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ABSTRACT

In the present paper, a new analytical methodology to estimate both
crack path and lifetime of metallic structural components under
fretting fatigue elastic partial slip 1loading condition is
proposed. Such a methodology consists in the Jjoint application of
(1) the criterion by Carpinteri et al. for metallic structures
under multiaxial constant amplitude fatigue loading in high-cycle
fatigue regime, (ii) the critical direction method by Aratjo et
al., and (iii) the critical distance method by Taylor, in the form
of the Line Method. The accuracy of the above methodology is
evaluated through experimental tests available in the literature,
performed employing two cylindrical fretting pads pressed with a
constant normal load against a dog-bone type test specimen
subjected to a cyclic axial load. All these components are made of

Al 7075-T651 aluminium alloy.
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NOMENCLATURE

a theoretical Hertzian contact semi-width

C, amplitude of the shear stress component 1ying on the
critical plane

E Young modulus

L El-Haddad intrinsic crack length

m slope of the S-N curve under fully reversed normal stress

m" slope of the S-N curve under fully reversed shear stress

N, amplitude of the normal stress component perpendicular to
the critical plane

Neqa equivalent normal stress amplitude

Nt cal calculated fretting fatigue life

wap experimental fretting fatigue life

N, mean value of the normal stress component to the critical
plane

P constant normal load (compression)

Q cyclic tangential load

Q. amplitude of tangential load

iié averaged principal stress directions

o off-angle defining the normal to the critical plane

Oaf 1 material fatigue strength under fully reversed normal
stress at Ny loading cycles

op cyclic axial stress applied to the specimen

Oga amplitude of axial stress applied to the specimen



o, ultimate tensile strength

oy yield strength

A 4 fatigue limit range

04 max maximum value of o; during a loading cycle

0,,0,,0, 1nstantaneous principal stresses

0., orientation of the critical plane

Taf 1 material fatigue strength under fully reversed shear
stress at N, loading cycles

AK threshold stress-intensity factor range

% Poisson's coefficient

1. INTRODUCTION

Fretting is a contact phenomenon that may occur between two mating

surfaces subjected to cyclic relative motion induced, for example,

by extremely small amplitude vibrations. The damage process

associated with fretting is caused by the synergistic contribution

of wear, corrosion, and crack nucleation and growth [1-4].

According to Hurricks [5], a typical damage mechanism can be

observed in engineering materials (such as steel and aluminium)
subjected to fretting.

The scarring of the superficial oxide layer 1is the initial
mechanism that can be observed [6]. Such a mechanism, called

fretting wear, 1is responsible for the appearance of micro-debris

between the contact surfaces. Consequently, the wvalue of the

friction coefficient has experimentally been observed to increase

during the first few hundreds of loading cycles [7-9].



As the number of loading cycles increases, plastic deformations
take place near the contact surface, thus resulting in possible
nucleation of several grain-sized microcracks [5,7]. When such
microcracks affect the superficial oxide layer, additional micro-
debris arise. This mechanism, together with corrosive
environmental conditions, accelerates the wear process.

In such a condition, the cyclic loading promotes the propagation
of one or more of the aforementioned microcracks into the bulk
material, and this phenomenon 1is called fretting fatigue. It
should be highlighted that the near-surface nucleation stage 1is
dominated by the high stress gradient due to contact, whereas bulk
or global stress mainly affect the propagation stage.

Unlike sliding, fretting fatigue does not concern global
relative motion of the contact surfaces since the contact =zone
consists of both a stick region, where no relative displacements
arise, and a slip region at the trailing edges of the contact zone,
characterised by micro-slips of the order of 1072 mm [1].

Fretting fatigue has been recognised as a primary failure mode
across a wide range of structural components, such as dovetail
joints [10-13], bolt and riveted joints [14-16], spline coupling
[13,17], running cables and overhead conductors [18-20].
Therefore, fretting fatiqgue has attracted the interest of many
researchers, and various aspects of this phenomenon have been
investigated during the last decades, such as 1life prediction,
influential factors, mechanisms, new fretting test set-ups,

possible palliatives [10,21-26].



