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Abstract. In the present paper, the new fractional-differential dependences of cycles to failure
for a given initial crack length upon the stress amplitude in the linear fracture approach are
proposed. The anticipated unified propagation function describes the infinitesimal crack length
growths per increasing number of load cycles, supposing that the load ratio remains constant
over the load history. Two unification fractional-differential functions with different number of
fitting parameters are proposed. An alternative, threshold formulations for the fractional-
differential propagation functions are suggested. The mean stress dependence is the immediate
consequence from the considered laws. The corresponding formulas for crack length over the
number of cycles are derived in closed form.

1. Introduction

The functional relation between the loading properties, stress gradient and the physical time-depending
characteristics of materials are essential for the statistical fatigue analysis and analytical evaluation
number of the cycles to failure [1-2]. The traditional evaluations concepts based on the Palmgren-
Miner’s rule of damage accumulation, rain-flow counting of time-dependent loads, Wohler curve and
Basquin equation, Paris-Erdogan law and diverse extensions of the fracture and damage mechanics
approaches [3]. The book [4] reviews the numerical treatment of fatigue microscopic crack propagation
together with their implementation in fatigue-life prediction models. It was recently pointed out that
fracture and fatigue are not scale invariant [5S]. An attempt to account the scale-invariance in the
traditional fatigue approach is performed in this paper. The approach is based on the introduction of
fractal length that divides the crack propagation into two characteristic scales.

There are three stages of fatigue fracture commonly distinguished: initiation, propagation, and final
rupture [6-7]. The first stage (stage I) of fatigue is referred to as initiation. Initiation is probably the most
complex stage of fatigue fracture. The most significant factor about the initiation stage of fatigue fracture
is that the irreversible alterations in the metal are caused by cyclic shear stresses. The accumulation of
microscopic faults over a large number of load applications, leads to cumulative damage. At the loca-
tion of a severe stress concentration, the number depends on the geometry of the part as well as on
environmental, stress, metallurgical, and strength conditions, as will become apparent. During the stage
I, the spread of fatigue crack per unit cycle decelerates smoothly with number of cycles and the process
approaches its second stage.

The second stage of fatigue is known as crack propagation (stage II). The propagation stage of fatigue
causes the microscopic crack to change direction and grow perpendicular to the tensile stress. The
second, or propagation, stage of fatigue is typically the most readily recognizable area of a fatigue
fracture. The Paris law describes the stage II propagation law [8]. The traditional form of Paris law
pronounces the spread of fatigue crack per unit cycle as a power function of the range of stress intensity
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factor. Towards the end of the stage II, the spread of fatigue crack per unit cycle begins to accelerate
smoothly with number of cycles and the process turns to the third stage.

The final, third stage of fatigue is the final rupture (stage III). As the propagation of the fatigue crack
endures, progressively sinking the cross-sectional area of the test specimen, it eventually deteriorates
the part so significantly that final, broad fracture occurs with a couple of load cycles. The fracture mode
may be either ductile (with a dimpled fracture surface) or brittle (with a cleavage, or intergranular,
fracture surface). Occasionally occur the combinations of these modes, depending upon the metal
concerned, the stress level and the environment. In the course of the stage III, the spread of fatigue crack
per unit cycle progressively accelerates with each cycle.

Numerous load damage models, which extend the celebrated Paris and Erdogan propagation law,
were proposed since the 1970s. The article [9] reviews the articles focused on the prediction of fatigue
properties of structures under variable amplitude loading. The reliability and accuracy of prediction
models and the physical concept of fatigue damage was discussed. The reviewed fatigue life models
were based on the scientific and engineering knowledge about fatigue of material and structures under
constant and variable amplitude loading.

The near-threshold deviation of the common propagation law was suggested by [10]. The observed
rapidly increasing growth towards ductile tearing was accounted. The brittle fracture correction of the
power law was proposed in the cited article in the analytical form.

In the work [11] several combinations of high and low amplitude of stress intensity factors values
were studied. A similar approach of for transition region between high and low amplitude of stress
intensity factors was proposed in [12].

A more general ‘‘unified law’’ accounts certain deviations from the power-law regime [13]. The
implemented extension of the Paris law for crack propagation results in the generalized Wohler fatigue
curves.

