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Abstract: 
This work presents a coupled 3D wear and fatigue numerical procedure for fretting problems in ultra-high strength steel wires that combines Archard’s wear equation with the Smith–Watson–Topper parameter to predict crack nucleation. For total life prediction, a mode I crack propagation based on the weight function method was used. To assess fretting fatigue lifetime, several experimental campaigns were run. The numerical results were in good agreement with the fretting fatigue experimental results. Thus, this study provides a 3D numerical methodology to study the combined effects of wear and fatigue in fretting with a case study in ultra-high strength steel wires. 
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Nomenclature
Abreviations
CoF:	coefficient of friction
CoW: coefficient of wear
FIP: 	fatigue indicator parameter
SWT: Smith-Watson-Topper
Symbols
b:	fatigue strength exponent
C:	Paris law coefficient 
c:	fatigue ductility exponent 
E:	elastic modulus 

:	dissipated energy
K:	dimensionless wear coefficient

:	local wear coefficient

:	Fatemi-Socie’s material dependent factor
L:	critical distance 
l:	length
M:	Miner’s total accumulated damage
m:	Paris law exponent
Ni:	cycles to crack initiation
P:	contact force

:	contact pressure
Q:	tangential force
R:	stress ratio
s:  	Sliding distance
U:	translational degree of freedom
UR:	rotational degree of freedom

:	wear volume

:	energy wear coefficient

:	scaling down factor

:	applied displacement at the contact point

:	incremental wear depth

:	relative slip

:	stress intensity factor range

:	crack propagation threshold

: 	normal strain amplitude

:	applied displacement

:	fatigue ductility coefficient

:	fatigue strength

:	stress amplitude

: 	fully reversed stress amplitude

: bulk stress

:	maximum stress

: maximum normal stress

:	fatigue strength coefficient

:	yield strength
1. Introduction 
Wear and fatigue are classical issues encountered in mechanical components and assemblies such as gears, bearings, ropes, overhead conductors and bolted or press-fitted connections. Frequently the two phenomena are linked, and study of them is complex, as such study usually involves, simultaneously, multiaxial non-proportional stresses, high stress gradients and tribological problems. Fretting is a phenomenon that follows the aforementioned failure modes. It is defined as the small oscillatory movement between two or more bodies in contact, usually displacements below 300 µm [1]. Depending on the predominant failure mode – that is, wear-assisted or fatigue-assisted rupture – fretting is divided into fretting wear or fretting fatigue problems, respectively [2].
In recent years fretting research into the failure of ropes and cables has been a very active topic in the literature of the field. As shown in Fig. 1a, ropes are built with many multi-layered strands of thin steel wire. In service, the rope endures high bending loads, which promote movement between the internal wires accelerating their rupture due to fretting phenomena [3]. In Fig. 1b a typical fretting failure of a wire used in the elevator industry is shown. As can be observed, the wire endured both wear and fatigue, indicating that in this case fretting wear and fretting fatigue phenomena are linked.
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[bookmark: _Ref36646117]Fig. 1. (a) 3D schematic of the construction of a wire rope [3], (b) SEM micrograph showing the fracture of a wire at the edge of the wear scar produced by a combined fretting wear and fretting fatigue problem [4]. Reproduced with permission of Springer.
From the experimental point of view, several test machines have been specifically developed for rope studies [5]. These include machines that analyse the global mechanical response of the whole rope, such as through tension-tension fatigue tests [6], bending fatigue tests [7] and other tests [8], [9]. Other machines have also been developed to study in detail the fretting failure of two contacting wires. These devices can be divided into fretting wear [10], [11] and fretting fatigue testing machines [4], [12]–[14].
In research to understand and predict fretting wear and fretting fatigue failure, numerical models have emerged as useful complements to experimental studies. Therefore, efforts have been made to develop state-of-the-art numerical tools to study the aforementioned failure modes. 
Recently, Araújo et al. [15] and Rocha et al. [16] analysed the fretting behaviour of the steel wires used in overhead conductors (4-mm diameter). These conductors are usually subjected to Aeolian vibrations, which promotes fretting problems between the contacting wires. In their 3D numerical model, these researchers neglected wear phenomena, as these conductors primarily work in partial slip conditions. Their model coupled the Smith–Watson–Topper (SWT) fatigue indicator parameter (FIP) with a volume averaging approach to account for the stress gradient effect.
Said et al. [17], [18] also analysed the fretting behaviour of overhead conductors, particularly those made of aluminium with diameters of 2–7 mm. They presented a global–local methodology with the entire strand considered in the global model and a single crossed cylinder contact simulated in the local model. As in the Araujo et al. and Rocha et al. studies, wear phenomena were also neglected in this study. The researchers coupled the Crossland criterion with a crack propagation methodology for fatigue life prediction.
Unlike in the aforementioned studies, wear phenomena cannot be neglected in elevator ropes. The minute movement caused when the rope runs over a sheave promotes a combined fretting wear and fretting fatigue failure, as shown earlier in Fig. 1b. Our previous work employed a crossed cylinder contact configuration (90°) to study the combined effects of fretting wear and fretting fatigue in ultra-high strength steel (UHSS) wires [19]. The numerical modelling considered Archard’s wear equation for wear simulation combined with the SWT FIP for fatigue life prediction. One of the main drawbacks of our work was that the fatigue properties of the UHSS wires studied were not available. In the absence of these fatigue coefficients, the work used data reported by Beretta and Matteazzi [20]. The main drawback of these fatigue constants was that the diameter of the wire Beretta and Matteazzi used was significantly larger than that of the UHSS wires used in our work (1.97 mm vs. 0.45 mm), and different authors have reported that the diameter of the wires has a significant impact on fatigue life [20]–[22]. Therefore, we concluded that a proper experimental campaign testing plain fatigue and fretting fatigue with UHSS wires was of great interest.
This work presents a substantially improved numerical procedure of coupled 3D wear and fatigue for fretting problems in UHSS wires. The model includes a new damage interpolation scheme and considers the stress gradient effect and the compliance of the contact system. In addition, an analytical crack propagation analysis for total life prediction is included to overcome the increase in computational time due to the 3D structure. To validate the model, fretting fatigue, plain fatigue, wear, and friction on UHSS wires have been characterized.
2. Background
This section summarizes the literature reviewed for the research presented in this work. First, an overview of various wear simulation approaches is provided and certain details of our implementation are presented. The reader is referred to previous works for more information regarding implementations of the wear code [23]–[25]. Then, a summary of the multiaxial fatigue assessment and crack propagation analysis is given followed by presentation of this work’s proposal.
2.1. Wear simulation
Wear simulation has been extensively studied over the last two decades. Usually, papers reporting on wear simulation use Simulia Abaqus as their finite element code of choice. This is primarily because the user subroutine UMESHMOTION is readily available to implement any wear equation, and there are several ways to implement such equations [23], [26]–[30].  Typically, Archard’s wear equation and the dissipated friction energy equation are used (eq. 1 and eq. 2): 

,							(1)

,						(2)


where is the wear volume,  K is the dimensionless wear coefficient of the material, P is the contact force, s  is the sliding distance, α is the energy wear coefficient, and   is the accumulated dissipated energy. Following the trend, this work uses Archard’s wear equation [23], [31]. In a finite element code, eq.1 is implemented using the modified local equation combined with the cycle jump technique, defined as follows: 
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where  is the incremental wear depth at a specific point x (node) and time,  is the cycle jump value,  is the local wear coefficient,  and  are the contact pressure and the relative slip, respectively, at a specific point x (node) and time. Additionally, in this study, unlike in previous works, a variable local wear coefficient was considered [19], [23], [24].

2.2. Multiaxial Fatigue Indicator Parameter


Multiaxial FIPs can be classified into three types: strain-based, generally for low-cycle fatigue (LCF); stress-based FIPs for high-cycle fatigue (HCF); and energy-based models, which generally are applicable to both LCF and HCF regimes [32]–[34]. Additionally, FIPs can be divided into critical plane criteria and effective stress-based criteria. Usually, effective stress criteria are not suitable to use with non-proportional stressing, and the critical plane FIPs are recommended for these cases, although effective stress FIPs such as the Crossland criterion have been successfully used for fretting [35], [36]. In this work, the multiaxial SWT FIP within the critical plane approach was evaluated [37]. The SWT parameter is defined as the product of maximum normal stress () and normal strain amplitude ():

	,				(4)




where  is the fatigue strength coefficient,  is the fatigue exponent, E is the elastic modulus,  is the fatigue ductility coefficient, c is the fatigue ductility exponent, and is the number of cycles to crack nucleation. Identifying the critical plane in 3D requires a more complex stress and strain transformation and calculation than is required in 2D (the transformation equations used are described in Appendix 1, eqs. 11—25). 
In the gross slip regime, the wear phenomenon has a beneficial effect on the fretting fatigue lifetime. This is because the damaged material is removed by wear, which increases the contact area and thus reduces the contact stresses [38]. Therefore, a damage accumulation framework such as the Miner-Palmgren rule (M) [39] is needed to account for the changing stress field with the continuation of cycles:

	,						(6)

where  is the estimated number of cycles to initiation by the FIP over the ith fretting cycle. 
As described in the previous section, a wear simulation is usually performed by adjusting the nodal coordinates, by means of a wear equation, so that from cycle to cycle the position of a node changes. This means that the accumulated damage of preceding cycles would not be the same for the new coordinates. Because the damage decreases below the surface due to the stress gradient, the accumulated damage at the new coordinates should be smaller. To account for these changes, an interpolation scheme is usually employed. Two different schemes were found in the literature to tackle this problem — (i) the material point mesh (MPM) method, proposed by Madge et al. [40], and (ii) the centroidal damage mesh method (termed CDMM in this work) proposed by Cruzado et al. [19]. In the MPM method, fixed grid points are first defined, and the damage from the ith fretting cycle is linearly interpolated back to the MPM points. In the CDMM the accumulated damage in the ith fretting cycle is linearly interpolated to the current centroidal location. Each method has its own strengths and weaknesses. For example, for large amounts of wear, the latter method is more efficient. However, with the CDMM the accumulated damage is continuously interpolated to the current cycle, so that a small error is accumulated from cycle to cycle. By contrast, in the MPM method the damage from the ith fretting cycle is only once interpolated back to the reference point, so that a smaller error is achieved.  In this study, a new interpolation scheme, coined as the current centroidal point mesh (CCPM) method is presented which is a hybrid approach between the CDMM and the MPM method. In the CCPM method, a complete interpolation of all previous cycles from the original location to the current location is performed, so that the damage of each cycle is always interpolated from the original position (see Fig. 2). 