In particular, many damage models and approaches related to both
crack nucleation and propagation phase have been applied to assess
the fatigue 1life of fretting affected components. However, since
crack nucleation life is around 90% of the total fretting fatigue
life for all kinds of tests [27], damage models concerning the
crack nucleation phase are mainly employed in fretting fatigue
assessment. Such models have recently been classified by Bhatti
and Wahab [28] on the basis of the approach used to define failure.
In more detail, four different approaches have been distinguished:
critical plane (CP) approach, stress invariant (SI) approach,
fretting specific parameters (FSP) approach, and continuum damage
mechanics (CDM) approach.

According to the critical plane approach, fatigue assessment is
performed on a specific plane named critical plane, which is prone
to be the crack nucleation plane. This approach can further be
classified as stress-based, strain-based, or strain energy density-
based. Findley et al. [29] and later McDiarmid [30] proposed two
different stress-based parameters for high-cycle fatigue regime,
both of them depending on the maximum normal stress. Brown and
Miller [31] suggested a strain-based evaluation of fatigue 1life,
based on a linear combination of shear strain amplitude and maximum
normal strain range. Fatemi and Socie [32] modified the Brown and
Miller parameter by substituting the normal strain with the normal
stress, in order to include the effect of non-proportional loading
and mean stress. Moreover, among strain energy density-based
parameters, the one by Smith et al. [33], known as the Smith Watson

and Topper (SWT) parameter (defined as maximum tensile stress
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multiplied by strain amplitude) and the one by Liu [34] (based on
virtual strain energy) are the most widespread.

Stress invariant approach 1is similar to stress-based CP
approach. For instance, the parameter suggested by Crossland [35]
takes into account both the maximum amplitude of second invariant
of the deviatoric stress tensor and the maximum hydrostatic
pressure. With respect to CP models, this model is characterised
by a less time-requesting computation, but it does not give us
information on the crack orientation.

In order to take into account the high frictional forces at the
contact interface, fretting specific parameters incorporating the
effect of slip amplitude have been proposed. Ruiz et al. [36]
combined relative slip amplitude with shear stress to obtain the
frictional energy due to contact forces, and later added tensile
stress to such a frictional energy for better predicting the actual
crack location. Ding et al. [37] modified the SWT parameter
including the effect of frictional work, in order to take into
account the fretting wear phenomenon.

Continuum damage mechanics approach aims to describe the
nucleation process 1inside a representative volume element at
mesoscale, by employing mechanical variables [38]. More precisely,
a damage scalar variable incorporating the effect of mean stress,
stress amplitude, loading history, material and loading conditions
is adopted. Different CDM models are available in the literature,
such as those proposed by Bhattiacharya and Ellingwood [39],
Chaboche [40], and Lemaitre et al. [41l], which assume that the

crack nucleation occurs when a c¢ritical wvalue of damage 1is



achieved. Since damage 1is computed as a scalar variable, no
information can be obtained about crack orientation.

In the present paper, a new methodology falling in the category
of the stress-based critical-plane approach is discussed to evaluate
the initial crack path and the lifetime of metallic structures
under fretting fatigue elastic partial slip loading condition.
Experimental tests carried out by Vazquez et al. [26,42] on Al
7075-T651 dog-bone specimens are described 1in Section 2. Such
experimental tests are used to validate the proposed methodology,
which derives from the Jjoint application of (i) the multiaxial
fatigue criterion by Carpinteri et al. (to evaluate the fatigue
life [43-45]), (ii) the critical direction method by Aratjo et al.
and (iii) the critical distance method by Taylor (to define the
critical plane [46,47]), each of them being outlined in Section 3.
Then, the proposed methodology based on the above criterion and
methods 1is described in Section 4, and the results obtained are
discussed in Section 5. Finally, conclusions are summarised in
Section 6.

The present paper attempts to estimate both crack path and
lifetime of metallic structural components under fretting fatigue
elastic partial slip loading condition, by using the above novel
methodology based on a multiaxial fatigue method previously
developed for fatigue assessment of smooth, notched and welded
components characterised by high-cycle fatigue regime [43-45].
Being based on linear-elastic stresses, such a methodology could be

easily applied to practical situations in the industrial field.



2. EXPERIMENTAL CAMPAIGN

The experimental tests examined in the present paper were carried
out at the University of Seville [26,42] using a typical cylinder-
to-flat contact configuration. Two cylindrical pads were pressed
against a dog-bone specimen through a constant normal load P
(compression) . Further, a cyclic axial load was applied to the
specimen at a frequency equal to 10Hz, and it led to a bulk stress
og 1in the specimen. Moreover, the two pads experienced a cyclic

tangential load Q, that generated a time-varying distribution of

shear stress at the contact interfaces. Note that og and Q were
in phase with each other, both of them characterised by loading
ratio R=-1.