2. The propagation laws for cyclic loads
The crack propagation is calculated as a function of the range of the stress intensity factor:

K=K =K -
The factors in this equation are

K e the maximum stress intensity factor and

K

The common form of Paris' law quantifies the fatigue life of a specimen for a given particular crack
size & . The range of stress intensity factor reads:

K=YoJma.

The range of stress intensity factor depends on:

min the minimum stress intensity factor per cycle.

O = Oy — Orin the stress range,

(o0 the maximum stress,

O rrin the minimum stress per cycle

Y a dimensionless parameter that reflects the geometry.

The parameter Y possesses the value 1 for a center crack in an infinite sheet. Hereafter, this value is
assumed for briefness: Y =1.
In the present paper the traditional form for propagation law is implemented:

dn dn
e =U(K) or CE—U(O'\/E). (1)

The coefficients in Eq. (1) are:

cC= C(R) the material constant for a given stress ratio R,
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K.
R=—"1<1 the stress ratio of cyclic load,
Kmax
K, = K er Koin = 1+ E g the mean value of stress intensity factor.

The propagation function U(K) describes the infinitesimal crack length growths per increasing

number of load cycles N, supposing that the load ratio R remains constant over the load history. It is
presumed that the cracks with the initial length & exist in the material. The cycle count starts with the
beginning of crack propagation from its initial length:

n_ =0. (2)

a=o
Thus, the range K and the mean value K, of stress intensity factor remain constant. The variations

of range K and the mean value K, of stress intensity factor over the load history could be accounted
by applications of damage accumulation theories [14-15].

3. Fractal crack equation (type I)
The propagation function U (K) of the first type

)= e 1

da da” (3)
Lh@=2Y, u=k,

where the stress intensity factor, corresponds to the transition to VHCF regime is
K=l o, (4)

A is the characteristic transition length.
The method is used to calculate the fractional derivative using the Davison-Essex definition [19],
that is, first differentiate N times, and then integrate N — ¢ times:

d'n@) 1 J'(a_t)n—a—l d"n(t) dt, 5)

da* TI(h-a)

0

where N smallest integer greater than or equal to a number ¢ , @ < N . This definition handles
differentiation orders & > —1.

At first assume that 0 < ¢ < 1. The definition of the fractional derivative in the equation (3) leads to
the integral-differential equation:

dn (ﬂﬁaz)a_la o d"n(t) (”Uza)_plz_
da+1"(1—a)-[(a_t) L Gt =0 (6)

0

Application of the Laplace transform to the equation (6) leads to the following linear algebraic
equation
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da’ T(-a) at’ ¢

j{dn (;T,wz)“i(a_t)_a d"n(t) dt— (ﬂ'o'za)ip/z } )
0 (7)
- sz_l(frUZ)gF(l‘ngr cn0[1+ (Sm‘taz)afl]‘ C[S * (”MZ)HSQ}W(S): 0

in terms of a Laplace transform of the function ﬁ(s) =4 {n (a)} with an unknown constant N, . The
solution of the equation (7) delivers the transformed function:

Sg_l(EGZ)% F(l—pj
fi(s)== . 2) M (8)
c S+(7T/10'2)a18“ S

[EEN

The application of Bromwich integral inverse Laplace transform of the function (8) results the
solution of fractional differential equation (3):

n.la)-£hl5)- i[l;’)lij onl 2.
(-2 2 - B r{-Bn 2 (- 23] o, o

N 11 (31’ a, ) =N, (al) —Ny, (az )

One limit case corresponds to an infinite scaling parameter A :

@, 2, Y P2 2\l a L 5 \-pl2
e dn_ (w'a) ™" _(wo”] [@-1) () g (mo'a) ™" _ 0. (10)
da“ c Il-a) 3 dt" c
The application of the Laplace transform to the Eq. (10) and leads to the transformed function
~ Pia Lo n
n(5)=1{82 (wo?) 2" Wr(l—gﬂw. (11)
C S

The inverse Laplace transform of (11) provides the expression for the asymptotic limit of the function
(9) for an infinite scaling parameter A :

Nl,Z(al'aZ):

2P
(7702) 2 F(—2+lj Ly 1y
Jila, 2 —a,2 | (12)
p 3
cl"[—2+2j

The other limit case corresponds to an infinitesimally small scaling parameter A :

d(o'a) "

13
da c (13)

with an elementary solution
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N
N,s(a,.a,)= 25’27)2{%1’5 —af'g} : (14)