Another important aspect in fretting cases is consideration of the stress gradient effect. Multiple non-local approaches to tackle the stress gradient effect can be found in the literature [16], [41]–[44]. This work employs the volume method of the theory of critical distances using a sphere region, centred in each element centroid, with a radius equal to  [41]:
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where is the crack propagation threshold, and is the fatigue strength range.
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[bookmark: _Ref36647972]Fig. 2. Scheme of the developed current centroidal point mesh (CCPM) method for damage accumulation purposes coupled with wear simulation: (a) accumulated damage at the  cycle, (b) incremental damage at the  cycle, (c) incremental damage at the  cycle, (d) accumulated damage at the  cycle interpolated to the  cycle centroidal location, (e) accumulated damage at the  cycle, (f) accumulated damage at the  cycle interpolated to the  cycle centroidal location, (g) accumulated damage at the  cycle interpolated to the  cycle centroidal location, (h) accumulated damage at the  cycle.


2.3. Crack propagation
Crack propagation in combination with wear is a challenging phenomenon to model. Usually a competition takes place between wear and crack growth, in which wear has the potential to remove the crack or reduce its growth rate. Various approaches to numerically studying the crack propagation stage can be found in the literature [9], [45]–[48]. A previous work presented a 2D coupled crack propagation and wear numerical procedure [25]. The numerical architecture developed allowed for the study, in great detail, of the interaction between the two phenomena, although the numerical implementation was complex. One of the main conclusions of that work was that the computational time required to study both phenomena in 3D might be prohibitive, and a simpler approach might be needed. As a first approach, and considering that in experiments the crack is usually straight, a simple mode I stress intensity factor was calculated using the weight function of circular-fronted cracks in cylindrical bars presented by Caspers and Mattheck [49]:

,					(8)


where  is the weight function, and is the crack opening stress range distribution along the prospective crack faces. Once the stress intensity factor is derived, the incremental crack growth is calculated as

. 					(9)
3. Numerical architecture
Combining wear simulation and fatigue analysis in the same simulation is a cumbersome task, as the damage generally decreases with increasing cycles due to wear, as commented in the previous section. Therefore, it is not known a priori how many cycles must be simulated. This work implemented an approach similar to that used in previous work in 2D [25]: namely, the number of cycles to be simulated is not known at the beginning of the numerical analysis but is only defined at the simulation’s end when the accumulated damage reaches a value of 1.  



Fig. 3 shows the developed numerical architecture for combined fretting wear and fretting fatigue 3D calculation in a finite element code. Note that wear and fatigue calculations are sequentially coupled. First wear simulation is performed within the Abaqus FEA software through the user subroutine UMESHMOTION, as previously explained in Section 2.1. After the simulation of the cycle is finished, a post-process is performed to calculate the damage. First, a critical plane calculation is defined to determine the values of the parameters of interest: that is, ,, and , among others. Then, the selected FIP (SWT) is calculated and is followed by the volume averaging technique to account for the stress gradient effect. Due to wear, the centroid of the elements changes slightly from cycle to cycle. Therefore, to sum the accumulated damage from previous cycles, the new interpolation scheme CCPM was used.. This process is repeated until the total damage reaches the value of a unit. Once the crack initiation condition is reached, a weight function-based crack propagation analysis is carried out.
Write *.inp and manage folders
FE simulation:
3D Wear subroutine through UMESHMOTION
Damage > 1
START simulation
No
Yes
Critical plane calculation
FIP calculation
Compute Damage of the simulated set of cycles
Interpolation of the previous accumulated Damage to the new centroid location
Compute the new Damage values 
Crack propagation
Weight function
Simulation FINISHED

[bookmark: _Ref36648122]Fig. 3. Flow chart computational sequence for numerical analysis.

4. Application to combined fretting wear and fretting fatigue in thin steel wires
4.1. Experimental tests of combined fretting wear and fretting fatigue


An in-house-built fretting fatigue machine was employed in this work; a detailed description of the tribotester can be found in [4]. This modular machine can perform either fretting wear or fretting fatigue tests, depending on the selected configuration. In the fretting fatigue configuration, the cyclic bulk stress () is applied through a DC motor connected to a mechanical system. This mechanical system can generate an accurate cyclic displacement which is sufficient to apply the desired stress amplitude ( ), calculated as

,						(10)




where is the applied displacement, and is the total length of the wire. At the other end of the wire, the mean stress  is applied (see Fig. 4b) through a screw-type mechanical assembly. The contact force is also applied through a screw system, which is connected to a compression spring to absorb any contact shock loading. Additionally, the contact module can adjust the crossing angle between the wires as shown in Fig. 4a. Note that the entire contact module is attached to a precision linear stage to ensure a precise contact position. Finally, given the straining of the fatigued wire, the fretting displacement is controlled by scaling down the displacement where the is applied:

,							(11)


where is the applied displacement amplitude at the contact point, and  is the scaling down factor.
Contact point
Crossing angle 
σa
P
P
Multi-axis sensors
σm

[bookmark: _Ref36648250]Fig. 4. A detailed view of the self-made tribotester with the main parameters shown.


An experimental test program was carried out to compare fretting fatigue lifetime predictions. The test conditions were selected to reflect the real rope contact, displacement amplitude and stress amplitude values [50]. The selected mean stresses, however, were greater than those in working conditions due to the high computational demand required for wear simulation.  Under real rope service conditions, the internal wire breakage usually happens after a large number of cycles (>106 cycles), which is too computationally expensive for 3D wear simulation. Nevertheless, the overall stress field was kept below the yielding strength of the wire. Finally, Table 1, Table 2 and Table 3 summarise the test program, employed test conditions and material properties, respectively.  


[bookmark: _Ref36648646]Table 1. Fretting fatigue test program.
	Test
	Mean Stress (σm)
	Stress Amp.
(σa)
	Contact Load (P)
	Stroke
(2Δ)
	Crossing Angle

	-
	MPa
	MPa
	N
	µm
	°

	1–2
	1500
	270
	3
	100
	90

	3–4
	1250
	270
	3
	100
	90

	5–6
	1250
	270
	3
	150
	90

	7–8
	1500
	270
	3
	100
	60

	9–10
	1500
	270
	3
	100
	30

	11–12
	1250
	270
	3
	100
	60

	13–14
	1250
	270
	3
	100
	30



[bookmark: _Ref50799858]Table 2. Fretting tribological test conditions.
	Properties
	Symbol
	Unit
	Value
	Tribosystem

	Tangential stress ratio
	RQ
	-
	-1
	P
P
2Δ*


	Frequency 
	υ
	Hz
	5
	

	Lubricant
	
	-
	None
	

	Temperature 
	T
	°C
	22±2
	

	Atmosphere
	
	-
	Laboratory air
	

	Relative humidity
	RH
	%
	50±5
	


[bookmark: _Ref2444643]
[bookmark: _Ref36648653]Table 3. Geometrical, mechanical and surface properties of cold drawn eutectoid carbon steel (0.8% C).
	Properties
	Symbol
	Unit
	Value

	Fatigued wire length
	lwire
	mm
	155

	Wire diameter
	d
	mm
	0.45

	Tensile strength
	σu
	MPa
	>3200

	Yield strength
	σy
	MPa
	>2650

	Elastic modulus
	E
	GPa
	205

	Vickers hardness
	HV0.05
	-
	659±81

	Average roughness drawn direction (DD)
	Ra
	μm
	0.35

	Average roughness perpendicular to the DD
	Ra
	μm
	0.7




4.2 Friction and wear coefficients calibration tests
In previous works both the friction and wear coefficients were calibrated with the same steel wire used in this work (see Fig. 5). Detailed analyses and the methods used to characterize both coefficients can be found in [10], [50]. Finally, Table 4 summarises the calibrated values of friction and wear coefficients determined in the present work.
 
(a) (b)
[bookmark: _Ref36648784]Fig. 5. Friction and wear test results: (a) evolution of the coefficient of friction  [50], (b) the total wear volume with respect to Archard’s loading factor for a stroke of 65 µm [10]. Reproduced and adapted with permission of Elsevier. 

[bookmark: _Ref36648903]Table 4. Summary of the calibrated coefficient of wear (CoW) and friction  (CoF).
	Wire
	CoW (Running-in)
	CoW (Stable Period)
	CoF

	Contact wire
	

	

	0.62

	Fatigued wire
	

	

	0.62



4.3 Material fatigue constants calibration tests

Basquin parameters — that is, the fatigue strength coefficient  and fatigue strength exponent b — were obtained from fatigue tests carried out in the elastic regime (see Table 5 and Fig. 6). Due to the buckling effect, it was not possible to test at R = -1. To correct the mean stress effect and thus obtain the Basquin parameters in fully reversed tension-compression tests, the Goodman mean stress correction equation was used:

,							(10)

where  is the fully reversed stress amplitude. 



[bookmark: _Ref50895776]Table 5. Plain fatigue test program results
	Test
	Mean Stress
	Stress Amplitude
	Failure

	-
	MPa
	MPa
	Cycles

	1
	1,220
	487
	1,026,422

	2
	1,276
	1,224
	4,998

	3
	1,327
	1,273
	3,247

	4
	1,374
	1,326
	2,489

	5
	1,425
	1,375
	1,753

	6
	732
	477
	23,845

	7
	720
	497
	20,803

	8
	717
	496
	18,269

	9
	634
	358
	78,595

	10
	633
	356
	56,293

	11
	623
	366
	461,073

	12
	554
	301
	493,069

	13
	565
	300
	284,498

	14
	541
	292
	116,165

	15
	773
	452
	43,107

	16
	768
	452
	22,324

	17
	766
	451
	40,578

	18
	1,475
	280
	160,550




[bookmark: _Ref36648949]Fig. 6. Fatigue experimental test results with Basquin fit.

[bookmark: _Ref35501830][bookmark: _Ref36648915]Coffin–Manson parameters — that is, the fatigue ductility coefficient and fatigue ductility exponent c — were estimated using the medians method introduced by Meggiolaro and Castro [51]. This method combines an acceptable average life estimation with one of the lowest standard deviations among similar methods [52]. Finally, the crack propagation threshold value and Paris coefficients were taken from Lambrighs et al. [53], [54]. Table 6 presents the calibrated parameters employed in the SWT FIP for fatigue life prediction.


