schwalbg, 1974,
T ;3‘; eEfforts have been made to model short cra;k groyth behaviocur by
M;dgfzinq11h; 'relatinn between the threshoeld stress intensity range and the
obs

fatigue endurance limit (Topper and Haddad, 1982)

of various models indicates that a large number of them, notably

g ratio, fracture toughness, thickness,

of Group 1 do not account for stress
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etc.. The basis of most models does not permit in their present form
considerations of the effects of varieus parameters on fatigue crack growth
rates in a unified manner. A un.fied model capable of accounting for a number
of parameters on crack growth behaviour is presented in this paper after s
brief discussion of crack growth under variable amplitude loading.

CRACK GROWTH UNDER VAFIAELE AMPLITUDE LOADING

Engineering structures are subject to a complex 1load environment which is
randem in nature, Fatigue crack propagation under such conditions is of
considerable interest, particularly in the design .of fail-safe, damage
tolerant structures. Early studies of crack growth under simple variable
amplitude loading (Schijve, 190, Hudson and Hardrath, 1961) showed that
application of overloads or reduction in load level introduced a noticeable
retardation in crack growth rate, The practical implications of these
observations triggered exhaustive studies under wvarious load sequences, A
detailed review of literature o1 the subject was made by Schijve (1976, 1980)
with particular reference to aircraft materials and 1load spectra. A brief
summary of general observations is given helow, This is followed by a
discussion on mechanisms contributing to load interaction effects., A number of
available models for crack griwth prediction are described. The significance
of fatigue cycle counting in life estimates is explained.

Load interaction effects under simple variable amplitude loading. Positive
overloads introduce noticeable delay, even arrest, in crack growth (von Evw
and others, 1972), Fractographic studies revealed the phenomenon of delayed
retardation after overloads (McMillan and Hertzberg, 1968). They also show
that crack extension during the overload itself is much greater than what one
might expect on the basis of corstant amplitude data <(von FEuvw and others,
1972). Introduction of even a large number of intermediate load cycles of
small magnitude (not contributing to crack growth) after an overload does not
reduce delay, indicating that delay effects are crack extension dependent
rather than cycle dependent (Potter, 1972), Delay increases with magnitude of
overload, application of multiple overloads (Hudson and Raju, 1970), and by
repetition of overloads after some crack extension (Mills and Hertzberg, 1975,
1976). Dwell introduced at high 1load increases delay (Jonas and Wei, 1971), On
the other hand, a heat soak afte~ an overload can reduce or even eliminate
retardation effects (Raju and othe's, 1972),

The application of periedic underloads is known to have little effect on crack
growth wunder constant amplitude loading (Hsu and Lassiter, 1974), Their
application prior to a pesitive overlead also is not very damaging. However
negative overloads applied immediately after a positive overload can reduce
subsequent delay (Schijve and others, 1961; Stephens, 1977),

A Hi-Lo stepwise change in load lewel introduces immediate delay or even crack
arrest (Hudson and Raju, 19700, It is not easy to discern any acceleration
effect after a Lo-Hi transition, becauvse of the rather high baseline crack
growth rate, However, evidence is available (Mathews and Baratta, 1971)
indicating some acceleration after such a change,

Service load spectra essentially represent complex combinations of the simple
load wvariations discussed above, It is only natural therefore that 1load
spectrum effects on crack growth are also cimilar, Extensive studies at NLR on
2024-T3 and 7075-Té alloy sheet material under a transport wing load spectrum
(Schijve and others, 1968, 1972; Schijve, 1973) showed that:

1. On the whole, crack exteision in larger cycles 1is greater and

in smaller cycles less, thar what one would expect from constant
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ess than
amplitude data. Overall, crack growth rates are much 1

i amage accumulation estimates. ) ) A
llnea; ddon?zation of the load sequence instead of applying : qa
e crack growth rates by upto

of loads within individual

2
= .
equivalent programmed blocks increases
factor of 3. However, resequencing
flights (short programmed blocks) is of no consequenis. N—
3. Introduction of the Ground—Air-Grounq cycle g e L ek
associated compressive load between flights) can dou
growth rate, A -
"4, Increase of load truncation level causes a dramatic
crack propagation life,.
5. Variation in load frequency
on the crack arowth process.

increase in

over upto two orders has no effect

of the observations listed abgui— pf;;igz ;ﬁ
latively low strength, high toughness thin sheet Matgr}ai: S o
;:b:ratory conditions. Svch materials show greater senzillvti;‘ e are
sequence in view of plasticity induced effects at the 3;rloads) NP
susceptible not only to increased retardation (dve IO 0 Ayl e
“d se effects of underloads (Stephens, 1977). Thicker ma 4 (Schij&e ok
:0:2:?31“1 to plastic deformation. Studies.on Eq24—T3 nater}ai i od mre
others, 1976) show that retardation effects in Thxckez M?Te;;: DA
neqligible as opposed to ThoseffinTTZigv zz:?::zip;:—gg;a;f D the géneral
at retardation is not affecte ! e ar 1 e
f:z:zgs;h:n growth rates also observed under constant amplitude loading

It must be noted that most

on crack orowth rate

i indi s effect
Data in the literature 1indicate a mean stres e i e

vnder spectrum loading (Schijve, 1972). These will be discussed
context of prediction models.

