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ABSTRACT

Fatigue failure is the major causes of mechanical structural failure. The fatigue failure
progress in three stages crack initiation, crack growth and final failure. The fatigue crack
growth has been modelled by different approaches, however these approaches are generally
empirical. In this research, a mechanistic fatigue crack growth model is proposed. The striation
and its relation to the cyclic load is used for the model development. Scanning electronic
microscope results are used to establish relation between striation and crack growth. The
developed model is two-parameters, The model has been implemented and validated using
experimental data from the literature. The model prediction is satisfactory in region II of the
crack growth curve. However, in region I and region 111 the model deviates from experimental
data. It 1s suggested to incorporate interaction of monotonic and cyclic loading in the

mechanistic modelling for the fatigue growth.
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observation has been used to establish relationship between dependent and independent
variables of the FCG phenomenon. A mechanistic model has been proposed accordance to the
observed FCG phenomenon. The model has been implemented using experimental data of
fatigue growth rate obtained from authentic literature resources. MATLAB software has been
used for the determination of the model parameters using its surface and curve fitting tool

boxes. The model has been validated using experimental data from other literature resources.

1.5 Thesis scope and organization

In this research work, a mechanism based model has been developed using
fractographic observation. Striation marks relation has been used to establish relation between
crack growth and loading. A two-parameters model is proposed for the FCG. The model has
been implemented and validated using experimental data from literature. The next chapter is
the hterature review about the existing mechanistic models for the fatigue erack growth.
Chapter 3 described the mechanism for the development of the proposed model. Chapter 4
described implementation and validation of proposcd model. Chapter 5 described discussion.

Chapter 6 is about this dissertation the conclusion and the future recommendations.



CHAPTER 2

LITERATURE REVIEW

This chapter covers the literature review of the different Fatigue Crack Growth Models
developed analytically by the various researcher for metals. Every Model have their own
consequences about the mechanism of Fatigue Crack Growth. Here we briefly discuss multiple
Models to know about the existing analytical approaches to understand better about the FCG

mechanisms.

Overview of literature on mechanistic modelling of FCG in the followi~~ table 2.1:

Authors Fatigue crack growth model References
Tomkins, B. 2= = F(BK, Begiastic. Tymotie) [10]
Lal, D. N. et. al & a( Py er flafw) ~ 2L (1]
Chan, K. S. et. al & = Ak [1— (1 - - )EE™ [12]
Suresh, S. j—: = f(BK, Bgeprect: Laefiect) [13]
McEvily, A. J. et. al g—; = A({ Ef_e) +Y J[ga (sec% + 1)]}&0 -(1-
e_m)Kopmax - ﬁKeffth)z [14]
Krausz, A. S. et. al = F(T. Ureverse  Urorwara: 8K, V) [15]
Lichun Bian et. al B _ So/ (bl iK:5) [16]

AN (Gor—8Gmax)d3i4

. d d d
Schweizer, C. et. al ﬁ lblock = d—:', | cotal + Ebloc{d_: lucr [17]
Maierhofer, J. et. al :—: =C(.F w—KTiKt—gn [18]
1-17rKc
Shan Jiang et.al a"% = C(BK o)™ [19]



2.1 Tomkins Model

Tomkins[10] proposed this model to predict the fatigue crack propagation due to de-
cohesion of material near crack-Tip. The stage 1l propagation process of crack in ductile
material under tension-compression loading as derived by Tomkins. The theory was purely
based on slip based de-cohesion. This approach was used for the various fatigue problems.
Tomkins found that FCG rates depend on materials stress-strain behavior of their control size
and its deformation zone at the Tip of crack. By increasing the limit of strain to the limit of
tensile strain, so new surface of crack is formed due to de-cohesion of shear toward inner edge
of flow band where the gradient of shear is more. During unloading the tensile and loading into
compression thus shear flow become reversed and the crack close without any re-cohesion and

the shear stress distribution at the crack-Tip is at +45 as shown in fig 2.1.
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Figure 2.1: Stage II FCG mechanism in a metal [10].
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The above mechanism gives the picture about fatigue crack growth that by applying
tensile load to the pre-crack material thus plastic zone create at the crack-Tip. And then crack
begin to propagate toward de-cohesion plane and at any instant of crack propagation a new
surface is formed at the crack-Tip. In short, Tomkins considered the period II process of FCG
in more detail and concluded that at maximum shcar plan de-cohesion result a new surface is
formed. Through the above model fatigue crack growth failure was derived theoretically for
both low stress region and high stress region, also determined the material parameter
controlling crack propagation. The above model confirms the universality of Coffin Manson

law for the fatigue criteria above endurance limits.