[bookmark: _Ref51329280]Table 6. Summary of calibrated parameters for fatigue life prediction. The crack propagation threshold and Paris constants were taken from [53], [54]
	

	b
	

	c
	

	

	C
	m
	L

	MPa
	-
	-
	-
	MPa
	MPa m1/2
	m/cycle/ 
(MPa m1/2)m
	-
	µm

	11865
	-0.2558
	0.45
	-0.59
	486
	3.9
	

	5.44
	31



4.4 Finite element modelling
A Python script was developed to generate automatically the numerical model under different contact and loading conditions. Fig. 7 shows the element geometry used in the numerical model. An eight-node brick-type element was used with further refinement in the contact area to (i) define an accurate stress field distribution and (ii) perform a detailed wear simulation (five layers of elements were considered for wear simulation). 
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[bookmark: _Ref36648984]Fig. 7. Finite element model with detail of the contact partition zone shown, highlighting the number of element layers in which the wear simulation is performed. 

Fig. 8 shows the boundary conditions and applied load employed. Given the symmetry in the bulk load axis, only one contact was simulated. A contact force P was applied to a reference node which was connected to the upper part of the contacting wire through a kinematic coupling. Additionally, a spring was introduced to simulate the contact system stiffness. This factor was key to replicating the fretting loop observed in the experiments in our previous work [55]. The cyclic axial bulk load was applied at the right end of the wire while a displacement boundary condition was introduced at the left end, so that at the contact point the actual displacement amplitude was equal to the displacement when the tangential load Q crosses the origin (0). 
Coupling
U1, U3, UR1, UR2, UR3 = 0
U1, UR1, UR2, UR3 = 0
U2 = 0
P
U1
U2
UR3

[bookmark: _Ref36648992]Fig. 8. Finite element loading and boundary conditions.

Fig. 9 shows the fretting cycle history, which was divided into three simulation steps. In the first step, a contact load P was applied to the upper specimen (time increments from zero to one). In the second step, the mean stress was applied to the right end of the lower wire (time increments from one to two). Additionally, to keep the contact point centred, a displacement equal to the straining of the wire from the applied mean stress was introduced at the left end of the specimen (see Fig. 9b). Lastly, a cyclic displacement and the stress amplitude were applied in unison (time increments from two to three). The last step was repeated to track the evolution of the damage in combination with wear. 
 
(a)							(b)
[bookmark: _Ref36649005]Fig. 9. Finite element steps: (a) normal and bulk stress, (b) applied displacement.
5. Results and discussion
5.1 Numerical model validation: Contact and slip analysis
The numerical model was validated using a theoretical-experimental comparison. On the one hand, the contact pressure was compared with the Hertzian theory:

,					(11)
where r is the radial coordinate defined from the centre of the circular contact, pmax is the maximum contact pressure, and a is the contact radius. Fig. 10 shows the contact pressure distribution for different element sizes for an unworn crossed cylinder case. It can be observed that for the greatest element size, the accuracy is reduced (10 µm). However, as the size of the elements decreases, the convergence of the numerical model is achieved. It should be noted the contact area increases rapidly in the first hundred cycles due to wear, so the initial element size is not crucial in the gross slip regime. In view of these results, an element size of 10 µm was selected as a trade-off between accuracy and computational efficiency. 

[bookmark: _Ref50313669]Fig. 10. Contact pressure distribution comparison calculated by finite element method with Hertzian theory for different element sizes.  

An additional important validation in fretting cases is the tangential stress along the contact. In the gross slip regime, the shear stress is proportional to the contact pressure according to the Amontons–Coulomb friction law. This analysis therefore will not give additional information beyond what is described in Fig. 10, as the shear stress is proportional to the contact pressure. However, an experimental comparison of the evolution of the tangential load and slip amplitude could reveal the contact mechanics behaviour during the wear process. Fig. 11 shows a numerical–experimental comparison of the evolution of the fretting loop during the wear process at two different stages. It can be seen that the numerical model follows the same trend that was observed in the experimental simulation. Due to wear, non-Coulomb behaviour (increase of the tangential load at the end of the stroke) was observed in both the experimental and numerical simulations, as was a decrease of the slip amplitude.  Therefore, it was concluded that the developed numerical model replicates with accuracy the key variables in fretting, and it can be used to analyse the interaction between wear and fatigue.

[bookmark: _Ref50313577]Fig. 11. Experimental and numerical correlation of the evolution of the fretting loop for different numbers of cycles.

5.2 Crack initiation location
To predict the crack initiation location, three representative tests with different crossing angles were selected (90°, 60°, and 30° crossing angles). As shown in the literature [56], the wear track shape is dependent on the crossing angle between the contacting wires, and thus the crack location might change when the crossing angle is changed. Fig. 12 shows the experimental correlation of the estimated crack locations for Test 5 (90°, left column) and Test 7 (60°, right column). In the case of Test 5, the numerical analysis predicts the crack initiation at the trailing edge of the contact, at exactly the same location seen in the experimental test (see Fig. 12a, b and c). The subsequent crack propagation is almost straight until the final stage of crack growth, when it deviates towards the centre of the wear track located on the second fretting contact (see Fig. 12d).  As shown by Gonzalez et al. [57], this behaviour is attributed to the strongly aligned microstructure due to the wire drawing process.
The right column of Fig. 12 shows the numerical and experimental comparison for Test 7 (90° crossing angle). It can be seen that the numerical model predicts two crack locations near the leading and trailing edges of the contact (see Fig. 12e and f). The experimental test shows the same trends, with two cracks at the locations predicted by the numerical model (Fig. 12g). In this case, the crack located at the leading edge was the one that propagated until the final fracture. Similar to the previously analysed Test 5, the crack deviated during the final stage, in this case toward the trailing edge of the other fretting contact (see Fig. 12h). 
Crack
Wear track prediction
Damage box
Crack prediction
Wear track shape
Fracture surface
Contact Side 1
Contact Side 2
Contact Side 1
Wear track shape
Crack
Crack prediction
Damage box
Contact Side 2
Crack
Wear track
Fracture surface
Wear track prediction
Wear track shape
a
b
c
d
e
f
g
h
Test 5
Test 7

[bookmark: _Ref50268927]Fig. 12. Experimental and numerical correlation of crack location for Test 5 (a–d) and Test 7 (e–h) tests: (a) crack nucleation prediction, (b) wear track prediction, (c) experimental location of the crack of one of the contact sides, (d) experimental location of the final fracture on the other fretting contact side, (e) crack nucleation prediction, (f) wear track prediction, (g) experimental location of the crack of one of the contact sides, (h) experimental location of the final fracture on the other fretting contact side.

Fig. 13 shows the obtained results for the Test 9 (30° crossing angle). The crack initiation location is similar to Test 7 (Fig. 12e), however a more extended damaged area can be observed (see Fig. 13a). On the other hand, Fig. 13c shows that the fatigued wire fractured outside the fretting contact. This was also the result in Test 10, which was a repetition of Test 9.  One possible explanation for this behaviour is that the generated crack was not able to propagate, and a defect outside the fretting contact may have been the weakest link. 
Wear track prediction
Damage box
Crack prediction
a
b
c

[bookmark: _Ref50270302]Fig. 13. Experimental and numerical correlations of crack location for Test 910: (a) crack nucleation prediction, (b) wear track prediction, (c) experimental location of the crack outside of the fretting contact.

5.3 Lifetime assessment
Table 7 and Fig. 14 compare the predicted numbers of cycles until crack initiation and crack propagation to the experimental counterparts. From these results, it can be concluded that the lifetime predictions by the proposed numerical procedure fall within the usual scatter band. It should be mentioned that for the tests with a crossing angle of 30°, the numerical model predicted failure within the fretting contact. In experiments for Tests 9 and 10, however, the fracture of the wires happened outside the contact. As previously discussed, this may have been because once the crack was generated, its growth could be relatively slow compared to a defect outside the contact.




[bookmark: _Ref50293381]Table 7. Comparison between predicted lifetime and experimental results. Error is presented as a percentage change with respect to the experimental lives. Note: * fracture outside the fretting contact zone. ** No fracture.

	Test
	Experimental Life
	Crack Initiation Prediction
	Crack Propagation Prediction
	Total Life
	Error

	-
	Cycles
	Cycles
	Cycles
	Cycles
	%

	12
	24,61926,568
	20,668
	7,305
	27,973
	5.2813.62

	34
	96,051104,689
	33,062
	76,233
	109,295
	4.3913.78

	56
	34,54740,599
	25,305
	7,173
	32,478
	-20.0 -5.98

	78
	16,23418,597
	28,449
	10,748
	39,197
	110.77141.45

	910
	135,754*156,184*
	34,496
	15,428
	49,924
	-67.99-63.22

	1112
	172,541204,789
	41,825
	84,997
	126,822
	-38.07 -26.49

	1314
	500,000**
	64,214
	128,543
	172,757
	-



Error factor of 3

[bookmark: _Ref50293413]Fig. 14. Correlation between predicted and experimental lives.



Fig. 15 shows the percentages of the predicted lives under crack initiation and crack propagation stages. It can be observed that the percentage is heavily influenced by the mean stress. Higher mean stress (MPa, Test 12, 56, 78, and 910) tends to result in a larger percentage of lifetime in the crack nucleation stage. By contrast, lower mean stress (MPa,10 Test 34, 1112, and 134) tends to result in a longer propagation stage representing approximately 75% of the total number of cycles to failure.



[bookmark: _Ref50309656]Fig. 15. Predicted percentage of combined fretting wear and fretting fatigue crack nucleation and propagation lifetime:  MPa (Test 12, 56, 78, 910) and   MPa  (Test 34, 1112, 1314).

The influences of slip amplitude and crossing angle on the different test groups were also analysed. For Tests 12 and Tests 67, the strokes were changed, to 100 µm and 150 µm, respectively, while all the other parameters were kept the same (see Table 1). Both experimental and numerical models predicted a greater number of cycles to failure for larger slip amplitudes. This is because larger slip amplitudes generate larger and deeper wear tracks (see Fig. 16) and thus lower contact stresses.
336 µm
288 µm
a
b

[bookmark: _Ref50804318]Fig. 16. Comparison of the wear track shapes with different slip amplitudes: a) Test 12  2Δ = 100 µm; b) Test 67,  2Δ = 150 µm.
Two groups were selected for an analysis of the effect of the crossing angle: Group 1) Test 34 (90°), Test 1112 (60°), and Test 1314 (30°) and Group 2) Test 12 (90°), Test 78 (60°), and Test 1112 (30°). Similar to the slip amplitude analysis, in each group all other parameters were kept the same (see Table 1 for more detail).  In the first group, the experimental test showed higher numbers of cycles to failure for smaller crossing angles. This is because smaller crossing angles tend to generate lower contact pressures, and thus longer fretting lives are expected. It can be observed that the  numerical model predicted the same tendencies. It should be noted that in the second test group the test with a crossing angle of 60° showed shorter lives than the test with a 90° angle, an outcome not predicted by the numerical model. The differences, however, are within the usual scatter band. Therefore, it was concluded that the numerical model shows the same general trends as the experimental tests and is a powerful tool with robust predictive capabilities. 