i i i wth data is
Mechanisms of load interaction, Genera11sat}on of th}gue c:i§§ qggve e lan
based on the assumption that similar crack t?p conditions ] Speras AR
crack growth rates, This also forms the basis for a_nquefti e e coack tip
i i the wviolation of similarity
models which attempt to explain ; ST
under variable amplitude loading. The sques1ed nechan}sni 1ncE e changing
1 Crack tip blunting-resharpening under thg inf uiﬁc o e <
load amplitude (Christensen, 1959). Assuming t inaxion e
predominant mechanism, one would expect delay/acceh e mmael
cycle dependent - experience shows rather, that they

extension dependent.
2. Strain hardening f . .y
significance of this mechanism 1s p :
(Mills and others, 1977) thaT re;ggia};nn(ie:;Zigzr i i ey
i alitatively similar in 24~ . : i
;21231a1> and AS14F steel (which exhibits cyclic stfa:n ?:itizlzgilecx
3, Crack branching. A fatigue crack can branch IEHO ey, Delay
under the influence of a tensile overload (Sure;/g anch;d gl
effects follow due to reduction in K at deflecte r e = crachs
tipe with distribution of local displacements over ktu%he e en a154
and alse due to the change 1in p}ane of the crac,._n?Ed e That
affects the wmode of crack extension. It must be p0115roe AT
crack branching/deflection occurs only af?er_ gerZ FU;Ther oy
and under predominantly plane stress cond}flon;%F-Ciq. jnéluding
mechanism cannot explain wmest other interaction efrtects

that of heat soak after overloads.

1 a ack tip
4, Residval stresses at thg cr :
underloads. This can explain many obhservations on

acceleration,

i i tip area. The
oftenin in the «crack
chs : in doubt by observations

under overloads

left by overloads /
delay /
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3. Fatigue crack closure dve to interaction of residval
deformations ahead and in the wake of the crack tip (Elber, 1970).
Crack closure can also te induced at near threshold conditions by
the formation of oxide liyers on the fracture surface (Suresh and
others, 1981), Fatigue crick closure is currently the most widely
used mechanism in various medels for crack growth prediction,

6. Crack front incompatibility. Shear (slant) mode cracking 1is
associated with high stress intensity while tensile (flat) mode
crack extension is associated with smaller load cycles, Under
variable amplitude loading, load interaction effects can arise due
to incompatibility in crack front orientation (Schijve, 1973, 1980),

Models for prediction of crack propagation under variable amplitude loading -
are extremely important from the viewpoint of fail-safe, damage tolerant
design. Numerous methods are proposed in the literature. These are based
either on one of the load interaction mechanisms listed above or on statistics
of crack growth under variable amplitude loading. Many of the models were
developed to describe delay effects wunder simple variable amplitude loading.
These are only of academic interest and will not be discussed here,

Crack tip blunting-resharpening. Christensen (1959) related retardation and
acceleration effects to differert crack tip stress concentration as affected
by load range. Later, McMillan ind Pelloux (1970) vsed a model based on this
concept to explain fractographic observations of fatigue crack growth in
2024-T3 under repeated blocks of programmed and pseudo-random loading, It must
be pointed out that these were short blocks with multiple load levels, Under
such conditions, the crack tip area experiences a rather stable plastic zone

size and crack extension in each cycle will be affected by current stress
intensity excursions rather than  long term load history. This model would be
unable to explain crack extension dependent effects of retardation and

acceleration one observes after overloads, etc..

Residual ctress models. Wheeler (1972) proposed a model which
crack growth rate is reduced by a retardation factor,
propagates through the plastic zore left behind by a prior overload. Cr varies
exponentially from a fraction f one to unity in inverse proportien to the
distance between the boundary of the current monotonic plastic zone and that
of the overload plastic zone. The exponent in the power relation cannet be
determined analytically, It is vsially selected to fit experimental data and
has been found to remain fairly constant for a given type of spectrum loading
(Keays, 1972). The model lacks sound physical basis in view of its inability
to explain accelerated crack growth and delayed retardation.

assymes that
Cr while the crack

The Willenborg model (1971) assumes retardation
certain effective crack tip stres:z ratio (less than
affected by residual stresses in the overload plastic zone area. Unlike the
Wheeler model, it does not require  any empirical constants to describe
retardation, apart from baseline constant amplitude data as affected by R, Its
limitations are similar to those of the Wheeler model - it is insensitive to
the effect of compressive stresses. This model was subsequently modified to
account for crack arrest (Johnson and others, 1978) and the adverse effect of
compressive loads (Johnson, 1981). The latest version referred to as a
"Multi-Parameter Yeild Zone HModel” has four additienal empirical constants.
These contribute to improved prediction accuracy

to be associated with a
the remotely applied R) as

Crack closure model. Experimentil studies of crack growth under simple
variable amplitude loading (Elber, 1971) as well as spectrum loading (Elber,
1976) show an excellent cerrelation between observed results with measured
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associated effective stress intensity. The

ss and :
s o T aer cloenre years been subject +to extensive

of crack closure has in recent

et i i empirical ( 11 and ol man,
i d experimental studies. Numerous P Be. ] Wolf
:g;bor"ETSlf':;efa‘n 129';8, 1979b) and analytical (Neunan, 1981) de KOang, 1 0)
) ? 98

models have been suggested to estimate crack closure stress and associated

¢rack growth rates under complex load sequences.

that fatigue crack closure 1is the predominant load

interaction mechanism in thin materials., After all, crackh'g;ouiz 1zi;eua;§ei
i i ss intensity range - whi
r function of effective stre _ : .
?::zarly with crack opening stress level, Other load interaction mechanisms

can only have a secondary influence on crack growth rate.