The above model was derived for the stage 11 'CG with mode I but not considering the
stage [ crack growth with mode II, similarly his focus was on the uniaxial fatigue crack growth
data and doesn’t incorporate multiaxial fatigue crack data {20] . This approach lacking stage I
FCG, not succeed to develop such an analytical bascd model apart from fracture mechanism of
stage II [21]. The above model just incorporated characteristic of stress-strain but not succeed
due to considering structural parameter because the model was based on slip plane based de-
cohesion [11]. The above model was developed only for ductile material but not exceeded for

the FCG of brittle materials[10].
2.2 Lal and Weiss Model

Lal and Weiss [11] proposed Fatigue Crack Growth Model which utilizes the recent
progress in the notch analysis due to fracture and also utilizes the size effect concept which
result from the variation in the stress volume ot the Crack-Tip. Accordingly, mechanism of
Fatigue Crack Growth involves local stresses which is reaching to the theoretical cohesive
strength that causes fracture of atomic bond near threshold at the relevant nominal stresses.
Whereas plastic blunting, slip plane de-cohesion and Crack-Tip re-sharpening may occur when

the stress range is above threshold range as shown in fig 2.2.
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Figure 2.2: Schematic diagram of FCG mcchanism [11].

The following equation was proposed:

d N 22 'F
o = A - fla/w) — 5 (22)
da

pre is the crack prowth, a is the crack size, ¢FF and oN are the local fracture stress,

nF represent local strain of hardening exponent, p*F Ncuber structural constant, f(a/w) is the
dimensionless correction factor. The Model composcd of threce important parameters like gF F,
nF and p*F. All these three parameters have physical importance and an accommodate
conventionally material strength effects, structural inhomogencity and stress-strain behavior.
Thus, from the above approach we get better understanding of the whole crack growth curve.
As the approach was based on notch analysis, the condition of crack initiation, crack

propagation also analyses the non-propagation of cracks from machine notches.

The above model shows a linear relationship between crack growth rate and crack size
and also the mode! gives accurate data trend in the whole crack growth curve. Fatigue fracture

surfaces show us that the changes occur in the micro-mechanism is due to striation mode.

The above model has been developed to investigate the notch analysis during fatigue
crack growth by using fracture approach. In their investigation, it was found that every element
experience cyclic stress and strain of size p* ahead the crack-tip are determined with the help
of elastic-plastic approach. It was found in his model that p* parameter (Neuber structural
constant) have been used but has no direct physical assessment method have not been

developed for this parameter. Also, it was not clear that is it possible to simulate fracture



mechanism near crack-tip due to cyclic deformation of smooth specimen [22]. The process of
fatigue growth of macrocrack is due to the repeated act of fracture certain elementary volume
ahead the crack-tip of size p*. This process is simulated by fracture having smooth specimen
of the relevant material. But the duration of this mechanism is determined by using the relevant
low cycle fatigue diagram. By using this criterion, it is suitable to analyses the similarities in
the fracture and deformation process ahead the crack-tip running with the same process of
smooth specimen. However, the physical meaning of this parameter p* is not clear and are not
method for direct evaluation[23]. The above model show good response in-case of uniaxial
loading characteristics but was not extended for mixed mode cracks characteristics and also
incorporated the effect of surface frietional [24]. The above approach was developed for stage
II and model limit was up-to m=2 also not include stage 11l and lacking physical insight with

crack growth process[25].
2.3 Chan and Lankford Model

Chan and Lankford [12] modified the lincar elastic fracture mechanic approach to
consider the grain boundaries effect and the variation due to grain orientation cffects. This
analytical model was proposed basically on the deduction that for long crack near threshold the
stress intensity factor, the CTOD is greater for small crack with respect to the equivalent long
crack. Plastically the strain range for long crack is smaller with respect to the small crack.
Assuming the effects of different parameters like ncighboring grain orientation as well crack-

tip distance from nearest grain boundaries are describing by the following equation:

2 = CAK™[1 - (1- ff)(f‘—”)m] 23)

D

. . d
€;, n, m are constants estimated experimentally, E% represent rate of crack growth, AK

represent range of stress intensity factor, T4 and 1z are the resolved shear stresses of grain A
and grain B, D is the diameter of grain and X show the distancc from grain boundary to crack-
Tip.

In the above model, it was seeming that the {atigue behavior of long crack is different
from short crack in engineering alloys. It was also observed that physically small crack is in
the order of micrometer in size which is nucleated at the inclusion of grain. For the short crack-
Tip the plastic deformation is manifested by localized slip band inclined to the stress axis which
are restricted to the region where the stress intensity dominates at the Crack-Tip. From this

approach, we get that the local plasticity at the tip of crack is basically used for the measure of



fatigue damage. This approach was based on concept, if greater the plasticity at the tip of small
crack, thus crack-tip opening displacement occurs at the tip of small crack compatible to the
relevant rapid growth of equivalent long crack. The deduction of strain range of crack tip at the
grain boundary show deacceleration in the growth rates of microcrack. But if there are
similarities in crystallites of both small and long crack-tip strain rangc, the model predicts no

deacceleration.