6. Conclusions
This study analysed the viability of combined wear and fatigue numerical procedures for fretting fatigue lifetime estimation in ultra-high strength steels. For total life prediction, as a first approach a simple mode based on the weight function method was used to estimate the crack propagation number of cycles. To validate the proposed model, an in-house-built test rig was used, and plain fatigue, friction and wear coefficients were calibrated. Based on these results, the following conclusions may be drawn:
· Accurate overall lifetime predictions were obtained. Therefore, a reliable and robust 3D numerical approach is presented to predict fretting fatigue lifetime. The Basquin coefficients calibration of the UHSS wires was a key step in obtaining a reliable tool, as our previous work had suggested.
· Crack initiation locations were predicted accurately for various cases, and it was determined that the crack location is dependent on the crossing angle.
· The lifetime percentages under crack initiation and crack propagation might be dependent on the mean stress. The numerical model predicted longer crack initiation stages for higher mean stresses. 
·  Larger slip amplitudes tend to increase fretting fatigue lifespan, as the removal of material tends to decrease the contact stresses. 
· Generally, higher crossing angles result in shorter fretting fatigue lifetimes.
· The implementation of the contact system stiffness in the numerical model was a key factor in replicating the contact behaviour during wear process, allowing an accurate multiaxial analysis.
· A novel damage interpolation scheme, coined as CCPM, is proposed in which the damage of each cycle is always interpolated from the original position, minimizing errors.
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Appendix A
This appendix describes the transformation equations employed to define the stresses and strains at any given plane [58]. The equations of normal and shear stresses in a plane is given by the following expressions:
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Where the terms are:
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The strain equations,, and  are analogous to ,, and  , however, only half of the shear strains needs to take into account:
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Coefficient of friction [-]



0.5N	1.2999999999999998	3.2499999999999996	6.4999999999999991	12.999999999999998	61	104	121	192	1N	2.5999999999999996	6.4999999999999991	12.999999999999998	25.999999999999996	130	204	273	349	2N	5.1999999999999993	12.999999999999998	25.999999999999996	51.999999999999993	235	385	675	1081	3N	7.7999999999999989	19.499999999999996	38.999999999999993	77.999999999999986	378	771	1237	1752	130-0.5N-Top	2.5999999999999996	6.4999999999999991	12.999999999999998	25.999999999999996	72	114	212	284	130-1N-Top	5.1999999999999993	12.999999999999998	25.999999999999996	51.999999999999993	137	304	434	820	Archard Loading Factor [N·m]


Total wear volume [10 -6 mm3]




Experiments	2052843.5651999998	10000	6500	5000	3500	47689.118399999992	41607.882473999998	36538.579709999998	157190.76335999998	112586.73864	922146.34031999996	986138.65871999995	568997.35061999992	232331.04647999999	86215.252800000002	44648.632799999999	81156.290999999997	321100	636.01686976533961	2066.9811320754716	2210.9418282548477	2363.1054131054129	2524.1935483870966	622.05268848365245	645.02193424255472	643.61164396336301	449.3898164570528	446.74310984811109	457.39694607370967	365.60155086926397	366.35781723037763	353.43185053797629	600.2774181546996	598.99922929339721	596.36091906159402	529.14808550519626	Basquin fit	100	1000	10000	100000	2000000	3653.4233488345608	2027.2158820696659	1124.8639536467772	624.16584509097504	290.06580031212002	Goodman	2052843.5651999998	10000	6500	5000	3500	47689.118399999992	41607.882473999998	36538.579709999998	157190.76335999998	112586.73864	922146.34031999996	986138.65871999995	568997.35061999992	232331.04647999999	86215.252800000002	44648.632799999999	81156.290999999997	636.01686976533961	2066.9811320754716	2210.9418282548477	2363.1054131054129	2524.1935483870966	622.05268848365245	645.02193424255472	643.61164396336301	449.3898164570528	446.74310984811109	457.39694607370967	365.60155086926397	366.35781723037763	353.43185053797629	600.2774181546996	598.99922929339721	596.36091906159402	Gerber	2052843.5651999998	10000	6500	5000	3500	47689.118399999992	41607.882473999998	36538.579709999998	157190.76335999998	112586.73864	922146.34031999996	986138.65871999995	568997.35061999992	232331.04647999999	86215.252800000002	44648.632799999999	81156.290999999997	515.0639359607037	1468.7062300558971	1553.3665370230467	1641.8468241997653	1734.5171913175877	504.16544560797234	524.33969574326989	523.59940404624456	373.71638541933231	371.56191521719364	381.5064357535432	310.60112044579597	310.34323318528277	301.3679942516377	481.42209111372659	481.01694657500144	479.16883287006345	2Nf [-]


σar,Goodman [-]




0	1	2	2.25	2.5	2.75	3	0	3	3	3	3	3	3	0	1	2	2.25	2.5	2.75	3	0	0	1509	1791	1509	1227	1509	Time increment [-]


P [N]


σbulk [MPa]



0	1	2	2.25	2.5	2.75	3	0	0	-4.1229509999999996	49.877049	-4.1229509999999996	-58.122951	-4.1229509999999996	0	1	2	2.25	2.5	2.75	3	0	0	0	0	0	0	0	Time increment [-]


δ [µm]