It is logical to expect

i i i if
The significance of crack closure in load interaction no?gls‘e Fozf ci;ci
i i in estimates
icti i irement of high accuracy
rediction imposes a requ Men 1 ' : B !
21:§ure stress. Even a 5% error in its determination can lead to a 20%Z erro

in 1life estimate, Most experimental techniquei ;1n;iu:z:g pggzi: bjzzuizss
i i etc.

sid et erg‘ligeof‘ i::ﬁtlazgzﬁingm;?:;;asf S(tj);‘.,pfg fully avtomated pr‘o;edure was

HEJSUTEMd (Sunder 1983) for COD based crack closure estimates, A

e hic techéique was recently developed to make reasopably accqrate

e ety of Sop from striation patterns cobtained wunder specially designed

ii;;nagizuences (Sunder and Dash, 1982). Combined with a technique for

on fracture surfaces (Sunder, 1983), it has a
of crack closure and its variation accross the
through cracks under various simple
then be made to

binary-coded event registration
good potential in the study o !
i 5 par
thickness for both through as we as. '
variable amplitude load sequences. Suitable approximations can
develope more accurate empirical models of crack closure.

i d successfully used by Newman (1981)
6 nodiflgd lbugd:1:sn03§lc::§kde;§z:$:d szder a variety of load sequences. Life
. aqalytlcaf ; 2 35 mm thick 2219-T851 aluminium alley sheet material upder
prEQ1cT10n5 ':rum' loading conditions were very close tc experimentally obtained
vailois Aip?;pitant element of the Newman model is its ability to account for
:;izinéss effect on crack closurej Huuever, it must be p01n:$:icz§255;hzzf52i2
the Newman model requires empirical déta on stress state cho ) effects
on crack closure. This underscores the importance of experimenta 5

the closure phenomenon.

i 1

i lesure stress remains more or less constant

r spectrum loading, crack c ' : : ta
2Ei§er p1976) and is a function of the major spectrum uar:ab}es. Schljue
(1980)l5howed that reasonably accurate estimates of crack propagation 1life can

assuming Sop to be controlled by the maximum aﬂd n1n1num9s;r9f§n;e:ei§
A regression model was developed fSunder, 1 ? ) 79a
function of spectrum truncation level and spectrum
It was checked out vusing available dgta fo; 2024-T3
and 7075-Té obtained at NLR (Schijve and others, 1968, 19?2). liéiia?ogsé
its accurate interpolation of crack growth rates for a given m al 2
Coad trum over a wide range of mean stress, load truncation and omission
. SPE§ " n assist in minimizing the wvolume of testing required to
por = Fttiaue erformance for a new material or spectrum, Mgreouer, as So?
gvaluate eg 30 bz constant, cycle-by-cycle crack growth estimates can be
:3oizzzunby resorting to an equivalent stress or Miner type of calculation,

thereby reducing computer time.

be made
in the spectrum,
approximate Sop as a

severity (rms amplitude),

Characteristic K approach. Barsom (1976) correlated uarigble anplituée ccack
growThA rate data -with constant amplitude data by plgttlng daidN Uers;s K.gs.
i hnique to predict crac growt under

n (1981) later wused this 1ec‘ v ) ‘ unge
?;g;ﬁt—by-Flight loading. His prediction ratios for 6.35 mm thick 2219-T851
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alloy sheet material ranged from 0.82 to 2.13 depending on the spectrum and
stress level. This approach can be valid for narrow band type of loading,
particularly, with a tensile mean stress offset, where load interaction is
less, A more realistic approach would be to correlate  da/dN with a
characteristic K for the given spectrum of interest, Ignoring dK/da effects
and considering the spectrum to be of short duration, similarity at the crack
tip is ensured by similar characteristic K. Tests at a few mean stress levels

under aircraft manovevre spectrum loading showed reasonable correlation
between da/dN and Km (Wanhill, 1978).

The characteristic K approach appears to be attractive from the viewpoint of
engineering application - the designer is provided with a single curve which
by integration yields crack propagation life. Unfortunately, this statement
cannot be generalised. Even for a given load spectrum, material and specimen
geometry, da/dN versus Km curves for different mean stress, Sm, do not fall
into a single scatter band (Schijve and others, 1972). There appears to be an
order of magnitude variation in da/dN at a given Km, depending on Sm. Schijve
attributed this observation ti the possible influence of dK/da. This appears
to be unusval in view of the absence of dK/da effects under constant amplitude

loading. An experimental study devoted to this problem is described later in
this paper.

Of the various load interaction nedels, the crack closure model appears to be
the most versatile, It explains most observations including dK/da effect under
spectrum loading. However, a few other load interaction mechanisms (e.g. crack
front incompatibility) can also "swing into action” to produce anamolous
resvlts, Future work should therefore be directed towards the development of
multi-mechanism models for prediction purposes, Finally, cycle-by-cycle
estimates take up more computer time than calculations of average crack growth
rates. In the process, no noticeable improvement in prediction accuracy is
often achieved. Therefore, cycle-by-cycle estimates may be avoided wherever
spectrum duration is so short that truncation level loads repeat more than
once within a plastic zone.