The above model was based on the criteria that the short crack growth rate is maximum
than the growth rate predicted by the linear elastic fracture mechanics approach in the early
stages and finally slow down the growth rate compare to the growth rate of long crack. But the
proposed model was not experimentally verifying to determine the plastic range at the crack-
tip of large crack and small crack. The proposed model also not explain the transition from
short crack to long crack, because for the transition two parameters are required in the form of
work hardening and grain boundary effects. But the present model does not consider the effect
of work hardening [26]. The above model considcring the LEFM approach for the analysis of
short crack. Since LEFM approach is not suitable in case of short crack application, the AK
criteria become questionable in the short crack analysis [27]. In this model, the influence of
microstructure on short crack was describe and other parameters were also described like the
diameter of grain as well as the accurate position of crack-lip near to boundary of grain. But
the model was fail due to not incorporated the application of crystal plasticity theory [28]. The
model doesn’t describe the FCG of small crack satisfactorily, because of observing mark
scattering during crack growth. It calculates low decelcration or no deceleration during FCG
rates in the cases of two homogenous grains when a crack grow through the boundary of theses

grains [29].
2.4 Suresh Model

Analytically, many researchers trying to predict crack growth of materials with respect
to the crack path of its geometry. Suresh [13) equation explain the reduction of fatigue crack
growth rate was because of periodic deviation from their straight path and due to the associated
attachment of flanks. This deflection in the crack path is due to stress state, microstructure
discontinuities, environment, grain boundaries and variation in loads. The basic assumption
was that the crack requires maximum load in the form of driving force, like AK which
propagate the crack of same length. He shows that the crack growth rate for such crack path

depends on AKX, Bueriect: Laefiect-



d

ﬁ = f(AK, edeﬂect: Ldeﬂect) (24)

AK is the range of stress intensity, 840rec: angle of crack deflection and Lgegiece Tepresent the

length deflected from actual path.

[t was found that if crack show deviation from their actual path, so it means at the crack-
Tip both sliding displacement and tensile opening occurs even the load we have purely tensile.
It was found if crack is subjected to both shear load and tensile load at the crack-Tip we have
Mode | and Mode Il and its corresponding value of K; and K;; at the Tip of crack which is
deflected will be the function of the relevant stress intensity {actor for the same length of linear

crack as show in fig 2.3.
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Figure 2.3: Crack deflection mechanism for linear crack [13].

But deflection due to mixed mode cyclic loading is very severe. Experimentation show
us that due to mixed mode stresses superimposing externally decrcases, increases or remain

unchanged the rate of propagation with Mode I FCG.

Suresh analyses in his model that how crack dcflection influences the growth of short
and long fatigue cracks during tensile loading. His focus was on the deflection in crack path

due to Mode I cyclic loading in his approach.

In the above model, the effects of crack deflection on fatigue crack growth of mode 1
was examined. The theoretical understanding of crack deflection mechanism is a very complex
problem. To-date not such a model has been devcloped to justify the crack growth behavior
whose based was on the interaction of deformation process and crack deflection. This approach
also not analyses the crack growth behavior becausc it’s based was only on mode I [30]. Suresh
show that for a small crack there is a little deflection, thus the value of X is varied crack to
crack, but in-case of long crack the variation in the value of X is consistent. The model was
unable to describe FCG rates of small crack by using the argument of deflection. Also, it is not

possible 10 seem without one postulate dependent highly on the valuc of K;; |31]. He doesn’t

10



incorporate some important factors like secondary crack and crack-tip branching in his model

[32].
2.5 McEvily et al Model

McEvily et al [14] developed model for the analysis of short cracks incorporating
plasticity effect, FCG threshold and crack closure. The behavior of small crack fatigue doesn’t
analyzed by linear elastic fracture method due to large sizc plasticity effects and disintegration
occurs for both the correlated stress intensity factor and 'CG rates of crack length having less
than 1n size a millimeter. So, in the present approach some of the modification are carried into
the linear elastic fracture criteria to introduce such parameter, that correlating both short and
long FCG rates data. The new parameters in the prescnt modcl used only for the behavior of

short FCG rates comparing with empirical data.

Following equation was proposed:

da ’ere Vn' o 7 - .
N = A({ —4—) +Y J[Ea (seczg—y + l)]]ﬁd - (1 - € kt)KOpmax - ﬂKenrm)z (25)
d

Er% represent crack growth rate, A show the empirical constant, / represents short crack

length, K,pmax Tepresent long crack opening, K represent the parameter in mm™!, AK,prpp
represent effective stress intensity factor range, a show crack size. o, represent yield strength,
o represent applied stress, Y represent geometry factor and p, represent the empirical

parametcr determine experimentally.

It was found by this approach that there arc some characteristics which differentiate
long crack behavior from short crack behavior, First onc is the size of plastic zone at the tip of
short crack is large comparatively to crack length, which is violation in term of LEFM
approach. Second characteristics is the level of applied stress range may be maximum relative
to material yield strength which show again violation according to LEFM approach at small
scale yielding. Third one is crack closure range during transition period when small crack
transformed to long crack. Crack closure decrease range of effective stress intensity factor, so
therefore maximum driving force is needed for the FCG rate of small crack with respect to long
crack for the same stress level. As the FCG ratc of small crack is maximum than long crack.
Finally, it is found that FCG behaviors of short crack will be calculated with help of LEFM
expression in term of stress intensity factor. The procedurc of analysis developed is capable for

FCG of both short crack and long crack.