4. Fractal crack equation (type II)
The second formulation presumes the application of the fractional differentiation operator L, to the

right side of the Eq. (1):
-p -p -p a (K-p
dj:l—z Ki! I—2 Ki :L_K_a d Ki . (15)
da c c c da“\ c

The definition of the fractional derivative leads an ordinary inhomogeneous differential equation of
the first order:

dn _(ﬂ_o_za)—p/Z e 1_,(1_ p/2) (ﬂo_za)a—plz 0

= (16)
da c Te+l-p/2) ¢
The Laplace transform (16) brings the following expression
r(l_ SJ B—Z—a —B—a E,z P n
i(s)=——"2| -2 “(ao? )2 A +s? (w0?)2 |+2, (17)
C S
which results in the formula for the number of cycles
I 1—* L . a-p 3, @ P
n,.(a)= ( Zj (o) 2a 2 (w0*)2a ° A% |+n
21\4)= 0 (18)

N 2,1(a2 ' a1) = n2,1(a2 )_ n2,1<a1 )

The limit case corresponds to an infinite scaling parameter A :

2 \a-pl2
an_ . T-p/2) (wa) ™" (19)
da = T(a+l-p/2) ¢

with the corresponding solution

F[l_gJ a-p a-p a-p
Nz,z(auaz): p(ﬂo-z)z/%a {alhz -a 1+2} ) (20)
CF(Z +a- Zj

The other limit case corresponds to an infinitesimally small scaling parameter A leads once again to
the equation (13) with an already known solution

N1,3(a2’a1): Nz,s(az’ai)-

5. Effect of stress ratio
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The load ratio is defined as the ratio of the algebraically minimum over the maximum load, Eq. (1). The
experiments demonstrate that the load ratio affects the fatigue crack growth and threshold behaviour.
Namely, the fatigue crack propagation rate and threshold value vary with the applied load ratio (Walker,
1970). If the load ratio is positive, the experiments reveal that the necessary stress intensity factor range
for growth decreases with increasing positive values. In the region of the negative load ratio the required
stress intensity factor range for growth (threshold stress intensity range) decreases as load ratio
decreases. Reaching a definite negative value, known as saturation point, the required stress intensity
factor range for fatigue crack growth stabilizes.

Consider now the variation of load ratio for the proposed propagation laws. The closed form solution
for the cycles to failure for a given initial crack length upon the stress amplitude could be found for
given load ratio.

e 1 S

1
c |m
¢ |m

et

AlZnMgCu0,5 \( X35NiCrMo31 \

7075
(24h, 100°C)

Ae2

1e05 Tels
X-7075
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1e07 Tedr
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tet8 (48h, 180°C) ol Ti6A4V
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_3 y_)J -3/2 |
K|pvanm KlMNm

Fig. 1 The plot of the relations between the crack growth rate dn/da=U I (K )/ C and the range of stress intensity
factor K for different materials [17,18]

Instead of an empirical approach, in this paper we use the equations to derive the influence of the
stress ratio on the crack growth rate explicitly. For this purpose consider two harmonically varying loads
with equal amplitude, but with the different mean values. The mean values and amplitudes are assumed
to be positive, such that:

K, >0, K, >0, K>0.

Both loads lead to the harmonically varying stress intensity factors. The harmonically varying stress
intensity factors correspondingly are:

K(t)=K, +1Ksint, K*(t)= K, +1Ksint. (21)
For both considered cyclic loads the ratios are equal correspondingly to:
K —1K . K -1iK
_ Mm "2 ) R T=—m 2 * (22)
K,+3iK K,+3K

Consider at first the positive load cycles
K(t)>0, K*(t)>0.

For the positive load cycles the stress ratios are in the ranges:
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—1<R<1, —1<R"<1. (23)

The damage caused by the varying load depends linearly upon the stress intensity factor in the power
p along the cycle. Consequently, the relation between fatigue coefficients, which correspond to the

different stress ratios C(R) and C(R*), reduces to:

AR, R7]= %(R—*)),

C(R)— I(K +1Ksint)’dt, (24)
o(R)= _2”(K;; +3Ksint)fdt

7 0

The integrals in (19) are expressed in term of the Meijer G- function [20]:

1 %% . \p - K 2 1—7[3 _P
0 m 1
The parameters of Eq. (24) are:
1-R K 1—R*_ K (25)
1-R 2K’ 1-R* 2K