The primary objective of most crack growth prediction techniques has been to
simulate interaction effects under complex load sequences and superimpose them
on the baseline constant amplitude properties of the material. In the process,
the vital question of fatigue cycle counting is often totally ignored. Unlike
a constant amplitude sequence, random peaks and troughs seldom show
discernible (closed) fatigue cycles., This invalidates direct application of
baseline da/dN versus K data, Obviously, cycle counting should form an
integral part of any crack growth analysis for random loading. A number of
techniques are available for anelysis of random load history (de Jonge, 1982),
The question now arises as to which cycle counting technique to use in fatigue
crack growth analysis. The Rainflow cycle counting technique has a physical
basis for notch root fatigue studies in view of its relationship with the
formation of closed hysteresis loops in the local stress strain diagram. The
moving fatigue  crack tip  however complicates the situvation. A recent
fractographic study carried out at NAL to investigate the wvalidity of Rainflow
cycle counting to crack growth anelysis is described later in this paper.

Fatigue crack growth under variable amplitude loading is of great academic
interest in view of the interesting retardation / acceleration phenomena. Its
practical importance is underlined by its potential engineering application.
It is therefore appropriate to evaluate the current state of our capability to
utilize models and data on variable amplitude loading crack growth. The
significance of delay and acceleration effects depends on the load spectrum,
type of material including thickness and environment. For narrow band type of
loading, interaction effects are less, They also diminish with increase in
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i i ironment. A recent
influence of agressive env )
e "W prediction technigues for
ircraft

thickness and A :

i six different :
rwnd—rom:h i;:iy ES?inQGa;Zglznoiodels discussed above) under various a iy
‘r‘:k qr2z1ra in 6.35wm thick 2219-T851 CCT specimens showed thz111t;de
1b‘dicigon ratios were all within the scatter band For' consTanth alg rrude
e k qrowth rates. This optimistic conclusion must be viewed in the 1%ad1ng
z;:cfagrly thick material chosen. Also, it must be noted that Speg;r:: oadand
crack growth rates show insignificantly less scatter as oppos S erd T
;nplitude data (Schijve and others, 1968, 1932)ér0z:§dlizignsingie:ses e e

onservative as crac

::Bosorihi:ngho:;zebeuzg particular concern while designing structures for low

rated life.

UNIFIED MODEL OF FATIGUE CRACK GROWTH

i i i where
A detailed description of the basis of this nodelv 1; :u:;i:?iﬁ hfif:ry re
j ider the plastic defo t
1972, 1980 1983). Let us consi C 0 R
:ﬁ;J:;p of a)crack érowing under tensile constant amplitude loading Wl

i i ch cycle under
ffects. For a crack growing 1n ea :
e S tarm history consists of hysteretic (cyclic) and

components. Hysteretic or cyclfg pi:z:;i
inner plastic zone reFerrgd to as cy;;l;n pOUTér
O e “Momaronse plagtic. deformation occurs 33 3 consequence
ic plastic zone. Monotonic pla ‘ : e
::nBZ::ék pexYension. Obviously, for a stationary gréck, htqirecy?ié% bCMCk
ic lastic deformation after the first rising a ) B Fiingl
exiensi a1pany stage of loading increases the stresses, causing a e
i;;zzi;ondefornation in some areas near the crack tip and gecr::;:st :f ek
o 2 unluadi?g %n :th?rcrzgzzs;hecazzigizzziyino; ?n some areas and
sion in each «cycle 1is to 1in : : i ' e
z::§255e it in the remaining areas _withln The cyc}xi piis;zi azg:iWin; e
same reason, the monotonic plastic zone will pe dif gre R au=arued
as opposed to a stationary crack under nonqtonlc loadlng.orDEd o the. eyelic
that there is no difference in the hysteres;s energy - 4 ?1 2oL wlon nied St
plastic zone between a growing and 3 stationary crazkﬁ LA A nced o prion
material elements at the tip of a growing crack youl -a; u051d Pt ol
history of monotonic and cyclic plastic deformation ?hl; R bl w5 asune
damage resulting in a redvction of frgcture energy. t lfhe e ioroute: SHAFGY
that the reduction in fracture energy is proportional to

absorbed per cycle.

without
fatigue, plastic deformation

non-hysteretic (monotonic)
deformation occurs 1in an

i i i and
The effect of crack closure is to rgduce 1he cyc11§ p12211iaig:§ailz§n e
jated range of cyclic plastic strain expeflencgd y 1 : M-
s ) ion Fig. 1 shows the deformation history in various reg e
:EZCKc;zgizegand‘ monotonic plastic zones with effect ‘of crack hcl::z:eéf e
nevtral lines separating the reg;oni_ of 9122;1: 0:n1;:d12ga£20n1;p2 e dlately
ic re also shown in the figure. : 3
El:?;;ctignsr:ck tip deform in compression during the vnloading half-cycle.

i i i i size of
The important effect of crack closure is the drast;c r§205:§32 ;?F;ZE S arsiity
i i i i function of the effe
clic lastic zone which is a ‘ il
::ﬁqzy AP(e p. Crack closure reduces the hysteresis energy absorbed
?
cycle .