The middle cross-sectional area of the specimen had a prismatic
shape, where t=7mm, W =10mm and |=165mm were the thickness, the
width, and the length of the specimen, respectively (Figure 1).
The radius of the pads, R, was equal to 100mm. Both specimen and
cylindrical pads were made of Al 7075-T651 aluminium alloy, whose

mechanical properties are listed in Table 1 [48].

Figure 1.

Table 1.

Three different fretting fatigue loading configurations are
hereafter analysed. The fretting loads and the wvalues of the

experimental fatigue life Ny, are listed in Table 2 [42] for each



test examined. Note that the compression P has the same value for
all the tests. Therefore, according to the Hertzian theory, the

theoretical contact width can be computed as follows:

. [16PR (1)
ﬂE*

being E" the Young’s modulus for plane strain condition:

E*=L (2)

20-v?)

Table 2.

A confocal microscope was used to analyse the crack profile.
Details are available in Ref. [26].

The crack paths are plotted in Figure 2 [49], for tests Nos 1, 3
and 5. More than one crack may be observed on the same fracture
surface: three semi-elliptical cracks were recognised for test
No.l, two for test No.3 and one for test No.5. Such cracks grew
almost perpendicular to the contact surface or outside the contact
zone for the first microns in depth. Then all cracks turned
towards the contact zone.

The crack paths, up to a normalised depth equal to 0.06, can be
described by means of an average inclination angle measured from
the line perpendicular to the contact surface. The values of this
angle are equal to 20°, 16° and 12° for tests No.l, No.3 and No.5,

respectively.

Figure 2.



3. OUTLINE OF THE CRITERION AND METHODS EMPLOYED

The results of the experimental campaign described in Section 2
have been used to validate the proposed analytical methodology.
Under fretting fatigue elastic partial slip loading condition,
the stress field in the vicinity of the contact zone is evaluated
by using both the closed-form solution by Johnson [50] (based on
the formalisms by Hertz [51], Cattaneo and Mindlin [52,53], McEven
[54]) and the closed-form solution by Nowell and Hills [55].

Details on such solutions can be found in Ref.[56].

3.1 The Carpinteri et al. criterion

The fatigue 1life evaluation can be performed by employing the
Carpinteri et al. criterion [43-45], which belongs to the category
of the critical plane-based criteria. It is formulated in terms of
stress when the high-cycle fatigue regime occurs.

The fatigue life is evaluated by employing an equivalent stress
amplitude obtained after reduction of the multiaxial stress state
to an equivalent uniaxial one. The main steps of the above
criterion are hereafter summarised.

Firstly, the critical plane is determined. In particular, the
principal Euler angles to identify the time-varying principal

stress directions 12,3 at the material point being analysed are

averaged by means of a weight function, VVQ) [43]. Such a function

works SO that the averaged principal Euler angles and,
consequently, the averaged ©principal stress directions iéﬁ
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correspond to those at the time instant when the maximum principal
stress o0, attains its peak value within a loading cycle. Then, the

critical plane orientation 1is 1linked to the averaged maximum

A

principal stress direction 1 through the off-angle ¢ :

3z 1 Taf 1 (3)

8 O af —1

where 74 3 and o4 ; are the material fatigue strength under fully
reversed shear stress and that under fully reversed normal stress,
respectively, at the reference number N, of loading cycles. Note
that, according to the Carpinteri et al. criterion, the critical
plane is assumed to coincide with the dominant failure plane.

The second step <concerns the computation of the stress
components acting on the critical plane. Note that the normal
stress component perpendicular to the critical plane is

characterized by a fixed direction with respect to time and,
therefore, both the mean value N, and the amplitude N, are easily
evaluated. On the other hand, since the shear stress component
lying on the critical plane has a time-varying direction, the
amplitude C, is computed by means of the Maximum Rectangular Hull
method proposed by Aratjo et al. [57].