The above model proposed for the analysis of short cracks incorporating plasticity
effects, crack closure and the crack growth threshold. The above model estimate the crack
growth behavior but doesn’t deal the usual deacceleration and accelcration behavior of short
surface fatigue cracks, because the LEFM approach is un suitable for the application of short
cracks [27]. In the above approach, the endurance limit was not considered rather than crack
growth threshold level for the controlling of crack growth in the very short crack growthrange
[33]. The model was succeeded in-case of uniaxial loading but not showing good response
during multi-axial loading of fatigue problems [34|. As we know that the above model was
proposed based on crack closure but there was a very little number of empirical data which

verified the present model [35].
2.6 Krausz Model

Krausz [15] proposed the idea of trans-granular FCG approach was based on slip
reversal where the crack growth rate of trans-granular is comparable to the range of plastic
strain at the Tip of crack. The role of slip system due to which fatigue damage occur has been
recognised. Fatigue damage both initiation and propagation is due to the slip dislocation. The
slip reversal is responsible for the crack vertex sharpening. The alternating slip reversal process
and the forward slip process also carry the formation of striation during crack propagation. The

model for the trans-granular crack growth rate is explain as follow:

(1) By applying load, the slip system activated in two orientations along the slip plane S1 as

well slip plane S2.

(2) During S1 loading cycle purely forward slip occur, which develop a slip step whose length
is ’!f

(3) During unloading a slip reversal occur of length {,. on S1.

(4) Finally, a slip reversal occurs on S2 which producing the crack tip sharp. The process is
repeated until several loaded cycles by producing the final crack size (a). Similar process is

repeated for another slip system having pair of parallel slip panes (S3 and S4) as shown in fig

24.
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Figure 2.4: Schematic diagram of FCG by restricted slip reversibility [15].

This mechanism is repeated for every cycle. The following model was proposed:

da *
ﬁ = f(T, Ureverse ’ UforwardJ AK, 4 ) (2.6)
-::—: represent the crack growth Rate, T represent absolute temperature, U, o porse as well

Urorwara Tepresent reverse and forward displacement, AK represcnt stress intensity factor

range and V" represent activation volume.

The above model shows explicitly of FCG rates in the form of different material
properties like work hardening coefficient, yield strength, microstructure quantities like
activation energy, activation volume, as well as R and AK.This Model gives a physical
mechanism for both crack initiation and crack growth processes and provides a physical
description about striation formation during FCG results in trans-granular fracture. The Model
proposed to correlate trans-granular FCG with plastic deformation which accommodate at the

crack-Tip.

The above model was developed by combining the RSR with lincar elastic fracture
mechanics to developed FCG model of trans-granular type only for polycrystalline isotropic
materials, but was not successful for the texture materials of different alloys [36]. His model
was not able to estimate both the threshold regime and Paris regime [37]. The model deesn’t

consider material texture effect on FCG rates [38].



2.7 Lichun Bian and Farid Taheri Model

Farid Taheri et al [16] proposed this modecl to investigate the G, approach based on
the principle of elastic strain energy and extended to study the FCG mechanisms of mixed
mode cracks. Some modification has been account to this approach to implement the plastic
stain energy thus a new elastic-plastic model is presented based on energy. The proposed model
incorporates the plastic zone at the tip of crack whether yielding 1ake place. Because plastic
zone 1s the parameter to control the crack extension in the elastic-plastic solid. The following

model was proposed:

ﬂ —_ GCfr‘(aKIJaK?.JG") (2 7)

dN  (Ger—86max)d34

db . . .
T represent crack growth size, AG,,,, Tcpresent releasc rate of strain energy,

AK, as well AK, represent corresponding stress intensity factors range, G, represent critical

value of strain encrgy rates, B;fm is the material yicld strengih, 8- represcnt radius of plastic

zone al tip of crack and f represent function of angic.

Advantage of the above model was comparative to another model doesn’t required to determine
C and m experimentally. That’s why it enables 10 predict fatigue lifc without first finding the
experimental constants. The above mode! show improvement with respect to other existing

models because its predict fatigue life with mixed modc also.

The above model docsn’t consider interaction of fractional surface during FCG so as a result
the proposed model show doesn’t a good agreement with the experimental data, therefore the

model is not much effective for the estimation of fatigue life |39].
2.8 C. Schweizer Model

C. Schweizer et al [17] proposed mechanistic model based on the evolution of
microcrack under lower cycle Fatigue and combine lower and high cycle Fatigue loading
condition. Because we know various engineering structures are under the combine effccts of
LCF/HCFT loadings. During lower cycle fatigue loading larger amplitude of strain carry to
early microcrack initiation, so from these growths of microcrack the lifetime of components is
detcrmined. The superimposed high cycle fatigue loading with amplitude of small strain under
endurance limit for the relevant materials also minimize lifetime remarkably. Through this
approach, we analyzed the superimposed HCF loading effect on FCG. The effect of

superimposed HCF loading and the elastic behavior of long crack has been well investigated

14



in the existing literature. But the effect of LCF and HCF loading for the microcrack growth has
not well investigated under plastic deformation of the relevant material. The following model

was proposed for such mechanism:

da da da
ax [bleck = 3 leotal + Zbioct 3 Incr (2.8)

gﬁ |biock 18 the total increment of crack growth, 5:7 |toral 15 the total peak to peak loading
cycle and medd%lmp is the sum of all high cycle fatigue during one low cycle fatigue
loading.