i elastic
Enerqy balance in fatigque crack growth. The chgnges'1n exter?alezrkéone e
strain energy and energy of plastic deformation 1nbt?e plas NS med
i i i tion of cnergy alance. )
idered in constructing an equat e
z::iier the crack tip having been 1in a damaged state duve to pri p
?
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deformation history will rejuire less energy for fracture or for crack
extension. The nature of danage may be in the form of voids or microcracks
nucleated at boundaries of second phase particles which will attract easy slip
and the crack May extend by slip plane decohesion. The crack may also extend
by cleavage or ductile fratture of crack tip material depending on the
environment and the stress intensity range,

The energy balance equation car be written as

(dwm/da)-(da/d/u) — (CVe/da) (dafdp) - (dV/da) - (daydn)

= s - (dafay) - 2 U ws |

where da/dN is the crack growth rate, (dWext/da)(da/dN) is the change in
external work in each cycle due to crack extension, (dUe/da)(da/dN) is the
change in strain energy in each cycle due to crack extension, (dUp/da)(da/dN)
is the change in the energy of plastic deformation in each cycle due to crack
extension,

The 1left hand side of the equation of energy balance represents the net energy
available in each cycle for fracture or crack extension process . The right
hand side represents energy required for fracture or crack extension after
taking into account prior hysteretic plastic deformation., The term pt:L is the
redvction in energy required for crack extension, U/ .da/dN per cycle due to
prior deformation history. Hysteresis energy may to a considerable extent be
dissipated as heat,

ﬂ reflects the fraction of this energy contributing to damage. The redvction in
energy required for crack extension May alse depend on  monotonic
(nonhysteretic) plastic deformation, Nonhysteretic plastic energy may
contribute directly +to damage or increase it through hysteretic energy. The
terms on the left indicate nonhysteretic deformation energy 1is the same as in
the case of crack extensin under  monotonic loading. Influence of
nonhysteretic plastic energy n damage due to hysteretic energy is accounted
for by taking F as

n
- Wp
/“S = A (7) . -
“e
Using the relation between Wp andjﬁ, the expression simplifies to
zZn —Zh
P = 2AY ("Re)
where Y is the ratio of the yield stress range to the wmonotonic yig}d stress,

Re is the effective stress ratir, (Sop/Smax), Substituting ZA)fnz A , 2n=nm;
one gets

B = A (_"@esm o B

The hysteretic plastic energy absorbed in the cyclic plastic zone in each
cycle is shown to be

““\ w2 w2
Up = (8fe) 32, 5] 4
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where B 1s a con . /
s an d P nd ng on h
1 d 1 oe M 1
st epe 1 the strain harden 1g C fficient Fro (

we obtain the following expression for crack growth rate
— -m (S
7z Z
da _ A (1-Re) (8Ble) S Gp

dN
Uy -~ (dwcx;/du - dUe/da - ClUp/:/a)

Uz - (dWext/da -
T t/da dUe/da ~-dUp/da) = @
governin £ T represents the ener =
CondiTiogs :;cture under monotonic leading or fracture instgg'??lance o
» the crack growth relation can be written as LSS For LR

da . ALI-RY " akd
dN KQZ — 2 - 6

o . max
€ above relation assumes h i
bl t 'ysteretic plastic energy
canidersp::::1fh ;one coptr1butes to reduction iglfr:2$3:2Ed
e p o Srazite:§;1c_ p];stic energy absorbed in a narrow trip i
in the cycli i i i ; g
the. tracrura o m yclic plastic zone is effecti i i
ergy, while the hysteresis energy absorbed els;sh;:ereqUCng
in the

cyclic plastic zone i ;
: is dissipated
obtained for LEFM conditions as p as heat, the growth rate relation is

in the entire
energy. If one

- -m
do _ Ais (1-R) dke
dn K,Z

2
. '<:fna¥

The
absorgggutgn ::Te re}atlons (6) and (7) assume that the
e entire cyclic lasti
redvction and piastic zone contributes to f
cclic plastic1hi;n Thg hyster§51s energy absorbed in a narr;:C;:rg energy
e is effective in reducing fracture energy ;:P in the
rgy. 1eSE  two

ump ion represe
T
ass (1' S resent extreme conditions, The actual situatior will be i

hysteresis energy

=M
da _ Ay (1-R) AI<:
2
el KC - sz‘;.)(

where the exponent i
Wi
toughness, P 11 be between 2

and 4 and Kc is plane stress fracture

So far, i i
assuneé 1nRg§:1:?ng the growth rate relations, plane stress
. ction in fracture dee t
= r 0 absorbed 1
301;232 for p}ane Strain conditions. Taking th?iSTEPESIS
ng relationship for plane strain conditions

conditions were
; energy would be
1nto account, we get the

- m _—_F
da _ Aoy G-R)" GRS (122’
dn 2
Kic

It is to be noted that Azg
triaxial tension and higher tens

2
KM(A{

is gr
ilegsfater than A,S, reflecting the effects of
resses normal to the crack plane

S
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The growth rate relations can be modified to include threshold effects as

< b
da Ay (-Re) ( Ake - AKn)

CTIQ B z 2
KC - ‘<max
_-m P — F
da Az (1=R) (1-22) (8ke—dkn)
dn ,<|é — ’<r§;x --lo

where, Re is the effective stress ratio, AKe is effective stress intensity
range, &K, - the threshold stress  intensity range for plane strain
conditions, Kic - is the plane strain fracture toughness.