Consequently the relation between fatigue coefficients for two different load ratios is:
1 AR
ARR’]= Rl (26)
ﬂ| R |

ol @=RP[EP _Plasry

I wrr] 2 2 Janr

6. Threshold-limited formulations for propagation functions

For some alloys there is a theoretical value for stress amplitude below which the material will not fail
for any number of cycles. In this paper the method of representation of crack propagation functions
through appropriate elementary functions is employed. The choice of the elementary functions is
motivated by the phenomenological data and covers broad region possible parameters. With the
introduced crack propagation functions differential equations describing the crack propagation are
solved rigorously. The resulting closed form solutions allow the evaluation of crack propagation
histories on one side, and the effects of stress ratio on crack propagation, on the other side.

Two new unified functions (type I and type II) were proposed in the paper (Kobelev, 2017). The
functions were suggested in the form that incorporates the three commonly accepted stages of fatigue.
The advantage of the newly proposed functions is the closed form solution of crack propagation.

The simplified representation of unified propagation function for the damage growths per cycle
accounts the Paris propagation law together with transition regions at high and low amplitudes of stress
intensity factors:
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U(K)= Kpﬂ.
(5]

m, >1 is the exponent at the short-term limit,

(27)

m, >1 is the endurance limit exponent.

The function (27) delivers the closed form solution of the ordinary differential equation with the
initial condition (2):

Ae2 Aed 1ed Aeh 1eHls 1e+ib

n= n(a, 0, O') ) (28)
o, Pa Te2
a,m
X-7075 073
(24h, 100°C) =107
I @8h, 180°C) | :
ool R X-7075
B X- S
Te+H- 2 L
1e3 — :
“. '.‘ i H
i \ .
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X-7075 B IR
A Vi
o=0p ~~ . \ [ :
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A 1 Y A K
\\ ‘\ Y ‘.
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Fig. 2 The dependencies between the cycles to failure N for the given initial crack lengths upon
the stress amplitude o (s-N-curve, left) and cycles to failure N for the given stresses upon the
length of crack (a-N-curve, right)

Precisely, the function n(a, 0, O') delivers the number of cycles for growth of the crack length from
the initial value & to the given value @, assuming that the stress range 0 and mean stress
o. t0.:
— max min
remain constant.
From the equation (1) two ultimate crack sizes could be determined immediately. Firstly, the value:

0

ma, =K? / o’
is the critical crack length at which instantaneous fracture will occur. Secondly, the value:
2/ 2
ma, =K / o

is the initial crack length at which fatigue crack growth starts for the given stress range. The number of

cycles to failure at &, = & is infinite. For a finite number of cycles before fracture the initial crack
length & must satisfy the condition:
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a<o<a,.

The relations between the crack growth rate

dn _UK)  ith K-vm o

da C
and the range of stress intensity factor K for simulated materials are shown on the Fig.1. The
endurance and short time threshold exponents were experimentally acquired [17], alloys
AlZnMgCu0,5, Ti6Al4V, X35NiCrMo31) and [18], aluminum alloys X-7075 (180°), X-7075 (100°),
7075 (100°).

o, Pa /

X35NiCr —
Mo31 \
o=0p/2 X
\
19 | ] \ Y
\ |
X35NiCr \ \Y
L] A\
Mo31 iy
o=0 \
L AlZnMgCu05 ’ 5 ——— | AlZnMgCu0
X o=0B/2

AlZnMgCu0

\ N
1e-06 ‘\\ \ G=0B/2
X35NiCr 'Y Y g AlZnMgCu0
Mo31 — )
n =208
deitd c=2 03 \\‘

\ ’

Fig. 3 The dependencies between the cycles to failure N for the given initial crack lengths upon
the stress amplitude o (s-N-curve, left) and cycles to failure N for the given stresses upon the
length of crack (a-N-curve, right)

The solution of the ordinary differential equation (27) with the corresponding initial condition
delivers closed form analytical expression for the remaining number of cycles to fracture:

n(a, 0, O') = ﬁ(a, 0)— ﬁ(é, 0), (30)
where the auxiliary functions are:
0 p-2 0 m+p-2
- 2aK P K™ | K™Y T NG
i(a,0)= m 2pg| pem i ) =G| om m2 , o (31)
cm | K, Ki'lp —M+P— Ki'lo P-
’ m ’ m