One block of loading comprises one low cycle fatigue loading and the corresponding

superimposed high cycle fatigue loading as show in fig 2.5.

Figure 2.5: Schematic diagram of hysteresis loop for both L.CF and HCF loading [17].

The above proposed model was presented to incorporate accelerated FCG rates under
combine low and high cycle fatigue loadings. The model required few fitting parameters for
validation. By using the linear correlation of crack growth and crack opening displacement
range the proposed model narrate the crack length extension under low cycle fatigue loading,

if period I FCG is not much prominent.

The above model was proposed to describe FCG curve under LCF and combine
LCF/HCF loading but doesn’t account TMF due to superimposed HCF loading [40). The model
was uniaxial and just incorporated LCF loading and combine LCF/HCF loading but was not

extended to multiaxial loading as well as to HCF/TMF loading [17]. The model doesn’t
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consider the interaction effect of load which could influence strongly the stresses at the crack
opening [41]. In the above approach, there was lack of numerical explanation about the

interaction of HCF/LCF therefore not accurate for the validation of experimental data [42].

2.9 NASGRO Modified Model

Maierhofer, J. et. al [18] proposed NASGRO model to cxplain FCG mechanism for
physically small ¢rack. The theoretical analysis for FCG behavior under periodic loading at
different stress range and with their respective stress intensity tactor for any load ratio and
crack extension is based on this equation. As we know that small crack is ability to grow
beneath the threshold region for the growth of long crack, but small crack grows rapidly with
respect to long crack under stress intensity facior of same domain. Generally used crack
growth Model cannot describe the behaviour at all of short crack with good accuracy. There
arc so many types of small crack classified broadly in mcchanically shorl crack,
microstructurally short crack, chemically short crack and physically short crack. The purpose
of this contribution is to develop a FCG model, which can describe the rate of crack growth for
random length with the order of very small-scale viclding. The following supposition of crack
growth analysis is based on the given mechanical Mode! in fig 2.6. Starting from a specimen
having notch with depth of a. and a growing crack ol length Aa are not subjected with a crack
closure. Therefore, range of stress intensity factor is calculated by using the lcngth of total
crack but crack closure builds up occur may on the size of crack extension Aa only follow by
the verification of NASGRO equation experimentally and then to remodel and take into

account behaviour of small crack.

dalds
{fag}

AK (log)

Figure 2.6: (a) Schematic diagram of mechanical model. {b) Typical long crack curve with

constant load ratio [18].

da _ (AK—AKp )™
N C. F-'l—_—r'fx— (2.9)
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-3% represent crack growth rate, m and C arc constants experimentally estimated, F is

the crack velocity factor, AK represent stress intensity factor range, AK,, represent threshold

stress intensity factor range, R represent load ratio and X, is the fracture toughness.

The above model represents all the branches of crack growth behavior. AK,, represent
the position of branch [ while the parameters C, m and F represents the position of branch I

and K. represent the position of transition from Paris state to unstablc state of crack growth.

To adjust the model of NASGRO to the behavior of small crack will take into account the

following points:
(1) That small crack will grow for long crack bclow the threshold.

(2) That small crack grows rapidly with respect to long crack for same stress intensity factor

rang mostly in the region of low and medium threshold regime like Paris region.

So, it is found from the above model that crack closure effect is increasing with crack
extension and also the modified NASGRO mode! can estimate the growth rate of crack length

randomly. This approach is good with respect to other to calculate the life time accurately.

The above model analyses the behaviour of small crack experimentally well but the
contribution of roughness induce and plasticity induce crack closure show the difference
between materials which doesn’t comparable to one another. As the crack closure mechanism
show difference as a result threshold limit of long crack show variation. NASGRO modified

model ignored these points in his model [43].
2.10 Shan Jiang Model

Shan Jiang et al [19] proposed an analytical model to predict FCG behavior under a
single overload with constant amplitude. In this model for by using plastic zone and crack
closure was accounted crack growth retardation. The virtual crack annealing modified model
by Bauschinger effect was used to compute the range of crack closure outside the region of
retardation effect. And the plastic zone model of Dugdale was used to estimate retardation
effect region size. A sophisticated mathematical equation was developed to estimate the

variation in crack closure during retardation area.

d
ﬁ = C(AKe)™ (2.10)
AKeff:l(

max—Kop



:—: is the crack growth rate, AK ¢ represent stress intensity factor range, C as well m

are the empirical parameters, Kp,,, represent maximum stress intensity factor and K,

represent crack closure level.