It is interesting to note here that the effect of stress ratio at lower growth
rates is governed by crack closure, while at high growth rates, it is
controlled by fracture instabililty conditions. There could be sitvations
where at low growth rates, stress ratio effects are evident even though crack
closure is absent, The term (1-Re)t(-m) accounts for this possibility. Fig. 2
shows the effect of stress ratio as predicted by the above relation (plane

stress case) with m=0

Flat and slant or Y-type fracture modes. It has been shown that the onset and
completion of transition from flat to slant mode of fatigue fracture occurs at

specific valves of effective stress intensity range ({(ven Euw and others,
1972). It is reasonable to assume that the ratio Wp/t (Wp is cyclic plastic

zone length ahead of the crack tip, t is thickness) is the controlling factor
for  fracture  mode transition, 1t is of course important to note that
environment can also affect transition (Vogelesang, 1975). The critical values
are possibly functions of the material, environment and frequency.

The effect of thickness on crack growth rates arises from
its effects on crack closure, crack extension mode transition and fracture
toughness. Prior to onset of transition to slant mode, plane strain conditions
will prevail., During transition, fracture mode is a composite of flat and
shear. Hence, crack growth rate during transition will be give by

Thickness effect.

o -m P _ p _"m A_j( __0‘7( P
A T (1- R) (Ake-dkn) + Azg (1-Ts)(1-22) (1-R) (A)e ~)

- — 2 - 2
dn [ 1T + Kie 0] = Koy

where tsis shear 1lip thickness expressed as a fraction of total thickness,
is effective stress intensity range at mid thickness, AKe is effective stress
intensity range in the surface layers, Re and Re are the effective stress
ratios at surface and mid thickness regions respectively.

In the above equation, two separate valuves of AKgand Re have been assumed in
view of fractographic evidence (Sunder and Dash, 1982) showing that crack
opening stress level at mid thickness can be significantly lower than that at
the surface. In this study, tests were conducted on a Smm thick Al1-Cu alloy
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vsing a specially designed load sequence shown in Fig. 3. It consists of
plocks of cycles with constant maximum stress and cycle-by-cycle wariation in
minimum stress. In the event of crack closure, a section of striations would
be equally spaced. For a given block of loads, the number of equally spaced
etriations will be proportional to crack closure level. The first and last
equally spaced striation would correspond to the cycle where minimum stress
was more or less equal to crack opening stress level., Striation patterns
sbtained at the surface and mid thickness regions also appear in Fig. 3. It
can be seen that the striations corresponding to cycles 3 to 13 are equally
spaced at the surface while at mid thickness, only cycles &6 to 10 produced
equally spaced striations. This is evident from the plots of relative
striation spacing (normalised with respect to maximum striation spacing)
versus stress ratio R of the load cycles in a block. A noticeable difference
15 observed between crack opening stress levels at the surface and at mid
For a range of thickness, the final fracture condition may be
governed by fracture toughness values between Kc and Kic and associated with a
composite fracture mode. In such a sitvation, the O Key is governed by Kc(t)
which can be related to Kc, Kic and the shear lip fraction at fracture, ESF as

thickness.

2 — o =
KCLC) = K G- th»] + K¢ tbf w2
The trends in the effect of thickness and crack growth rate, evalvated with

come assumed values of constants in the growth rate equation are shown in Fig.
4, They correlate well with experimental data obtained by Schwalbe (1973,

1974) .

It is important to observe that at very high stress ratios , 4Ke couvld exceed
corresponding to Kmax = Kic. This cendition is conducive to ‘pop-in’ crack
5 shows data obtained under such conditions. It follows that

extension. Fig., &
pep-in can occur even in relatively thin materials (t = 2mm), provided the

stress ratie is very high.

Non LEFM conditions. Non LEFM conditions can be taken into account in the
creck growth rate expressions., Three sitvations need consideration. (i) - The
monotenic plastic zone is comparable to crack length or net section. (ii) -
Both monotonic and cyclic plastic zones are comparable to crack length and net
section. (iii) - Gross yield. In (1), the growth rate equation can be medified
vsing plastic zone corrected Kmax in the denominator. Similarly, 1in case of
sitvation (ii), one can modify the growth rate relation vsing plastic zone
correction for Kmax as well as OK.. For sitvation (iii) one has to resort to
EPFH concepts such as J integral., It is to be observed that the energy balance
equation can be set wp in terms of J 1integral since it represents energy
release rate and also characterises the stress-strain fields at the crack tip
in the EPFM range. The growth rate equation will take the form