0	0	0	1.5	Hertz	-1	-0.99800000000494904	-0.996000000002908	-0.99400000000086675	-0.9919999999988256	-0.99000000000377475	-0.9880000000017336	-0.98599999999969234	-0.9840000000046415	-0.98200000000260046	-0.9800000000005592	-0.97799999999851805	-0.97600000000346721	-0.97400000000142606	-0.9719999999993848	-0.97000000000433395	-0.9680000000022928	-0.96600000000025166	-0.9640000000052007	-0.96200000000315955	-0.9600000000011184	-0.95799999999907726	-0.95600000000402641	-0.95400000000198526	-0.95199999999994411	-0.95000000000489315	-0.94800000000285201	-0.94600000000081086	-0.94399999999876971	-0.94200000000371875	-0.94000000000167772	-0.93799999999963646	-0.93600000000458561	-0.93400000000254435	-0.93200000000050331	-0.92999999999846217	-0.92800000000341121	-0.92600000000137017	-0.92399999999932891	-0.92200000000427806	-0.92000000000223681	-0.91800000000019577	-0.91600000000514481	-0.91400000000310366	-0.91200000000106241	-0.90999999999902137	-0.90800000000397041	-0.90600000000192926	-0.90399999999988823	-0.90200000000483727	-0.90000000000279612	-0.89800000000075486	-0.89599999999871383	-0.89400000000366286	-0.89200000000162172	-0.88999999999958046	-0.88800000000452972	-0.88600000000248846	-0.88400000000044732	-0.88199999999840606	-0.88000000000335532	-0.87800000000131417	-0.87599999999927292	-0.87400000000422218	-0.87200000000218092	-0.87000000000013977	-0.86800000000508892	-0.86600000000304778	-0.86400000000100652	-0.86199999999896537	-0.86000000000391452	-0.85800000000187338	-0.85599999999983212	-0.85400000000478138	-0.85200000000274023	-0.85000000000069897	-0.84799999999865783	-0.84600000000360698	-0.84400000000156583	-0.84199999999952457	-0.84000000000447383	-0.83800000000243258	-0.83600000000039143	-0.83399999999835017	-0.83200000000329943	-0.83000000000125818	-0.82799999999921703	-0.82600000000416629	-0.82400000000212503	-0.82200000000008389	-0.82000000000503304	-0.81800000000299189	-0.81600000000095063	-0.81399999999890948	-0.81200000000385864	-0.81000000000181749	-0.80799999999977623	-0.80600000000472549	-0.80400000000268423	-0.80200000000064309	-0.79999999999860194	-0.79800000000355109	-0.79600000000150994	-0.79399999999946869	-0.79200000000441795	-0.79000000000237669	-0.78800000000033554	-0.78599999999829429	-0.78400000000324355	-0.78200000000120229	-0.77999999999916114	-0.77800000000411018	-0.77600000000206915	-0.774000000000028	-0.77200000000497704	-0.770000000002936	-0.76800000000089474	-0.7659999999988536	-0.76400000000380264	-0.7620000000017616	-0.75999999999972034	-0.75800000000466949	-0.75600000000262824	-0.7540000000005872	-0.75199999999854594	-0.75000000000349509	-0.74800000000145406	-0.7459999999994128	-0.74400000000436195	-0.74200000000232069	-0.74000000000027966	-0.7379999999982384	-0.73600000000318755	-0.73400000000114629	-0.73199999999910526	-0.73000000000405429	-0.72800000000201315	-0.725999999999972	-0.72400000000492115	-0.72200000000288	-0.72000000000083875	-0.71799999999879771	-0.71600000000374675	-0.7140000000017056	-0.71199999999966446	-0.71000000000461361	-0.70800000000257235	-0.7060000000005312	-0.70399999999849006	-0.70200000000343921	-0.70000000000139795	-0.69800000000145401	-0.69600000000150997	-0.69400000000156581	-0.69200000000162176	-0.69000000000167772	-0.68800000000173356	-0.6860000000010904	-0.68400000000114636	-0.68200000000120231	-0.68000000000125815	-0.67800000000131411	-0.67600000000137006	-0.6740000000014259	-0.67200000000148197	-0.67000000000153792	-0.66800000000159387	-0.66600000000164972	-0.66400000000100656	-0.66200000000106252	-0.66000000000111836	-0.65800000000117431	-0.65600000000123027	-0.65400000000128611	-0.65200000000134206	-0.65000000000139802	-0.64800000000145386	-0.64600000000150992	-0.64400000000156588	-0.64200000000162183	-0.64000000000097856	-0.63800000000103452	-0.63600000000109047	-0.63400000000114631	-0.63200000000120227	-0.63000000000125822	-0.62800000000131406	-0.62600000000137002	-0.62400000000142597	-0.62200000000148203	-0.62000000000153788	-0.61800000000159383	-0.61600000000095068	-0.61400000000100652	-0.61200000000106247	-0.61000000000111843	-0.60800000000117427	-0.60600000000123022	-0.60400000000128617	-0.60200000000134213	-0.60000000000139797	-0.59800000000145392	-0.59600000000150999	-0.59400000000086672	-0.59200000000092268	-0.59000000000097863	-0.58800000000103458	-0.58600000000109043	-0.58400000000114638	-0.58200000000120233	-0.58000000000125818	-0.57800000000131413	-0.57600000000137008	-0.57400000000142593	-0.57200000000148188	-0.57000000000083884	-0.56800000000089479	-0.56600000000095063	-0.56400000000100659	-0.56200000000106254	-0.56000000000111838	-0.55800000000117433	-0.55600000000123029	-0.55400000000128624	-0.55200000000134219	-0.55000000000139804	-0.54800000000145399	-0.54600000000081084	-0.54400000000086679	-0.54200000000092274	-0.54000000000097859	-0.53800000000103454	-0.53600000000109049	-0.53400000000114634	-0.53200000000120229	-0.53000000000125824	-0.5280000000013142	-0.52600000000137015	-0.524000000000727	-0.52200000000078295	-0.52000000000083879	-0.51800000000089474	-0.5160000000009507	-0.51400000000100654	-0.51200000000106249	-0.51000000000111845	-0.50800000000117429	-0.50600000000123024	-0.5040000000012862	-0.50200000000134215	-0.500000000000699	-0.49800000000075495	-0.49600000000081085	-0.4940000000008668	-0.4920000000009227	-0.4900000000009786	-0.48800000000103455	-0.48600000000109045	-0.4840000000011464	-0.4820000000012023	-0.4800000000012582	-0.47800000000131421	-0.47600000000067105	-0.47400000000072701	-0.4720000000007829	-0.47000000000083886	-0.46800000000089476	-0.46600000000095065	-0.46400000000100661	-0.46200000000106251	-0.4600000000011184	-0.45800000000117436	-0.45600000000123025	-0.45400000000058716	-0.45200000000064311	-0.45000000000069906	-0.44800000000075496	-0.44600000000081086	-0.44400000000086681	-0.44200000000092271	-0.44000000000097861	-0.43800000000103456	-0.43600000000109046	-0.43400000000114636	-0.43200000000120231	-0.43000000000055921	-0.42800000000061511	-0.42600000000067106	-0.42400000000072702	-0.42200000000078292	-0.42000000000083881	-0.41800000000089477	-0.41600000000095066	-0.41400000000100662	-0.41200000000106252	-0.41000000000111841	-0.40800000000117437	-0.40600000000053121	-0.40400000000058717	-0.40200000000064307	-0.40000000000069902	-0.39800000000075497	-0.39600000000081087	-0.39400000000086682	-0.39200000000092272	-0.39000000000097862	-0.38800000000103457	-0.38600000000109047	-0.38400000000044737	-0.38200000000050327	-0.38000000000055917	-0.37800000000061512	-0.37600000000067102	-0.37400000000072703	-0.37200000000078293	-0.37000000000083882	-0.36800000000089478	-0.36600000000095068	-0.36400000000100657	-0.36200000000106253	-0.36000000000041937	-0.35800000000047533	-0.35600000000053122	-0.35400000000058718	-0.35200000000064308	-0.35000000000069897	-0.34800000000075498	-0.34600000000081088	-0.34400000000086678	-0.34200000000092273	-0.34000000000097863	-0.33800000000103458	-0.33600000000039143	-0.33400000000044738	-0.33200000000050328	-0.33000000000055918	-0.32800000000061513	-0.32600000000067103	-0.32400000000072693	-0.32200000000078294	-0.32000000000083884	-0.31800000000089479	-0.31600000000095069	-0.31400000000030759	-0.31200000000036349	-0.31000000000041938	-0.30800000000047534	-0.30600000000053124	-0.30400000000058713	-0.30200000000064309	-0.30000000000069899	-0.29800000000075499	-0.29600000000081089	-0.29400000000086679	-0.29200000000092274	-0.29000000000027959	-0.28800000000033554	-0.28600000000039144	-0.28400000000044739	-0.28200000000050329	-0.28000000000055919	-0.27800000000061514	-0.2760000000006711	-0.274000000000727	-0.27200000000078289	-0.27000000000083885	-0.26800000000089474	-0.26600000000025165	-0.2640000000003076	-0.2620000000003635	-0.2600000000004194	-0.25800000000047535	-0.25600000000053125	-0.25400000000058714	-0.2520000000006431	-0.25000000000069905	-0.24800000000075495	-0.24600000000081088	-0.24400000000016775	-0.24200000000022368	-0.2400000000002796	-0.23800000000033553	-0.23600000000039145	-0.23400000000044738	-0.2320000000005033	-0.2300000000005592	-0.22800000000061513	-0.22600000000067108	-0.22400000000072701	-0.2220000000007829	-0.22000000000013981	-0.2180000000001957	-0.21600000000025163	-0.21400000000030756	-0.21200000000036351	-0.21000000000041941	-0.20800000000047533	-0.20600000000053126	-0.20400000000058718	-0.20200000000064308	-0.20000000000069904	-0.19800000000005594	-0.19600000000011183	-0.19400000000016776	-0.19200000000022369	-0.19000000000027958	-0.18800000000033551	-0.18600000000039146	-0.18400000000044739	-0.18200000000050329	-0.18000000000055921	-0.17800000000061514	-0.17600000000067106	-0.17400000000002797	-0.17200000000008389	-0.17000000000013982	-0.16800000000019571	-0.16600000000025164	-0.16400000000030757	-0.16200000000036346	-0.16000000000041942	-0.15800000000047534	-0.15600000000053127	-0.15400000000058717	-0.15200000000064309	-0.15	-0.14800000000005592	-0.14600000000011185	-0.14400000000016777	-0.1420000000002237	-0.1400000000002796	-0.13800000000033555	-0.13600000000039145	-0.13400000000044737	-0.1320000000005033	-0.13000000000055922	-0.1279999999999161	-0.12599999999997205	-0.12400000000002796	-0.12200000000008387	-0.1200000000001398	-0.11800000000019573	-0.11600000000025165	-0.11400000000030756	-0.1120000000003635	-0.11000000000041942	-0.10800000000047533	-0.10600000000053127	-0.10399999999988815	-0.10199999999994407	-0.1	-9.8000000000055917E-2	-9.6000000000111843E-2	-9.4000000000167755E-2	-9.2000000000223695E-2	-9.0000000000279606E-2	-8.8000000000335532E-2	-8.6000000000391458E-2	-8.4000000000447383E-2	-8.2000000000503295E-2	-7.9999999999860197E-2	-7.7999999999916109E-2	-7.5999999999972034E-2	-7.400000000002796E-2	-7.2000000000083886E-2	-7.0000000000139798E-2	-6.8000000000125821E-2	-6.6000000000111844E-2	-6.4000000000097867E-2	-6.2000000000153786E-2	-6.000000000013981E-2	-5.8000000000125826E-2	-5.6000000000111849E-2	-5.4000000000097866E-2	-5.2000000000083882E-2	-5.0000000000069905E-2	-4.8000000000125824E-2	-4.6000000000111847E-2	-4.4000000000097864E-2	-4.2000000000083887E-2	-4.0000000000069903E-2	-3.800000000005592E-2	-3.6000000000041943E-2	-3.4000000000097862E-2	-3.2000000000083885E-2	-3.0000000000069905E-2	-2.8000000000055925E-2	-2.6000000000041941E-2	-2.4000000000027961E-2	-2.2000000000013981E-2	-2.0000000000069903E-2	-1.8000000000055923E-2	-1.6000000000041942E-2	-1.4000000000027962E-2	