The above analytical model was derived from FCG mechanisms like crack closure,
Bauschinger effect and plastic zone and doesn’t required any extra parameters which have no
physical meaning. The above model is only valid for the current loading spectrum and
materials. But in future the present frame work of this model will be extended to other

materials,

The above model doesn’t explain bifurcation and branching due to overload which can
retard the growth rate of crack. Also, the model was suitable only for the present investigated

materials and loading spectrum [19].
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CHAPTER 3
MECHANISTIC MODEL DEVELOPMENT

In this chapter, an analytical model for fatigue crack growth is developed based on two
fracture meehanics parameters. The fractographic features of the crack growth will be used for
the development of the model. First of all, we will describe the mechanism of striation
formation. Then it will be followed by the sections which will describe the influence of AK
and stress ratio on the fatigue striations the influence of AK and stress ratio on FCG and then

analytical model will be described.
3.1 Mechanism of striation formation

The most important fractographic features of the fatigue [racturc is striation {44]. The
mechanism of striation formation has been explaining by many models. The oldest and popular
model about striation was proposed by Laird’s Model [45.46]. He cxamines the specimen of
metal ductile broken under high fatigue stress which appear like the fracture ripple on the
fracture surface similar to the resulting from low fatigue stress but normally larger. It has been
observed that fracture ripple formation and crack propagation are due to re-sharping and
blunting of crack-tip on every cycle of stress. Francois et al [47] describing the mechanism of
fatigue striation in Fig 3.1 how to form the first striation when the crack passes from region |
to region II of propagation. During unloading the shape of crack tip is sharp but when the load
is increased the shape of crack-tip become blunt and thus the process is going on as a result

striation 13 generated after one complete stress cycle.

Figure 3.1: Striation formation mechanism [47]


















In the above diagram b represent the depth of initial crack and t;, represent the plastic
zone radius at the crack-tip. The above diagram show us that bluntness will be the function of

local material plasticity [16].

[f the stress ratio increases for the given value of AK thus the plastic zone also increases

as show schematically in the following way.

In the following case, we assume that R,>R,

Fig 3.7: Schematically plastic zone sizes at R, and R,

It means as the effect of stress ratio increases as a result the plastic zone size will

increase thus the striation spacing will increases.
As FCG rates is the function of two parameters according to the above discussion so we can

write it in the following form:

&= F(OK, Kinean) 3.1)

— Kmin*tKmax

Where AK = Kppax — Kmin > and Kipean = 2

By using the principle of superposition [59] rewrite equation (3.1) in the following way:
= ABKY™ + B(Kmean)" (3.2)
A, B, m and n are equation parameters determined experimentally

Fatigue phenomenon can be described by any of the following five parameters.

Kmax+ Kmins Kmean,AK and R

The above model given by equation (3.2) contains two parameters so this implies that

fatigue crack growth is also the function of two parameters. For the fatigue spectrum, at least
25



two parameters are needed. This implies that the crack growth rate should be also described by

any of two parameters.

Fatigue crack growth is affected by both types of loading cyclic as well as monotonic

loading. The effect of monotonic loading is known as stress ratio effect.

Based upon fractographical analysis, a two-parameter model has been developed in which the
contribution of cyclic loading and monotonic loading superimposed rather than multiplied. The
above two-parameters model will be validated in the next cbapter with authentic experimental
data.

26



CHAPTER 4
MODEL IMPLEMENTATION AND VALIDATION

In this chapter, the model developed in the previous chapter has been implemented and

validated by using open source literature experimental data in the fatigue crack growth. Four

case studies are discussed in this chapter.

4.1 Case study I:
The first data set was taken from the work of Chang et al [60]. The material used in

their study was 300M steel. The material was tested at different stress ratios. The fatigue crack
growth data at stress ratios R=0.7, R=0.5 and R=0.3 is used for the implementation of the
current model:

d
T = AGK™ + B(Kmean)" (4.1)

The test data at stress ratio R=0.05 is used for the validation of the above model. The

experimental data for the stress ratios 0.7,0.5 and 0.3 is plotted in 3D plot as shown in the figure

4.1,
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Figure 4.1: Crack growth data ﬁ- verses AK and K ean [60]
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The model parameters were obtained by using surface fitting tool of MATL AB. After several

trials, the values of the model parameters were chosen for the highest R2, equal to 0.9606.
The model parameters were as under.

A= 5.437¢7%8 m=222

B=1.7408¢7% , n=2

The surface fitting to the experimental data is shown in 3D plot of j—: verses AK and K eqn In
figure 4.2.

The final model is given by equation 4.2.

2 = 5.437¢ % AK??? + 17408 %K ppean 2 (4.2)
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Figure 4.2: Surface {itting to the data in figure 4.1

For the current model validation, the equation 4.2 is transformed to single variable in

term of AK as given in equation 4.3:

;’—: = 5.437e""8AK 222 1 661 IBAK? (4.3)
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Figure 4.3: Model validation of case study 1.

Figure 4.3 shows 2D plot of :—: versus AK to check the performance of the model

validation. The figure shows a good relationship between experimental data and model
prediction in the linear region. However, at lower AK the deviation of the experimental data

from model prediction is seen. The model prediction is slightly higher than the experimental

data as show in figure 4.3.