Finally, an equivalent normal stress amplitude Nw@ is employed
to evaluate the finite life fatigue strength. In particular, the

number of loading cycles to failure, Ntw|, can be obtained from

the following equation:
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2 2m . 2m” m

Oaf -1 N f cal No 2 N ¢ cal (4)

Taf,-1 No Nt cal No
where m and m are the slopes of the S-N curves under fully

reversed normal stress and under fully reversed shear stress,

respectively, and Nma is given by the linear combination between

N, and N,, proposed by Goodman [58]:

N
Neq,a=Na+0af—1 — (5)

Oy

being o, the ultimate tensile strength of the material.

Note that Eqg. (5) takes into account the strength decrease due to

the simultaneous presence of a tensile mean normal stress and an
alternating normal stress. Therefore, N, should be conservatively

assumed to be equal to zero when it is a compressive stress.

3.2 The critical direction method by Aratjo et al.
The critical direction method by Aratjo et al. [46] is here
employed to determine the orientation of the critical plane.

As is well-known, according to the «critical plane-based
approaches, the critical plane 1is determined by employing the
multiaxial stress state at a single material point. However, in
the case of high stress gradient, the critical planes related to
adjacent material ©points may be characterised by different
orientations due to the wvariety of stress state in the process
zone. From a mechanical point of view, the crack initiation

direction in a high stress gradient zone does not depend on the
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Stress state in a single point only, but it is controlled by an
average stress condition within a given material volume [59].

Aratjo et al. [46] proposed the critical direction method in
order to identify the critical plane in the case of high stress
gradient zones, that is, the case of fretting fatigue
configurations. In such a condition, the critical ©plane
orientation 1s determined by maximising the averaged value of a
suitable quantity computed over a process zone.

Such a quantity is here represented by the amplitude of the
equivalent normal stress, Nwﬁ' whereas the ©process zone 1is
represented by planes starting from a point (named hot-spot) on the
contact surface, as is discussed in Sub-Section 3.3. The critical

plane is the one that maximises the mean value of Ng, in the

process zone.

3.3 The critical distance method by Taylor
Now the critical distance method by Taylor [47], in the form of the
Line Method (LM), is employed in order to define the position of

the critical point P

.+ where to perform the fretting fatigue

assessment.
Let us consider a point (named Hot-spot, H) on the contact
surface (—as<x<a, Figure 3), characterised by the maximum value of

the averaged maximum principal stress o3 computed through the

Carpinteri et al. criterion: for the examined configuration, H 1is

found to be located at the trailing edge (X=4a). According to the
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LM method, a segment with a length equal to twice the El-Haddad

intrinsic crack length L

2
1| AK 6
L. I th (6)

7w\ Aoy

has to be considered, where AK,y 1is the threshold value of the

stress—-intensity factor range and Aoy, 1s the uniaxial fatigue

limit range, both referred the same loading ratio.

Figure 3.

In conclusion, the critical point P, 1is here assumed to be

located at the end of such a segment 2L, starting from point H
and with direction determined by applying the critical direction

method outlined in Sub-Section 3.2.

4. DESCRIPTION OF THE PROPOSED METHODOLOGY

Now a description of the proposed methodology for fretting fatigue
assessment 1is provided. The flowchart of such a methodology 1is

shown in Figure 4, whereas the main steps are hereafter summarised.

Figure 4.

Three categories of input data need to be set: geometrical
sizes, mechanical properties and loading conditions. Regarding the
first category, the sizes of both cylindrical pads and specimen are

needed: radius of the pads, R, and thickness t and width W of the
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specimen. The parameters belonging to the second category are: the
elastic modulus E, the Poisson’s coefficient V, the coefficient of

friction u, the ultimate tensile strength o,, the fatigue limits
under fully reversed normal and shear stress, o0y _; and 74 4,
respectively, the slopes of the S-N curves under fully reversed

normal and shear stress, m and nf, respectively, and the threshold
stress-intensity factor range AK . The loading conditions to be
set are compression P, amplitude Q, of the cyclic tangential load,
and both amplitude og, and mean stress o, of the tensile cyclic
stress applied to the specimen.

Let us take into account the configuration shown in Figure 3.
According to the critical direction method, in the form of the Line
Method (LM), material planes having length equal to 2L, starting
from the hot-spot H and characterised by different orientations
(i.e. different values of 6@, see Figure 3), are examined in order
to determine the orientation of the critical plane.