-1.200000000001398E-2	-0.01	-7.9999999999860183E-3	-6.0000000000139803E-3	-4.0000000000069902E-3	-2.0000000000069905E-3	0	2.0000000000069905E-3	4.0000000000069902E-3	6.0000000000139803E-3	7.9999999999860183E-3	0.01	1.200000000001398E-2	1.4000000000027962E-2	1.6000000000041942E-2	1.8000000000055923E-2	2.0000000000069903E-2	2.2000000000013981E-2	2.4000000000027961E-2	2.6000000000041941E-2	2.8000000000055925E-2	3.0000000000069905E-2	3.2000000000083885E-2	3.4000000000097862E-2	3.6000000000041943E-2	3.800000000005592E-2	4.0000000000069903E-2	4.2000000000083887E-2	4.4000000000097864E-2	4.6000000000111847E-2	4.8000000000125824E-2	5.0000000000069905E-2	5.2000000000083882E-2	5.4000000000097866E-2	5.6000000000111849E-2	5.8000000000125826E-2	6.000000000013981E-2	6.2000000000153786E-2	6.4000000000097867E-2	6.6000000000111844E-2	6.8000000000125821E-2	7.0000000000139798E-2	7.2000000000083886E-2	7.400000000002796E-2	7.5999999999972034E-2	7.7999999999916109E-2	7.9999999999860197E-2	8.2000000000503295E-2	8.4000000000447383E-2	8.6000000000391458E-2	8.8000000000335532E-2	9.0000000000279606E-2	9.2000000000223695E-2	9.4000000000167755E-2	9.6000000000111843E-2	9.8000000000055917E-2	0.1	0.10199999999994407	0.10399999999988815	0.10600000000053127	0.10800000000047533	0.11000000000041942	0.1120000000003635	0.11400000000030756	0.11600000000025165	0.11800000000019573	0.1200000000001398	0.12200000000008387	0.12400000000002796	0.12599999999997205	0.1279999999999161	0.13000000000055922	0.1320000000005033	0.13400000000044737	0.13600000000039145	0.13800000000033555	0.1400000000002796	0.1420000000002237	0.14400000000016777	0.14600000000011185	0.14800000000005592	0.15	0.15200000000064309	0.15400000000058717	0.15600000000053127	0.15800000000047534	0.16000000000041942	0.16200000000036346	0.16400000000030757	0.16600000000025164	0.16800000000019571	0.17000000000013982	0.17200000000008389	0.17400000000002797	0.17600000000067106	0.17800000000061514	0.18000000000055921	0.18200000000050329	0.18400000000044739	0.18600000000039146	0.18800000000033551	0.19000000000027958	0.19200000000022369	0.19400000000016776	0.19600000000011183	0.19800000000005594	0.20000000000069904	0.20200000000064308	0.20400000000058718	0.20600000000053126	0.20800000000047533	0.21000000000041941	0.21200000000036351	0.21400000000030756	0.21600000000025163	0.2180000000001957	0.22000000000013981	0.2220000000007829	0.22400000000072701	0.22600000000067108	0.22800000000061513	0.2300000000005592	0.2320000000005033	0.23400000000044738	0.23600000000039145	0.23800000000033553	0.2400000000002796	0.24200000000022368	0.24400000000016775	0.24600000000081088	0.24800000000075495	0.25000000000069905	0.2520000000006431	0.25400000000058714	0.25600000000053125	0.25800000000047535	0.2600000000004194	0.2620000000003635	0.2640000000003076	0.26600000000025165	0.26800000000089474	0.27000000000083885	0.27200000000078289	0.274000000000727	0.2760000000006711	0.27800000000061514	0.28000000000055919	0.28200000000050329	0.28400000000044739	0.28600000000039144	0.28800000000033554	0.29000000000027959	0.29200000000092274	0.29400000000086679	0.29600000000081089	0.29800000000075499	0.30000000000069899	0.30200000000064309	0.30400000000058713	0.30600000000053124	0.30800000000047534	0.31000000000041938	0.31200000000036349	0.31400000000030759	0.31600000000095069	0.31800000000089479	0.32000000000083884	0.32200000000078294	0.32400000000072693	0.32600000000067103	0.32800000000061513	0.33000000000055918	0.33200000000050328	0.33400000000044738	0.33600000000039143	0.33800000000103458	0.34000000000097863	0.34200000000092273	0.34400000000086678	0.34600000000081088	0.34800000000075498	0.35000000000069897	0.35200000000064308	0.35400000000058718	0.35600000000053122	0.35800000000047533	0.36000000000041937	0.36200000000106253	0.36400000000100657	0.36600000000095068	0.36800000000089478	0.37000000000083882	0.37200000000078293	0.37400000000072703	0.37600000000067102	0.37800000000061512	0.38000000000055917	0.38200000000050327	0.38400000000044737	0.38600000000109047	0.38800000000103457	0.39000000000097862	0.39200000000092272	0.39400000000086682	0.39600000000081087	0.39800000000075497	0.40000000000069902	0.40200000000064307	0.40400000000058717	0.40600000000053121	0.40800000000117437	0.41000000000111841	0.41200000000106252	0.41400000000100662	0.41600000000095066	0.41800000000089477	0.42000000000083881	0.42200000000078292	0.42400000000072702	0.42600000000067106	0.42800000000061511	0.43000000000055921	0.43200000000120231	0.43400000000114636	0.43600000000109046	0.43800000000103456	0.44000000000097861	0.44200000000092271	0.44400000000086681	0.44600000000081086	0.44800000000075496	0.45000000000069906	0.45200000000064311	0.45400000000058716	0.45600000000123025	0.45800000000117436	0.4600000000011184	0.46200000000106251	0.46400000000100661	0.46600000000095065	0.46800000000089476	0.47000000000083886	0.4720000000007829	0.47400000000072701	0.47600000000067105	0.47800000000131421	0.4800000000012582	0.4820000000012023	0.4840000000011464	0.48600000000109045	0.48800000000103455	0.4900000000009786	0.4920000000009227	0.4940000000008668	0.49600000000081085	0.49800000000075495	0.500000000000699	0.50200000000134215	0.5040000000012862	0.50600000000123024	0.50800000000117429	0.51000000000111845	0.51200000000106249	0.51400000000100654	0.5160000000009507	0.51800000000089474	0.52000000000083879	0.52200000000078295	0.524000000000727	0.52600000000137015	0.5280000000013142	0.53000000000125824	0.53200000000120229	0.53400000000114634	0.53600000000109049	0.53800000000103454	0.54000000000097859	0.54200000000092274	0.54400000000086679	0.54600000000081084	0.54800000000145399	0.55000000000139804	0.55200000000134219	0.55400000000128624	0.55600000000123029	0.55800000000117433	0.56000000000111838	0.56200000000106254	0.56400000000100659	0.56600000000095063	0.56800000000089479	0.57000000000083884	0.57200000000148188	0.57400000000142593	0.57600000000137008	0.57800000000131413	0.58000000000125818	0.58200000000120233	0.58400000000114638	0.58600000000109043	0.58800000000103458	0.59000000000097863	0.59200000000092268	0.59400000000086672	0.59600000000150999	0.59800000000145392	0.60000000000139797	0.60200000000134213	0.60400000000128617	0.60600000000123022	0.60800000000117427	0.61000000000111843	0.61200000000106247	0.61400000000100652	0.61600000000095068	0.61800000000159383	0.62000000000153788	0.62200000000148203	0.62400000000142597	0.62600000000137002	0.62800000000131406	0.63000000000125822	0.63200000000120227	0.63400000000114631	0.63600000000109047	0.63800000000103452	0.64000000000097856	0.64200000000162183	0.64400000000156588	0.64600000000150992	0.64800000000145386	0.65000000000139802	0.65200000000134206	0.65400000000128611	0.65600000000123027	0.65800000000117431	0.66000000000111836	0.66200000000106252	0.66400000000100656	0.66600000000164972	0.66800000000159387	0.67000000000153792	0.67200000000148197	0.6740000000014259	0.67600000000137006	0.67800000000131411	0.68000000000125815	0.68200000000120231	0.68400000000114636	0.6860000000010904	0.68800000000173356	0.69000000000167772	0.69200000000162176	0.69400000000156581	0.69600000000150997	0.69800000000145401	0.70000000000139795	0.70200000000343921	0.70399999999849006	0.7060000000005312	0.70800000000257235	0.71000000000461361	0.71199999999966446	0.7140000000017056	0.71600000000374675	0.71799999999879771	0.72000000000083875	0.72200000000288	0.72400000000492115	0.725999999999972	0.72800000000201315	0.73000000000405429	0.73199999999910526	0.73400000000114629	0.73600000000318755	0.7379999999982384	0.74000000000027966	0.74200000000232069	0.74400000000436195	0.7459999999994128	0.74800000000145406	0.75000000000349509	0.75199999999854594	0.7540000000005872	0.75600000000262824	0.75800000000466949	0.75999999999972034	0.7620000000017616	0.76400000000380264	0.7659999999988536	0.76800000000089474	0.770000000002936	0.77200000000497704	0.774000000000028	0.77600000000206915	0.77800000000411018	0.77999999999916114	0.78200000000120229	0.78400000000324355	0.78599999999829429	0.78800000000033554	0.79000000000237669	0.79200000000441795	0.79399999999946869	0.79600000000150994	0.79800000000355109	0.79999999999860194	0.80200000000064309	0.80400000000268423	0.80600000000472549	0.80799999999977623	0.81000000000181749	0.81200000000385864	0.81399999999890948	0.81600000000095063	0.81800000000299189	0.82000000000503304	0.82200000000008389	0.82400000000212503	0.82600000000416629	0.82799999999921703	0.83000000000125818	0.83200000000329943	0.83399999999835017	0.83600000000039143	0.83800000000243258	0.84000000000447383	0.84199999999952457	0.84400000000156583	0.84600000000360698	0.84799999999865783	0.85000000000069897	0.85200000000274023	0.85400000000478138	0.85599999999983212	0.85800000000187338	0.86000000000391452	0.86199999999896537	0.86400000000100652	0.86600000000304778	0.86800000000508892	0.87000000000013977	0.87200000000218092	0.87400000000422218	0.87599999999927292	0.87800000000131417	0.88000000000335532	0.88199999999840606	0.88400000000044732	0.88600000000248846	0.88800000000452972	0.88999999999958046	0.89200000000162172	0.89400000000366286	0.89599999999871383	0.89800000000075486	0.90000000000279612	0.90200000000483727	0.90399999999988823	0.90600000000192926	0.90800000000397041	0.90999999999902137	0.91200000000106241	0.91400000000310366	0.91600000000514481	0.91800000000019577	0.92000000000223681	0.92200000000427806	0.92399999999932891	0.92600000000137017	0.92800000000341121	0.92999999999846217	0.93200000000050331	0.93400000000254435	0.93600000000458561	0.93799999999963646	0.94000000000167772	0.94200000000371875	0.94399999999876971	0.94600000000081086	0.94800000000285201	0.95000000000489315	0.95199999999994411	0.95400000000198526	0.95600000000402641	0.95799999999907726	0.9600000000011184	0.96200000000315955	0.9640000000052007	0.96600000000025166	0.9680000000022928	0.97000000000433395	0.9719999999993848	0.97400000000142606	0.97600000000346721	0.97799999999851805	0.9800000000005592	0.98200000000260046	0.9840000000046415	0.98599999999969234	0.9880000000017336	0.99000000000377475	0.9919999999988256	0.99400000000086675	0.996000000002908	0.99800000000494904	1	0	6.3213922517099994E-2	8.9353231614799994E-2	0.109380071311	0.126237870704	0.141067359797	0.15445387661000001	0.166745314777	0.178168459611	0.18888091486399999	0.19899748742100001	0.20860488968400001	0.21777052142100001	0.22654800815699999	0.23498085028400001	