In the expression (31) appears the Meijer G- function [19]. The following example illustrates the
behaviour of the metallic material with the unified propagation function (27). The diagrams that express
the dependence of cycles to failure, S-N curves are presented on the pictures on left side of Fig.2 and
Fig.3. The same initial length of the crack was assumed for definiteness in all cases & =10"*m. The
stress intervals for calculation depend on threshold stress intensity factors:

0,<0<0,, 01=K1\/%, 0'2=K2\/%.
The dependencies of crack lengths on cycles, a-N curves are drawn on the right pictures. The number
of cycles was calculated as the function of length of the crack in the interval
10"'m<a<10?m.
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The NSa surface N-S and curves and a-N curves are shown on the Fig.2 for aluminium alloys X-
7075 (180°), X-7075 (100°), 7075 (100°) from [17]. The S-N curves and a-N curves are displayed on
the Fig.3 for aluminium alloy AIZnMgCu0,5, titanium alloy Ti6Al4V, and steel X35NiCrMo31 [18].

7. Conclusion

The paper introduces the closed form analytical expression for crack length over number of cycles. Two
new fractional-differential functional dependences express the damage growth per cycle are introduced.
These functions allow the unification of different fatigue laws in a single expression. The unified fatigue
law provides closed form analytical solutions for crack length upon the mean value and range of cyclic
variation of stress intensity factor. The solution expresses the number of cycles to failure as the function
of the initial size of the crack and eliminates the solution of nonlinear ordinary differential equation of
the first order. The explicit formulas for stress against the number of cycles to failure are delivered for
both proposed unified fatigue laws.

The different common expressions, which account the influence of the stress ratio, are immediately
applicable. For the proposed unified propagation functions, the ranges for the stress load factor are
extended using the introduction of effective stress intensity. The solution leads to the effective stress
intensity factor range, effective mean value of stress intensity factor and effective stress ratio.

The proposed methods are applicable for the modeling of tribological effects on fatigue. Fretting
fatigue is an outcome involving different influences. The major factors that effect fretting fatigue are
slip amplitude, coefficient of friction, shear load and loading phase difference [21-24]. In the recent
paper [25] study, three numerical models were introduced for simulation the effect of both in phase and
out of phase loading on contact stresses and damage initiation locations. In the paper [25] was pointed
out that phase difference affects the shear traction and tensile stress profiles at the contact interface,
whereas no significant effect is observed on convergence efficiency. The methods, which proposed in
the currect article, could be applied for the simulation of the fretting fatigue processes.

The proposed method is also appropriate for investigation of fatigue behaviour compression springs
at a very high number of cycles [26]. The reported variation of the slope in S-N diagram could be
explained by the transition to a fractal fracture regime [27,28]. The corresponding models of fracture
under static load conditions were proposed in [29]

References

[1] Carpinteri A., Ed. 1994 Handbook of Fatigue Crack Propagation in Metallic Structures,
Elsevier Science B.V. Philadelphia, PA

[2] Suresh S. 1998 Fatigue of materials, Cambridge University Press, Cambridge

[3] Richard H.A., Sander M. 2012 Ermiidungsrisse, ISBN 9 78-3-8348-1594-1, DOI
10.1007/978-3-8348-8663-7, Springer-Vieweg, Berlin

[4] Krupp U. 2007 Fatigue Crack Propagation in Metals and Alloys: Microstructural Aspects
and Modelling Concepts, ISBN: 978-3-527-31537-6, Wiley-VCH, Berlin

[5] Turcotte D. 1997, Fractals And Chaos in Geology and Geophysics, Cambridge University
Press

[6] Totten G. 2008 Fatigue crack propagation, Advanced Materials & Processes, May 2008, p.
39-41

[7] Leese G.E., Socie D., Eds. 1989 Multiaxial Fatigue, Analysis & Experiments, SAE Pub. AE-
14, Warrendale, PA

[8] Paris P., Erdogan F. 1963 A critical analysis of crack propagation laws. J. Basic Eng. Trans.
ASME, 528-534

[9] Beden S. M., Abdullah S., Ariffin A. K. 2009 Review of Fatigue Crack Propagation Models
for Metallic Components, European Journal of Scientific Research, ISSN 1450-216X Vol.28
No.3, pp.364-397

10



6th International Conference on Fracture Fatigue and Wear IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 843 (2017) 012022 doi:10.1088/1742-6596/843/1/012022