Firstly, the El-Haddad intrinsic length L is computed by means

of Eqg. (6). Then, a suitable value of the angular increment, A@,
needs to be set: 1in the present work, A#=1° 1is taken. The
procedure starts by analysing the initial value #=0°. The values

of Neqa(HJj acting on the corresponding plane are computed in

equally spaced points belonging to the segment having length 2L

starting from the hot-spot H, with direction defined by angle 6.
Note that the above segment is the two-dimensional

representation of the critical plane. The values of equivalent
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normal stress amplitude are computed by considering the critical
plane orientation as fixed (equal to @). This means that the
procedure discussed in Section 3.1 to determine the critical plane

orientation through the off-angle ¢ is not employed here.
Subsequently, the average value N}qa(e) is obtained from the

following equation:

1

_ ) 7
Neq,a(@)zzjol'Neq,a(ﬁ,r)dr (7)

Then, a new material plane is taken into account by updating the
value of the angle, 6=60+A60. Such a procedure is iterated for all
the material planes belonging to the specimen half-space, that
means until @ is equal to 180°.

The orientation of the material plane that produces the maximum
value of tha(ﬁ) is referred to as the critical plane. Therefore,

the orientation of the crack nucleation path, 6 is the one that

crr

satisfies the expression:

Nega (0r) = max {Neqa(0)] (8)

Then, the position of the critical point P, where to perform

the fretting fatigue assessment is assumed to be located at the end

of the segment starting from H 1in the Xz plane (shown in Figure
3), with length equal to 2L and direction defined by the angle 6, .

Finally, the fatigue life Ny, is estimated through Egs (4) and
(5), by employing the values of the stress components acting on the

critical plane at point P,: N,(64.2L), N,(6,.2L) and C,(6,,2L). Note

cr? cr?

that such wvalues are computed by considering the critical plane
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orientation as fixed (equal to §,), that 1is, the procedure in
Section 3.1 to determine the critical plane orientation through the

off-angle 6 1is not applied here.

5. RESULTS AND DISCUSSION

In order to apply the proposed methodology to the experimental
tests described in Section 2, the coefficient of friction between
the contact surfaces 1s taken from the literature (u=0.72).

Details related to the experimental measurement of such a
coefficient are provided in Ref.[60]. Since the fatigue material

parameters had not been measured during the experimental campaign
[26, 42], the values of GﬂﬁANOZJJMf) and M are derived from Ref.

[61]: 169.15MPa and -0.1553, respectively. Since experimental data
related to S-N curve for torsion are not available 1in the

literature, the following fatigue parameters are assumed in the
case of torsion loading: rmﬁAN0:14D6%=0MﬁANO=14D6yJ§ and m =m.
Moreover, the threshold stress-intensity factor range 1is taken
equal to AKLm::21MPaVﬁ; (from Ref. [62]). Because such a value is

related to loading ratio equal to zero, the fatigue limit range in

Eg. (6), corresponding to the same loading ratio, 1is assumed to be

equal to Ao, =Aoy ;/2 = 169.15MPa. Further, the value of the El-

Haddad intrinsic crack length for Al 7075-T651 aluminium alloy can

be computed through Eqg. (6): L=0.0491mm.
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For the loading configuration examined, the wvalues of the
contact semi-width a, the maximum Hertzian contact pressure pgy,
the stick zone semi-width €, and the eccentricity e (that is, the

shift of the stick zone induced by the cyclic bulk fatigue stress)

are listed in Table 3.

Table 3.

Figures 5 (a), (b) and (c) show the estimated crack nucleation
paths for loading configurations 1, 2 and 3, respectively. It can
be observed that the estimated crack nucleation path turns towards
the contact zone in all cases, with an inclination angle (measured
from the line perpendicular to the contact surface) equal to 11°,
10° and 9° for loading configurations 1, 2 and 3, respectively.
For comparison, the experimental crack paths for tests Nos 1, 3 and
5 are also shown in Figures 5 (a), (b) and (c), respectively. It
can be noted that the estimated crack paths agree quite well with
those obtained from the experimental tests, with angular difference

equal to 9°, 6° and 3° for tests Nos 1, 3 and 5, respectively.

Figure 5.

The analytical fatigue 1life 1is equal to 1134030, 419667 and
132184 1loading cycles for loading configurations 1, 2 and 3,

respectively. The comparison between experimental and analytical

fatigue 1life 1is shown 1in Figure 6, where the dashed lines
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correspond to Ntﬂp/Nfﬁm equal to 05 and 2. These lines define

the scatter band 2.

Figure 6.