0.24310491562299999	0.25095019426199999	0.25854206620999998	0.26590223767400001	0.27304944607199999	0.28000000000000003	0.28676819907399997	0.293366664773	0.29980660433	0.30609802351499998	0.31224989992000002	0.31827032535299998	0.32416662382200001	0.32994545003699999	0.33561287222000002	0.34117444218499998	0.34663525498699999	0.35199999999999998	0.35727300485800001	0.36245827346100001	0.36755951899	0.37258019270999998	0.37752350920200001	0.38239246854499997	0.38718987590100001	0.39191835884499998	0.39658038277300001	0.40117826461599998	0.40571418511099999	0.41019019978499999	0.41460824883300001	0.41897016600199999	0.42327768663100002	0.42753245490800001	0.43173603046300002	0.435889894354	0.43999545452200001	0.44405405076400001	0.44806695928200002	0.45203539684400001	0.45596052460699998	0.45984345162200002	0.46368523806599998	0.46748689821200001	0.47124940318300002	0.47497368348199998	0.47866063134499998	0.48231110292000001	0.48592592027999998	0.48950587330500001	0.49305172142499998	0.49656419524599998	0.50004399806400002	0.50349180728200005	0.50690827572599995	0.51029403288700004	0.51364968606999994	0.51697582148499999	0.52027300525800002	0.52354178438800003	0.52678268764299996	0.52999622640199995	0.53318289544999997	0.53634317372399998	0.53947752501799995	0.54258639865000002	0.54567023008399995	0.54872944152799996	0.55176444249300005	0.55477563032300004	0.55776339069500003	0.56072809810099999	0.56367011629099995	0.56658979870799997	0.56948748888800005	0.57236352084999997	0.57521821946100005	0.57805190078400004	0.58086487240999995	0.58365743377400003	0.58642987645599998	0.58918248446499999	0.59191553451500001	0.59462929628500005	0.59732403266599998	0.6	0.60265744830699997	0.60529662150100005	0.60791775759599997	0.61052108890699996	0.61310684223900003	0.61567523906699995	0.61822649571199995	0.62076082350600004	0.62327842895499996	0.62577951388599995	0.628264275604	0.63073290702200002	0.63318559680399999	0.635622529494	0.63804388563799996	0.64044984190800003	0.64284057121500005	0.64521624282099999	0.64757702244600002	0.649923072371	0.65225455153599998	0.65457161563900002	0.65687441722100004	0.65916310576399995	0.66143782776600002	0.66369872683300002	0.665945943752	0.66817961657000002	0.67039988066800005	0.67260686883200005	0.67480071132099995	0.67698153593699995	0.67914946808499999	0.68130463083699999	0.68344714499400006	0.68557712914000002	0.68769469970300001	0.68979997100599999	0.69189305532000001	0.69397406291599995	0.696043102114	0.69810027932999996	0.70014569912299995	0.70217946424	0.70420167565799996	0.70621243262900002	0.70821183271699994	0.71019997183899997	0.712176944305	0.71414284285399998	0.71609775868900005	0.718041781514	0.71997499956599997	0.72189749964899996	0.72380936716800004	0.72571068615500001	0.72760153930600002	0.729482008003	0.73135217234899996	0.733212111193	0.735061902155	0.73690162165700002	0.73873134494199999	0.74055114610700001	0.74236109811899997	0.74416127284300004	0.74595174106600004	0.74773257251500003	0.749503835881	0.75126559883999999	0.75301792807300005	0.75476088928899998	0.75649454723700005	0.75821896573500003	0.759934207679	0.76164033506600004	0.76333740901400005	0.76502548977100004	0.76670463674099998	0.76837490849199996	0.77003636277800003	0.77168905655099995	0.77333304597700003	0.77496838645199995	0.77659513261400004	0.77821333835899997	0.77982305685300002	0.78142434054700005	0.78301724118899996	0.78460180983700001	0.78617809687100004	0.78774615200599996	0.78930602430200003	0.79085776218000003	0.79240141342600001	0.79393702520999998	0.79546464409200002	0.79698431603099995	0.79849608640199998	0.8	0.801496101051	0.80298443322400004	0.80446503963799998	0.80593796287300001	0.807403244977	0.80886092747799998	0.81031105138699999	0.81175365721399995	0.81318878496900004	0.81461647417700001	0.81603676387799995	0.81744969264199996	0.81885529857200001	0.82025361931499996	0.82164469206599999	0.82302855357500004	0.82440524015799999	0.82577478769900003	0.82713723166099995	0.82849260708799999	0.829840948616	0.83118229047500003	0.8325166665	0.83384411013100002	0.83516465442499999	0.83647833205599997	0.83778517532800001	0.83908521617300003	0.84037848615999999	0.84166501650000003	0.84294483805300002	0.84421798132899994	0.84548447649900005	0.84674435339099996	0.84799764150599999	0.84924437001399999	0.85048456776100001	0.85171826327699995	0.85294548477599996	0.85416626016300001	0.85538061703500001	0.85658858269299998	0.85779018413599994	0.85898544807199995	0.86017440092099995	0.86135706881600005	0.86253347761099997	0.86370365288100004	0.86486761992799999	0.86602540378399995	0.86717702921600004	0.86832252072600002	0.86946190255800004	0.87059519870000002	0.871722432888	0.87284362860700004	0.87395880909799994	0.875067997358	0.87617121614399995	0.87726848797799994	0.878359835147	0.87944527970800002	0.88052484348799998	0.88159854809299998	0.882666414904	0.88372846508400005	0.88478471957899996	0.88583519911999997	0.88687992422899997	0.88791891521699995	0.88895219218999999	0.88997977505100001	0.89100168349999997	0.89201793703900001	0.893028554975	0.894033556417	0.89503296028699997	0.89602678531400004	0.89701505004100002	0.89799777282600002	0.89897497184300001	0.89994666508599996	0.90091287037099999	0.90187360533500005	0.90282888744199996	0.90377873398300002	0.90472316207799997	0.90566218867699999	0.90659583056600002	0.90752410436300002	0.908447026524	0.90936461334300001	0.91027688095399995	0.91118384533499996	0.91208552230600004	0.91298192753200003	0.91387307652600003	0.91475898465100003	0.91563966711800004	0.91651513899100001	0.91738541518799999	0.91825051048200002	0.91911043950100002	0.919965216734	0.92081485652700001	0.92165937308699997	0.92249878048699996	0.92333309265899999	0.92416232340399995	0.92498648638799996	0.92580559514399996	0.92661966307599997	0.92742870345899997	0.92823272943799995	0.929031754032	0.929825790135	0.93061485051600001	0.93139894781999999	0.93217809457199996	0.932952303175	0.93372158591300003	0.93448595495099995	0.93524542233600005	0.93600000000000005	0.93674969976	0.93749453331699995	0.93823451226200005	0.93896964807200001	0.93969995211199997	0.94042543564100001	0.94114610980400004	0.94186198564300005	0.94257307409000002	0.94327938597200001	0.94398093201099997	0.94467772282399998	0.945369768926	0.94605708073000006	0.94673966854699998	0.94741754258599997	0.94809071295900005	0.94875918967899997	0.94942298265799996	0.95008210171499996	0.95073655657099998	0.95138635684999995	0.95203151208400005	0.95267203170899994	0.95330792506899997	0.95393920141699995	0.95456586991199999	0.95518793962199999	0.95580541952800002	0.95641831852000003	0.957026645397	0.95763040887399997	0.958229617576	0.95882428004300002	0.95941440472799999	0.96	0.960581074142	0.96115763535400001	0.96172969175300005	0.96229725137300004	0.96286032216499995	0.96341891199999996	0.96397302866800005	0.964522679878	0.96506787326099996	0.96560861636600004	0.966144916666	0.96667678155600001	0.96720421835299997	0.96772723429700003	0.96824583655200003	0.96876003220600004	0.96926982827300001	0.96977523169000002	0.97027624932300005	0.97077288796100003	0.971265154322	0.97175305505099996	0.97223659671899998	0.97271578582899998	0.973190628808	0.973661132017	0.97412730174200002	0.974589144204	0.97504666554999997	0.97549987186099996	0.97594876914700002	0.97639336335299998	0.97683366035399999	0.97726966595700004	0.977701385905	0.97812882587100003	0.97855199146500005	0.97897088822900002	0.97938552164100001	0.97979589711299997	0.98020201999400003	0.98060389556600003	0.98100152905100002	0.98139492560300001	0.98178409031699998	0.98216902822300001	0.98254974428800002	0.98292624341799995	0.98329853045799998	0.98366661018900003	0.98403048733300003	0.98439016655	0.98474565244000001	0.98509694954399996	0.98544406233899995	0.98578699524799995	0.98612575263000002	0.98646033878700001	0.986790757962	0.98711701433999999	0.98743911204699997	0.98775705515099999	0.98807084766200004	0.98838049353500002	0.98868599666400003	0.98898736088999994	0.98928458999400004	0.98957768770300003	0.989866657687	0.99015150355899995	0.99043222887799998	0.990708837146	0.99098133181199999	0.99124971626699998	0.99151399385000005	0.99177416784299999	0.99203024147499996	0.99228221792000004	0.99253010029900002	0.99277389167899999	0.99301359507300002	0.99324921343999995	0.99348074968800004	0.99370820666799997	0.99393158718300001	0.99415089397900003	0.99436612975299998	0.99457729714700005	0.99478439875199998	0.99498743710699999	0.99518641469799995	0.99538133396200001	0.99557219728199997	0.995759006989	0.99594176536599999	0.99612047464099995	0.99629513699500005	0.99646575455499997	0.99663232939699997	0.99679486355000002	0.99695335898899995	0.99710781764099998	0.99725824137999997	0.997404632033	0.99754699137400005	0.99768532113099995	0.99781962297799998	0.997949898542	0.99807614939900002	0.99819837707699999	0.99831658305399995	0.99843076875699999	0.99854093556500001	0.99864708480999997	0.99874921777199999	0.99884733568200001	0.99894143972500005	0.999031531034	0.99911761069500005	0.99919967974400004	0.99927773916999996	0.99935178991200002	0.99942183286099995	0.99948786886100005	0.99954989870400002	0.99960792313799995	0.99966194285900001	0.99971195851600003	0.99975797071100003	0.99979997999600001	0.99983798687600001	0.99987199180700004	0.99990199519800005	0.99992799740799998	0.99994999875000001	0.99996799948799997	0.99998199983799996	0.99999199996800003	0.99999799999799999	1	0.99999799999799999	0.99999199996800003	0.99998199983799996	0.99996799948799997	0.99994999875000001	0.99992799740799998	0.99990199519800005	0.99987199180700004	0.99983798687600001	0.99979997999600001	0.99975797071100003	0.99971195851600003	0.99966194285900001	0.99960792313799995	0.99954989870400002	0.99948786886100005	0.99942183286099995	0.99935178991200002	0.99927773916999996	0.99919967974400004	0.99911761069500005	0.999031531034	0.99894143972500005	0.99884733568200001	0.99874921777199999	0.99864708480999997	0.99854093556500001	0.99843076875699999	0.99831658305399995	0.99819837707699999	0.99807614939900002	0.997949898542	0.99781962297799998	0.99768532113099995	0.99754699137400005	0.997404632033	0.99725824137999997	0.99710781764099998	0.99695335898899995	0.99679486355000002	0.99663232939699997	0.99646575455499997	0.99629513699500005	0.99612047464099995	0.99594176536599999	0.995759006989	0.99557219728199997	0.99538133396200001	0.99518641469799995	