P -m
da _

a(are )iors
n) ‘T(Y - Imzxx

where A:)c is the effective J integral range,

-- 13

Correlation of test data with medel. Fatigue crack growth data were generated
under constant amplitude leading with stress ratio ranging from 0 to 0.85 on 1
and Smm  thick Al-Cu-Mg alloy sheet material (Soviet D15AT alloy). The tests
were carried cut on an INSTRON 1343 servohydravlic computer controlled testing
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machine. Software was developed for fully avtomated testing (Sunder, 1984)
Figs. 6 and 7 show  the crack growth rate data represented in formats
corresponding to the Elber, Forman and proposed equation for crack growth

rate. As evident from
correlation,

these figures, the Proposed equation offers better

Environmental effects. The structure of the energy balance equation is such
that it can be generalised t¢ include environmental effects. An additional
term on the righthand side, representing time dependent damage due to
envirenment needs te be introduced. This has been discussed in detail
elsewhere (Raju, 1980), It can be shown that superposition and process
Competition models of environment assisted fatigue crack growth can be
obtained as partial €ases using the generalised energy balance equation. In

the setting up of the energy balance equation and in the subsequent derivation
of the crack growth rate relation, the concepts of damage, energy balance and
crack closure are closely involved in a unified manner,

SOME OESERVATIONS ON MODELLING CRACK GROWTH UNDER
FLIGHT SIMULATION LOADING

The proposed unified approach for modelling fatigue crack growth is extendable
to complex load sequences like flight—by-flighr loading. To achieve this, the
following problems demand consideration:
1. Analysis of load history under random loading (cycle counting),
2. Simulation of crack opening stress variation under flight
spectrum loading. This parameter will affect effective stress range
in each load cycle,

3. Definition of predominint  crack extension mode. This will
account for crack front inconpatibillty effects by modelling crack
closure  stress ang susceptibility to local static fracture

(‘pop-in’) as affected by crack tip stress state,
The last problem is 4 subject for future work and will not be considered
here. The first two are discussed below,

As _ G

Fig. 8 Load sequence designed to validate cycle counting technique

Cycle counting for crack growth analysis, The relation between damage and
hysteresis energy automatically implies that Rainflow cycle counting is

applicable to analysis of cprack growth under random
the Rainflow cycle counting technique for crack
established in a recent study on a 5 mm thick

loading. The validity of
growth studies was firmly
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designed load sequences

(Sunder and others, 1983). The basis of the load
sequences will be clear

from the peak-trough sequence shown in Fig,

8. These
are divided into four segments A, B, C and D, As per the Rainflow technique,
seqments A and F are identical in damaging power, Each has two inner cycles
(A1-A2, A3-a4), (B2-B3, B4-FS) and an outer cycle (AD-AS-AG), (BO-E1-DO).
Cycle € (A6-C1-E0) is identical

to the counted outer cycles while (D2-D3-D4)
(D6-D7-D8) are identical to the two counted inner cycles each in A and E.

If a fatigue crack is grown under repeated blocks similar to the one in Fig.
8, using a material and stress  levels conducive to the formation of fatigue
striations, the validity of the Rainflow cycle counting technique can be
examined on a quantitative basic through electron fractography of the fatigue
fracture surface. Tests were carried vusing seven different load sequences
built around the one in Fig. 8. In thece Sequences, the number of inner cycles
as well as their magnitude were varied. So was the minimum stress to study

possible crack closure effects (inner cycles below closure stress can get
‘eclipsed”’,

The cycle step size in
depending on the
measurable crack

segment D was extended
counted stress range of the
extension over the entire
individual cycles in D was estimited b

to between 23 and 100 cycles,
inner cycles, This ensured a
step. Crack extension due tg

y dividing total extension in D by step
size. A typical striation pattern appears in Fig., 9 along with the 1load
sequence and digitally processed fractograph., For Rainflow cycle counting to

be valid, growth in segments A and B should

be equal. 1In addition, 1/3rd the
growth increment in A or E should

be equal to 1/4th the increment in C plus
1/25th increment in D, The increment Do is due to the stress excursion from
the minimum stress in segment E to the maximum stress in D. The results of
this study strongly support the vse of Rainflow cycle counting to crack growth
analysis. They also point to large errors that may occur if range count method
is used. Range counting is consistent with COD based models,

Crack closure under spectrum loading. Newman (1981) used a modified Dugdale
model to simulate crack opening stress under

spectrum loading. Such techniques
are  extremely vseful in analytical studies of the influence of wvarious
spectrum variables on crack growth. However it must be pointed out that

Newman’s predictions were validated on a 6,35 mm Al-alloy. One wonders whether
satisfactory life prediction accuracy could be attained on thinner materials
where retardation effects are more pronounced. It appears at the moment that
available methods for modelling crack closure provide a qualitative rather
than quantitative picture of cracl growth behaviour,

The complexity of the crack growth process under flight-by-flight loading is
illustrated by results of a recert NAL study described below which appear to
indicate that one must be extrenely cavtious in even extrapolating laboratory
test data on simple specimens to practical sitvations. The study was carried
out under stress and K - contolled spectrum loeading on 1mm and Smm thick
D16AT Al-Cu alloy SENT specimens (Sunder, 1984), Digital computer control was
vsed te achieve stress control as well as various predefined linear
K-functions (required K-function is achieved by on-line 1load modification with
crack growth). Periodic measurements were alse recorded by the computer of
crack opening and closing stress levels, These estimates were made using COD
compliance. K-controlled testing permits simulation of possible dK/da effects,
The Sop measurements permit consideration of pessible dK/da effects on crack
closvre, Typical test results appear in Fig, 10 for the 5 mm thick material.
Similar results were obtained for the 1 mm thick material., An analysis of the
Note the more than

growth rates at similar characteristic K
Obviously, the rate of change of plastic zone size

order of magnitude variation in crack
but different dK/da.
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affects