4.2 Case study II:

The second data set was taken from the work of Tsudka [61]. The material was medium

carbon structural steel. Four stress ratios were used for the implementation of the current mode]l

as shown in equation 4.4 are R= 0.5, R= 0.4, R=0.3 and R=0.0.

d
= = AK)™ + B(Kmean)” (4.4)

But the test data at stress ratio 0.05 is used for the validation of the above model. The

experimental data for the stress ratios R= 0.5, R= 0.4, R=0.3 and R=0.0 is plotted in 3D form

as shown in the figure 4.4.
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Figure 4.4: Crack growth data :—: verses AK and K pean [61]

By using surface fitting tool of MATLAB parameters for the current mode] obtained.
After several time trials in curve fitting tool of MATLAB the values of the model parameters

were obtained for the highest RZ, equal to 0.9546.

The mode! parameters were as under.

A= 1.899¢"1 m=25

B=1.31e"1! n=1.2

The surface fitting to the experimental data as shown in 3D plot of :—: verses AK and Kean

in figure 4.5.
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Figure 4.5: Surface fitting to the data in figure 4.4

'The shape of the model for the current parameters as given by equation 4.5;

da

= = 1.899e MAK?S + 1.31e K ean 12 (4.5)

For the validation of the current model the above equation 4.5 is transformed into single

variable in term of AK as given by the following equation:

da

= = 1.899¢"1IAK2S + 1,051 710K 12 (4.6)

Figure 4.6 shows us the 2D form of the :—: verses AK for checking the performance of model

validation.
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Figure 4.6: Model validation of case study II.

The above figure shows a good correlation between the experimental data and the model
prediction in the Paris region. At lower value of AK experimental data is lower than model
prediction but as the value of AK increases the experimental value become higher than the

model prediction as shown in the above figure 4.6.

4.3 Case study 111

The data set used in this case was taken from the work of Dubey [62]. The material
used in their experiment was Ti—6Al-4V. During performing his experiment on the given
material, they used various stress ratios. The data of fatigue crack growth at stress ratios R=0.8,

R=0.5 and R=0.25 is used for the implementation of the following model:

d
8 = AGGK)™ + B(Kmean)"® (4.7)

But the remaining test data at stress ratio R=0.02 is used for the validation of above

model. The experimental data at the stress ratios R=0.8, R=0.5 and R=0.25 is plotted in 3D plot

form as shown in the figure 4.7.
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Figure 4.7: Crack growth data %:- verses AK and K con [62]

The model parameters were obtained with the help of surface fitting tool of MATLAB.

By doing several trials in surface fitting tool the values of the model parameters were chosen
at the highest value of R?, which was equal to 0.7263.

The model parameters were as under.

A= 3.221e712 m=24

B=8.963¢712 , n=2.66

According to the above model parameters the following shape of the model is made:

& o 3.221e712AK2* + 8.963¢ 12K, oap 266 (4.8)

dN
For the current case, the surface fitting to the experimental data as shown in the 3D plot form

of :—: verses AKX and K cq,, in figure 4.8,
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Figure 4.8: Surface fitting to the data in figure 4.7

For the validation of the current model equation 4.8 is transformed into single variable form in

term of AK as given by equation 4.9:

% =3221e7128K?* + 4.666¢ 1AK% (4.9)

To check the performance of the current model validation from the figure 4.9 in 2D
form of g—; verses AK. The figure 4.9 shows a wcak relationship between experimental data

and model prediction. At lower value of AK the experimental data is lower than model
prediction. The sensitivity of the model prediction is significantly lower than the experimental

data as show in figure 4.9.
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Figure 4.9: Mode! validation of case study III.
4.4 Case study VI

The experimental data for this case has been taken from the work done by Paris [9]. They
used material 6013-T651 aluminum alloy during in its experiment. For the implementation of
the current model as given in equation 4.10 the fatigue crack growth data at stress ratios R=-1,

R=0.10, R=0.30 and R=0.50 are used.
== AGBK)™ + B(Kmean)™ (4.10)

The above model was validated using test data at stress ratio 0.70. Experimental data
for the current case is plotted in 3D form for the stress ratios R=-1, R=0.10, R=0.30 and R=0.50
as shown in figure 4.10,
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Figure 4.10: Crack growth data i:% verses AK and Kyean [9)

The model parameters were obtained by using same technique as for previous cases.

After several trials, the values of the model parameters were chosen for the highest value of
R?, equal to 09428,

The model parameters were as under.

A= 2.452¢7%, m=25

B=2.293¢7%7 n=3.33

The final model shape for the current parameters is given by equation 4.11
2 = 2452679 AK?S + 2.293¢ K eqn >3 @.11)
The surface fitting to the experimental data is shown in 3D plot of gﬁ verses AK and

Kmean in figure 4.11.

36



da/dN [mmicycle]

da/dN [mm/cycle] LR AK [MPam™?)