0.99498743710699999	0.99478439875199998	0.99457729714700005	0.99436612975299998	0.99415089397900003	0.99393158718300001	0.99370820666799997	0.99348074968800004	0.99324921343999995	0.99301359507300002	0.99277389167899999	0.99253010029900002	0.99228221792000004	0.99203024147499996	0.99177416784299999	0.99151399385000005	0.99124971626699998	0.99098133181199999	0.990708837146	0.99043222887799998	0.99015150355899995	0.989866657687	0.98957768770300003	0.98928458999400004	0.98898736088999994	0.98868599666400003	0.98838049353500002	0.98807084766200004	0.98775705515099999	0.98743911204699997	0.98711701433999999	0.986790757962	0.98646033878700001	0.98612575263000002	0.98578699524799995	0.98544406233899995	0.98509694954399996	0.98474565244000001	0.98439016655	0.98403048733300003	0.98366661018900003	0.98329853045799998	0.98292624341799995	0.98254974428800002	0.98216902822300001	0.98178409031699998	0.98139492560300001	0.98100152905100002	0.98060389556600003	0.98020201999400003	0.97979589711299997	0.97938552164100001	0.97897088822900002	0.97855199146500005	0.97812882587100003	0.977701385905	0.97726966595700004	0.97683366035399999	0.97639336335299998	0.97594876914700002	0.97549987186099996	0.97504666554999997	0.974589144204	0.97412730174200002	0.973661132017	0.973190628808	0.97271578582899998	0.97223659671899998	0.97175305505099996	0.971265154322	0.97077288796100003	0.97027624932300005	0.96977523169000002	0.96926982827300001	0.96876003220600004	0.96824583655200003	0.96772723429700003	0.96720421835299997	0.96667678155600001	0.966144916666	0.96560861636600004	0.96506787326099996	0.964522679878	0.96397302866800005	0.96341891199999996	0.96286032216499995	0.96229725137300004	0.96172969175300005	0.96115763535400001	0.960581074142	0.96	0.95941440472799999	0.95882428004300002	0.958229617576	0.95763040887399997	0.957026645397	0.95641831852000003	0.95580541952800002	0.95518793962199999	0.95456586991199999	0.95393920141699995	0.95330792506899997	0.95267203170899994	0.95203151208400005	0.95138635684999995	0.95073655657099998	0.95008210171499996	0.94942298265799996	0.94875918967899997	0.94809071295900005	0.94741754258599997	0.94673966854699998	0.94605708073000006	0.945369768926	0.94467772282399998	0.94398093201099997	0.94327938597200001	0.94257307409000002	0.94186198564300005	0.94114610980400004	0.94042543564100001	0.93969995211199997	0.93896964807200001	0.93823451226200005	0.93749453331699995	0.93674969976	0.93600000000000005	0.93524542233600005	0.93448595495099995	0.93372158591300003	0.932952303175	0.93217809457199996	0.93139894781999999	0.93061485051600001	0.929825790135	0.929031754032	0.92823272943799995	0.92742870345899997	0.92661966307599997	0.92580559514399996	0.92498648638799996	0.92416232340399995	0.92333309265899999	0.92249878048699996	0.92165937308699997	0.92081485652700001	0.919965216734	0.91911043950100002	0.91825051048200002	0.91738541518799999	0.91651513899100001	0.91563966711800004	0.91475898465100003	0.91387307652600003	0.91298192753200003	0.91208552230600004	0.91118384533499996	0.91027688095399995	0.90936461334300001	0.908447026524	0.90752410436300002	0.90659583056600002	0.90566218867699999	0.90472316207799997	0.90377873398300002	0.90282888744199996	0.90187360533500005	0.90091287037099999	0.89994666508599996	0.89897497184300001	0.89799777282600002	0.89701505004100002	0.89602678531400004	0.89503296028699997	0.894033556417	0.893028554975	0.89201793703900001	0.89100168349999997	0.88997977505100001	0.88895219218999999	0.88791891521699995	0.88687992422899997	0.88583519911999997	0.88478471957899996	0.88372846508400005	0.882666414904	0.88159854809299998	0.88052484348799998	0.87944527970800002	0.878359835147	0.87726848797799994	0.87617121614399995	0.875067997358	0.87395880909799994	0.87284362860700004	0.871722432888	0.87059519870000002	0.86946190255800004	0.86832252072600002	0.86717702921600004	0.86602540378399995	0.86486761992799999	0.86370365288100004	0.86253347761099997	0.86135706881600005	0.86017440092099995	0.85898544807199995	0.85779018413599994	0.85658858269299998	0.85538061703500001	0.85416626016300001	0.85294548477599996	0.85171826327699995	0.85048456776100001	0.84924437001399999	0.84799764150599999	0.84674435339099996	0.84548447649900005	0.84421798132899994	0.84294483805300002	0.84166501650000003	0.84037848615999999	0.83908521617300003	0.83778517532800001	0.83647833205599997	0.83516465442499999	0.83384411013100002	0.8325166665	0.83118229047500003	0.829840948616	0.82849260708799999	0.82713723166099995	0.82577478769900003	0.82440524015799999	0.82302855357500004	0.82164469206599999	0.82025361931499996	0.81885529857200001	0.81744969264199996	0.81603676387799995	0.81461647417700001	0.81318878496900004	0.81175365721399995	0.81031105138699999	0.80886092747799998	0.807403244977	0.80593796287300001	0.80446503963799998	0.80298443322400004	0.801496101051	0.8	0.79849608640199998	0.79698431603099995	0.79546464409200002	0.79393702520999998	0.79240141342600001	0.79085776218000003	0.78930602430200003	0.78774615200599996	0.78617809687100004	0.78460180983700001	0.78301724118899996	0.78142434054700005	0.77982305685300002	0.77821333835899997	0.77659513261400004	0.77496838645199995	0.77333304597700003	0.77168905655099995	0.77003636277800003	0.76837490849199996	0.76670463674099998	0.76502548977100004	0.76333740901400005	0.76164033506600004	0.759934207679	0.75821896573500003	0.75649454723700005	0.75476088928899998	0.75301792807300005	0.75126559883999999	0.749503835881	0.74773257251500003	0.74595174106600004	0.74416127284300004	0.74236109811899997	0.74055114610700001	0.73873134494199999	0.73690162165700002	0.735061902155	0.733212111193	0.73135217234899996	0.729482008003	0.72760153930600002	0.72571068615500001	0.72380936716800004	0.72189749964899996	0.71997499956599997	0.718041781514	0.71609775868900005	0.71414284285399998	0.712176944305	0.71019997183899997	0.70821183271699994	0.70621243262900002	0.70420167565799996	0.70217946424	0.70014569912299995	0.69810027932999996	0.696043102114	0.69397406291599995	0.69189305532000001	0.68979997100599999	0.68769469970300001	0.68557712914000002	0.68344714499400006	0.68130463083699999	0.67914946808499999	0.67698153593699995	0.67480071132099995	0.67260686883200005	0.67039988066800005	0.66817961657000002	0.665945943752	0.66369872683300002	0.66143782776600002	0.65916310576399995	0.65687441722100004	0.65457161563900002	0.65225455153599998	0.649923072371	0.64757702244600002	0.64521624282099999	0.64284057121500005	0.64044984190800003	0.63804388563799996	0.635622529494	0.63318559680399999	0.63073290702200002	0.628264275604	0.62577951388599995	0.62327842895499996	0.62076082350600004	0.61822649571199995	0.61567523906699995	0.61310684223900003	0.61052108890699996	0.60791775759599997	0.60529662150100005	0.60265744830699997	0.6	0.59732403266599998	0.59462929628500005	0.59191553451500001	0.58918248446499999	0.58642987645599998	0.58365743377400003	0.58086487240999995	0.57805190078400004	0.57521821946100005	0.57236352084999997	0.56948748888800005	0.56658979870799997	0.56367011629099995	0.56072809810099999	0.55776339069500003	0.55477563032300004	0.55176444249300005	0.54872944152799996	0.54567023008399995	0.54258639865000002	0.53947752501799995	0.53634317372399998	0.53318289544999997	0.52999622640199995	0.52678268764299996	0.52354178438800003	0.52027300525800002	0.51697582148499999	0.51364968606999994	0.51029403288700004	0.50690827572599995	0.50349180728200005	0.50004399806400002	0.49656419524599998	0.49305172142499998	0.48950587330500001	0.48592592027999998	0.48231110292000001	0.47866063134499998	0.47497368348199998	0.47124940318300002	0.46748689821200001	0.46368523806599998	0.45984345162200002	0.45596052460699998	0.45203539684400001	0.44806695928200002	0.44405405076400001	0.43999545452200001	0.435889894354	0.43173603046300002	0.42753245490800001	0.42327768663100002	0.41897016600199999	0.41460824883300001	0.41019019978499999	0.40571418511099999	0.40117826461599998	0.39658038277300001	0.39191835884499998	0.38718987590100001	0.38239246854499997	0.37752350920200001	0.37258019270999998	0.36755951899	0.36245827346100001	0.35727300485800001	0.35199999999999998	0.34663525498699999	0.34117444218499998	0.33561287222000002	0.32994545003699999	0.32416662382200001	0.31827032535299998	0.31224989992000002	0.30609802351499998	0.29980660433	0.293366664773	0.28676819907399997	0.28000000000000003	0.27304944607199999	0.26590223767400001	0.25854206620999998	0.25095019426199999	0.24310491562299999	0.23498085028400001	0.22654800815699999	0.21777052142100001	0.20860488968400001	0.19899748742100001	0.18888091486399999	0.178168459611	0.166745314777	0.15445387661000001	0.141067359797	0.126237870704	0.109380071311	8.9353231614799994E-2	6.3213922517099994E-2	0	2.5 µm	-1.5705921289309439	-1.3955722969077125	-1.2205335909779869	-1.0455619922713524	-0.87076864712605373	-0.69625491541030182	-0.52200681645261915	-0.34790551454544832	-0.1739300386815735	-3.495167869429969E-6	0.17392304834583483	0.34790551454544832	0.52200681645261915	0.69624792507456323	0.87076864712605373	1.0455619922713524	1.2205300958101173	1.3955681027062692	1.5705921289309439	0	0	0	5.6704063366900002E-2	0.43847470576000003	0.75349680378700001	0.86891939865400003	0.95707809608600003	0.98957746761499998	1.02708943591	0.98965890356099995	0.95737169410099998	0.86912513156899995	0.75368967839500001	0.43880473564599998	5.6755710900900001E-2	0	0	0	6 µm	-2.2938017789495344	-1.8761103446578538	-1.4581770447496152	-1.0403087549637462	-0.62339814117407411	-0.20762695210980434	0.20762695210980434	0.62339814117407411	1.0403157452994847	1.4581770447496152	1.8761152378928709	2.2938017789495344	0	0	0	0.10521845655299999	0.75745930546499995	0.98208964670400001	0.98213465077899997	0.75749145123299999	0.10522274265500001	0	0	0	10 µm	-2.7948830253684624	-2.0953741086718125	-1.3954457718308426	-0.69646812065033115	0	0.69646113031459245	1.3954457718308426	2.0953741086718125	2.7948830253684624	0	0	5.1326290672299997E-2	0.44519960044200002	0.92608528955500002	0.44521674485200002	5.13290766388E-2	0	0	x/a [µm]


p(x)/p0 [-]
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Predicted lives [103 cycles]



Crack Initiation	T1-2	T3-4	T5-6	T7-8	T9-10	T11-12	T13-14	20668	33062	25305	28449	34496	41825	44214	Crack Propagation	T1-2	T3-4	T5-6	T7-8	T9-10	T11-12	T13-14	7305	76233	7173	10748	15428	84997	128543	
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