[10] Donahue, R. J. Clark, H. M., Atanmo, P., Kumble, R., McEvily, A. J. 1972 Crack opening
displacement and the rate of fatigue crack growth. Int. J. Fract. Mech. 8, 209-219, DOI
10.1007/BF0070388

[11] Kanninen M.F., Popelar C.H. 1985 Advanced Fracture Mechanics. Oxford University Press,
New York

[12] McEvily A.J., Groeger J. 1977 On the threshold for fatigue-crack growth. Fourth
International Conference on Fracture, vol. 2. University of Waterloo Press, Waterloo,
Canada, pp. 1293-1298

[13] Xue L. 2008 A unified expression for low cycle fatigue and extremely low cycle fatigue and
its implication for monotonic loading, International Journal of Fatigue, 30, 1691-1698

[14] Pugno N., Cornetti P., Carpinteri A. 2007 New unified laws in fatigue: From the Wohler’s
to the Paris’ regime, Engineering Fracture Mechanics, 74, 595-601

[15] Wheeler, O. E. 1972 Spectrum loading and crack growth, J. Basic Engng. 94, 181-186

Noroozi A.H., Glinka G., Lambert S. 2005 A two parameter driving force for fatigue crack growth
analysis, International Journal of Fatigue, Volume 27, Issues 10—12, October—December
2005, Pages 12771296

[16] Sorensen A.1969 A General Theory of Fatigue Damage Accumulation, J. Basic Eng 91(1),
1-14, doi:10.1115/1.3571021

[17] Schwalbe K.-H. 1980 Bruchmechanik metallischer Werkstoffe, Carl Hanser Verlag,
Miinchen, Wien

[18] Albrecht J., Martin J.W.R., Liithering G., Martin J.W. 1976 Influence of micromechanisms
on fatigue crack propagation rate of Al-alloys, 4th Int. Conf. on the Strength of Metals and
Alloys, Conference Proceedings Nancy, 30 August-3 September 1976, E.N.S.M.L.M, Nancy,
1408 P.

[19] Davison, M., Essex, G. C., 1998, Fractional Differential Equations and Initial Value
Problems, The Mathematical Scientist, (December 1998): 108-116

[20] Prudnikov, A. P.; Brychkov, Yu; and Marichev, O. 1990 Integrals and Series, Volume 3:
More Special Functions. New York: Gordon and Breach Science Publishers, 1990.

[21] Kumar D, Biswas R, Poh LH and Abdel Wahab M 2017 Fretting fatigue stress analysis in
heterogeneous material using direct numerical simulations in solid mechanics Tribology
International 109 124-132

[22] Resende Pereira KdF, Bordas S, Tomar S, Trobec R, Depolli M, Kosec G and Abdel Wahab
M 2016 On the Convergence of Stresses in Fretting Fatigue Materials 9 639

[23] Ferjaoui A, Yue T, Abdel Wahab M and Hojjati-Talemi R 2015 Prediction of fretting fatigue
crack initiation in double lap bolted joint International Journal of Fatigue 73 66-76

[24] Bhatti NA and Wahab MA 2017 Finite element analysis of fretting fatigue under out of phase
loading conditions Tribology International 109 552-562

[25] Hojjati Talemi R and Abdel Wahab M 2013 Fretting fatigue crack initiation lifetime predictor
tool: using damage mechanics approach Tribology International 60 176-186

[26] Pyttel B., Schwerdt D., Berger C. 2011 Very high cycle fatigue — Is there a fatigue limit? Int.
J. Fatigue, 33, 49-58.

[27] Pyttel B., Brunner I., Kaiser B., Berger C., Mahendran M. 2014 Fatigue behaviour of
helicalcompression springs at a very high number of cycles — Investigation of various
influences. Int J Fatigue; 60:101-109.

[28] Korn M., Rohm T., Lang K.-H. 2014, Very High Cycle Fatigue Resistance (N>107) of
Middle- and High Strength Heat Treatment Conditions of 42CrMo4, Proc. 6th International
Conference on VHCF, October 15-18, 2014, Chengdu, China

[29] Mosolov A.B. (1993) Mechanics of Fractal Cracks in Brittle Solids. Europhys. Lett., 24 (8),
pp. 673-678

[30] Yavari A., Sarkani S., Moyer E.T. 2002 The mechanics of self-similar and self-affine fractal
cracks International Journal of Fracture 114: 1-27

11