Figure 4.11: Surface fitting to the data in figurc 4.10

For the model validation equation 4.11 is transtormed into one variable form in term of AK as

given by equation 4,12,

;i_: = 2.452¢ 97AK25 4 52155087 333 (4.12)

Figure 4.12 shows 2D plot of ;—; verses AK to check the performance of model

validation. The figure shows a good relationship between the expcrimental data and the model
prediction in the Paris region. But still there is some deviation of experimental data from model
prediction as shown in the figure 4.12, At the carly stage, the experimental data is lower than
modcl prediction. This shows that in region II prediction is good, however in threshold region

the model prediction deviates from test data.
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Figure 4.12: Model validation of case study IV.
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5.1.1 Region 1

In region I, the growth rate is more sensitive to the AK. The slope of curve is sharp
which implies that small variation in AK bring large variation in the FCG. In this region, the
effect of strcss ratio has been reported [54]. This effect is attributed to the plasticity induced
crack closure [64]. This implies that the fracture surfaces developed in this region containing
significant plastic flow. The striation marks are not continuously observed in this region. The
modelling should be formulated that the effect ol this plasticity or roughness induced fracture
surface is reflected. It may be also assumed that the abscnce of striation marks revealed that
striation 1s not created in one cycle and for these the plastic {low of material responsible for the
striation marks are minute and cannot be detectcd. The model for FCG will be not the simple

superimposition of monotonic and cyclic contribution for crack driving in this region.
5.1.2 Region I

This region is often termed as Paris region. The crack growth curvce shape is less steep
in this region and it is almost straight line on log-log, g—: vs AK plot. This region spans on a

wider range of AK as shown in figure 5.1. The model developed in this thesis research work
satisfactorily forecast crack growth in this region [63|. This implying that one cycle create one
striation mark as show in figure 5.1. The stress ratio cffcet is adjusted into the two-parameter
superposition model by default and as further correction is required for this effect. However,
the case may vary from one material to another material due to composition difference. It is
suggested that mechanistic model is developed in such a way that in region II, it is only the

function of monotonic and cyclic load contribution superposition.
5.1.3 Region III

In region III the crack growth curve slope is sharp implying that it is more sensitive to
the AK variation. In this region AK value approach K, and non- stable growth is observed. The
striatton marks are generally not reported in literature for this region growth. The spacing and
geometry of fractographic features is non -uniform in this region [44]. It is suitable to
characterize crack growth in this region using static fracture criteria rather that fatigue fracture

for which static fracture toughness can be used as primc parameter.
5.2 Fractographic features of the crack growth and mechanistic model

The fractographic features are important in the modelling of the fatigue growth.

Literaturc studies are present where fractographic features arc used for the development of
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mechanistic model. The important fatigue fracture surface feature is striation marks, that has

been extensively used for the development and understanding of the FCG model and fracture

process respectively as shown in figure 5.2.

Initiation Fatgue Beach Matk

™~

Stnations

Firal Fracture

Figure 5.2: Fractographic features of fracture surface [65]

ITowever, striation marks are not always observed for the whole SIF range and also for
not all materials. Specifically, brittle materials don’t cxhibit striation due to absence of
microplasticity during fracture. It is also still detectable weather striation marks are formed in
single cycle or in multiple cyeles since the famous models for striation formation are for one
cycle |44,66]. This implies that more fracture featurcs shouid he involved in the developing of
mechanistic model for FCG. A good examplc of using extra fracture surface fcatures is
cxplored by the Khan's work [67] for composite delamination growth. Though their works is
inherently for composites, the concept can be still cxtended to metal FCG. Moreover, the model
of striation formation should be revised to realistically cxplain the phenomenon of fatiguc

fracturc.
5.3 Similitude parameters for crack growth characterization

The fatigue spectrum is fully described by iwo loading parameters out of five

parameters dp,,x, Omin, Trmeans. 40 and R as shown in figure 5.3,
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CHAPTER 6
CONCLUSION AND FUTURE WORK

In this thesis at first, we survey the literature review about various models of FCG.
Then we proposed a two-parameters model for FCG of metals in which the effects are
superimposed monotonically and cyclically on the basis of latest approach about striation
formation. Then the proposed two-parameter model has been validated by using authentic
experimental literature review. The conclusions of the research work are summarized in section

6.1 and Future recommendation are presented in section 6.2.
6.1 Conclusion

Striation marks are observed during our research and used by researcher for modelling.
Striation marks relation with cyclic loading are clearly observed in Paris region.
Two-parameters model fully predict the phenomenon instead of single parameter model.

In Paris region superimposition model is effective for certain matenals.

In threshold region and region III striation marks arc not observed so the proposed model
doesn’t predict this region.

The proposed two-parameters model is just for Paris region.
6.2 Future recommendation
This research can be carried out in future considering the following effects:

It should be needed to explore further the interaction of monotonic and cyclic loading and also
include in the model to predict all the regions.

The model of striation formation should be revised because it’s doesn’t accurate that one cycle
creates one striation mark.

As the striation marks are sometime observed and sometime not observed in threshold and
region III so further fractographic features should be uscd for the modelling.

For the characterization of region 111 static fracturc should be uscd instead of [atigue fracture.
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