1runca1iosU;;€:I Tg:p. The plgstlc zgne size 1is controlled by spectrum
o a"$111Udstr§ss at this lguel 15 extremely high and corresponds
SO PO st are. e a/dN exceeding 0,01 mm/cycle. Conventional constant
s i dk/dacar;;ed out at nuch lower stress 1levels, This could be the
Hiraohold Poghan 2 erfects have hitherto gone unobserved except at near
SinBoieds da/dN. Tre S;:dy showed pronounced effect of dK/da on constant
Comclueson 0 1615 e effect corrglated well with measured valves of Sop. The
they inply thon fi:udy have a dlfect bearing on engineering application -
dat; can by sbtaios on;pec;run }oad1ng conditions, realistic crack growth rate
P N e y Y USLng representative stress levels as well as

An i i i

Struézzgziangomqgﬁzzion gr1sgs as to how to adapt laboratory test data to
Sapesiurel Figp o s.Th onsider the K-function for a stiffened panel which
e TR 'Hencé ?' effect  of the stiffener is to reduce the rate of
Pl WL U;1UE 2 un 1ke‘a (C or SENT crack geometry wvused in laboratory
negativé) ° 1;e s in a st1f€engd panel would be very low (zero or even
e bl a"pliTUdEulilnl?y of stiffeners, Poe (1971) had established through
ol o withestlng that  crack growth rates in stiffened panels
Titenglty raee ! specimen data when plotted as g function of stress
i panglé g t duas concluded That knowledge of the K-function for
Tabiretury o o s a equate. to predict crack propagation life, wsing
ate i i 10 ?;gﬁlet§?:c1mensi ngeuer, it follows from the experimental
conditions where dK/da effects ;ZQ;MSS;:ZMi;ZH:?T S spectnun loading

The pr i
TEChsi:Eéen (g;isussegh above can be_overcone by vsing a Segment Simulation
seqmenie: eant! + The K-function in Fig. 11 can be broken into multiple
STandard) 1abura:;er1ng a crackl length interval well within the width of a
SRR, o cry 'ENT Specinen. As per 88T, using eight 75 mm wide SENT
P éxcpedin a?7§1qula19 crack propagation in a panel with crack growth
peiiy (dotte& 113 _ MM Each specimen would cover a segment of 25 to 30 mm
i thosesA in figqure), Both.K and dK/da over this interval would
s o e in the corrgspopdlnq panel segment. The K-function for
AR ?1nulated in individval specimens can be adequately
S o Thzse 1ourth qrder polyngnial. Assuming da/dN to be a unique
can be Shteien wo variables, realistic spectrum loading crack growth data
Kaliatory pomy or the panel from multiple tests on simple specimens., @
gk anq dengnf of cour?e uou}d be the capability of the test system to
et y _e§1req K-funchon Juring crack growth testing. A test syste
1s capability is described in detail elsewhere (Sunder, 1983), ’ "

CONCLUDING REMARKS

The unifi i
e c::é:dtapp;ogch to modelling of fatigue crack growth essentially combines
i of‘p : ] banage, energy balance and the phenomenon of crack closure
aronn et gun_er of_paraneters can be logically accounted for in the cracé
el re ;Tlon derlued.Fron the unified approach. The model presented in
o zugh :sy aiigo:?sconllnuuz rechanics involving continyum parameters and
: ) owards  extending the  model
= : : e to account for
paranerergturjld parameters may begin with the relationship between continuum
Microstructurenp microstructure. An obvious approach te consideration of
arameters and fracture modes i i
ey ; or mechanisms is to observe that
e 2::Jergsls energy absorbed could produce inhomogeneous damage leading to
N ”;;1:21 ::ere energy required for a specific mechanism to operate
e 6{ e:”:odel a?d the structure of energy balance equations allow
: onmental effects The applicabili i
Cone ! 0 oo T ity of Rainflow cyc
ting to fatigue crack growth established by a novel fractographic szuzi
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model, The model can account for stress ratio
effects in a more satisfactory manner than existing models since it combines
the R-effect arising dve to crack closure, critical stress intensity range as
well as effective stress ratio (Sop/Smax). The model also permits derivation
of a crack growth expression for EPFM conditions in terms of J-integral.

lends support to the wunified

In its present form the model cannot be directly applied to mixed mode fatigue
crack growth under combined K, and Kg conditions. This will require
recognition of the fact that energy release rate (feeding to the process of
crack extension) namely (dWext/da - dUe/da - dUp/da) is dependent on the angle
of crack extension. Also the hysteresis energy absorbed and the damage
resvlting from it are functions of the mode I and mode II components of the

crack tip stress field,

The 1lack of correlation between crack growth rates under flight simulation
loading with a characteristic stress intensity makes it impossible teo
extrapolate laboratory test data to structural components., The 1lack of
correlation is attributed to dK/da effects on crack opening stress, This
problem was hitherto unnoticed under constant amplitude loading conditions.
Segment Simulation Technique (SST) is proposed as a vseful engineering tool in
overcoming the problem associated with dK/da effects,

Acknowledgement: Consvltations with Dr., P,K. Dash are gratefully acknowledged.
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