The same tests were analysed by Vazquez et al. [42] using a
strain-based critical plane approach applied to a 3D finite element
model. The analytical fatigue life was equal to 1017824, 294700 and
104212 loading cycles for loading configurations 1, 2 and 3,
respectively. The comparison between experimental and numerical

fatigue life is shown in Figure 7.

Figure 7.

The estimations obtained from these two different approaches can
be considered quite satisfactory since all the results fall within
scatter band 2.

The accuracy of the proposed fatigue life estimation can also be

evaluated by means of the root mean square error method [63], where
the mean square error Trys 1s given by:

TRmszzloEms (9)
being Egys the wvalue of the root mean square logarithmic error

computed as follows:

Z?:1|ng(N f,exp/N f,cal)i (10)
Erms = 5
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with | referring to the i-th test. In the present work, Tgys 1s
equal to 157, whereas Tgys =1 means a perfect correlation between

experimental and analytical values. The value of Tiys, by taking

into account the numerical results reported in Ref.[42], is equal
to 1.49.

In conclusion, the proposed methodology provides results (in
terms of fretting fatigue 1life) characterised by an accuracy

comparable with those related to different approaches [42].

6. CONCLUSIONS

In the present paper, a new analytical methodology to estimate both
crack path and lifetime of metallic structural components under
fretting fatigue elastic partial slip loading condition has been
proposed.

This methodology 1is based on the multiaxial fatigue criterion
proposed by Carpinteri et al. [43-45] in the case of high-cycle
fatigue regime. The fatigue 1life 1is evaluated by using an
equivalent stress amplitude after reduction of the multiaxial
stress state to an equivalent uniaxial one. The orientation of the
critical plane is determined through the critical direction method
by Aratjo et al. [46]. In more detail, the critical plane 1is
assumed to be the one that maximizes the averaged amplitude of the
equivalent normal stress. Moreover, the critical distance method

by Taylor [47], in the form of the Line Method, is herein employed
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in order to define the position of the critical point P, where to

perform the fretting fatigue assessment.

Experimental and numerical tests carried out by Vazquez et al.
[26,42] using two cylindrical fretting pads pushed against a dog-
bone specimen, all these components being made of Al 7075-T651
aluminium alloy, have been exploited to evaluate the accuracy of
the proposed methodology. More precisely, it can be noted that the
estimated crack paths turn towards the contact zone in all cases
examined, reproducing the experimental crack paths with a good
agreement. Further, fretting fatigue life has satisfactorily been
evaluated since all the results fall within scatter band 2.

Note that the proposed methodology avoids two drawbacks: (i) the
need to evaluate the critical plane orientation in many points of
the specimen, and (ii) anomalous situations occurring when the
critical plane orientations determined in adjacent points may be
completely different from each other.

In conclusion, the proposed methodology seems to be a promising
tool to analyse the fretting fatigue phenomenon, but further
investigations on different materials and contact configurations

are needed.
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Figure 1. Experimental setup in the fretting fatigue tests: test

specimen and pads.
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Table 1. Mechanical properties for the Al 7075-T651 alloy [48].

Young’s modulus E 71000 MPa
Poisson’s coefficient Vv 0.33
Yield strength oy, 503 MPa

Ultimate tensile strength o, 572 MPa

Table 2. Fretting fatigue loads and experimental fatigue life

values, for each test examined [42]. The subscript a stands for
amplitude.

D ATiION No. TESTNo. PNl Qi/P g, [MPal  Npgp [cycles]
1 1 5800 0.15 50 676704

1 2 5800 0.15 50 577540

2 3 5800 0.19 55 283110

2 4 5800 0.19 55 252878

3 5 5800 0.23 70 167324

3 6 5800 0.23 70 165421
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Table 3. Contact parameters for each fretting fatigue loading

configuration examined.

IE:%QEIICI\SISRATION No. & [mm] Po [MPa] ¢ [mm] e [mm]
1 1.627 324.21 1.448 0.087
2 1.627 324.21 1.396 0.096
3 1.627 324.21 1.342 0.122
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Figure 5. Analytically predicted crack paths for loading
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The experimental crack paths are also plotted for comparison.
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Figure 6. Comparison between experimental and analytical fatigue

life. The numbers are related to the test numbers (see Table 2).
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life, both reported in Ref.[42]. The numbers are related to the

test numbers (see Table 2).
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