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The article deals with the influence of the defect initial shape on the residual lifetime 
of a continuous casting machine roll made of 25Cr1MoV steel. Based on this approach, 
previously proposed by some authors, the growth of the surface fatigue crack was modeled 
in a roll under loading and temperature conditions that are close to operational ones, 
taking into account the statistical distribution of the C parameter of Paris’ equation. 
Dependencies of the continuous casting machines roll fatigue lifetime on the initial defect 
shape and critical defect sizes are obtained.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Lifetime prediction of structures subjected to fatigue and thermal fatigue, corrosion, and other factors is of great impor-
tance. These structures include elements of thermal and nuclear power plants [1–4], pipelines [5], rolls of continuous casting 
machines [6–8], railway axles [9], etc. Note that multiple cracking is a typical mechanism for all these structures and that a 
variety of approaches was proposed for the study of multiple cracks and defects in structural elements and related problems 
[10–15]. The multiple cracking is often observed in the rolls of continuous casting machines and equipment for hot rolling 
that undergo cyclic thermo-mechanical loading. This loading leads to the emergence and growth of multiple surface cracks 
[6,16,17] which can affect significantly the structure’s residual lifetime.

This article studies the influence of the initial shape of such crack on the structure residual lifetime considering the 
example of a continuous casting machine roll (CCMR). The roll’s lifetime is generally determined by surface crack growth 
under thermal fatigue up to a critical size. Generally, it depends on the properties of the material, on the applied cyclic 
mechanical stresses and temperature, on the rolling speed, and on other factors. Note that the residual lifetime of structural 
elements with surface defects can also significantly depend on the initial defect shape [18–21]. The effect of temperature, 
frequency and loading waveform on the fatigue crack growth rate of CCMR material was studied in the work [22]. The 
fatigue crack growth rate in 15Cr13Mo steel almost does not depend on temperature (20 ◦C and 600 ◦C). The increase of 
frequency loading from 0.01 to 0.1 Hz augments the fatigue crack growth rate for �K < 24 MPa

√
m and reduces by more 

than two times for �K > 28 MPa
√

m [22].
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Fig. 1. a) Scheme of the roll and its loading; b) cross-section with a semi-elliptical crack.

The change in the shape of the surface fatigue cracks in cylindrical specimens of railway axles made of 30NiCrMoV12 
steel induced by rotating bending has been studied in [18]. It was found that when the relative depth of the surface crack 
α = a/D is divided by 10 (from 0.025 to 0.25), the shape a/c of the propagating semi-elliptical crack decreases from 0.9 to 
0.6, where a is the crack depth, D is the specimen diameter, c is the half crack length. The surface cracks in the railway 
axles are mostly semi-elliptical [18,21].

In the work [20], it was shown that regardless of the loading scheme (reverse or rotating bending) and initial crack 
shape (semi-elliptical or semi-circular) for a relative crack depth of more than 0.16, the crack shape can be described by a 
dependency on the relative depth.

The topology of surface cracks in entirely forged CCMR made of 25Cr1MoV steel, dismounted from service after 4500 
melts, was studied in [23]. The cracks in the plane perpendicular to the roll axis are by from 1.5 to 1.8 times deeper than 
those in the axial one, and have crack shape 2.5 for crack depths up to 6 mm and crack shape 4 for cracks deeper than 
6 mm.

Cracking of rolls and other parts of the rolling equipment under thermal fatigue was modeled, for example, in [24,25]. 
However, the deterministic approaches do not take into account the scatter of mechanical properties. Using them, one 
cannot assess the probability of reaching the critical crack size and to get the probability distribution, which is function 
of the structure’s residual lifetime. In contrast, statistical and probabilistic fracture mechanics methods allow us to obtain 
the distribution function of the residual lifetime or the critical crack size [26,27]. Such approaches to fatigue crack growth 
modeling in structural elements are based on the analysis of the stress state and take into account the scatter of crack 
growth resistance characteristic of certain conditions [28,29] described by the known distribution laws. To describe the 
parameters of the Paris equation, the normal and the log-normal distribution are mostly used [30].

The aim of this paper is to estimate the structural elements’ residual lifetime depending on the shape of the initial 
defect, considering the statistical scatter of the characteristics of crack growth resistance. This analysis is carried out using 
the example of a CCMR. Based on this approach, previously proposed by some authors, the growth of a surface fatigue crack 
was modeled in a roll under loading and temperature conditions that are close to the operational ones, taking into account 
the statistical distribution of the parameter C in Paris’ equation. Dependencies of the CCMR fatigue lifetime from the shape 
of the initial defect are obtained.

2. Modeling of surface fatigue crack growth and residual lifetime assessment

Consider a roll that is a thick-walled hollow cylinder with an outer diameter D = 320 mm and a cooling hole with 
diameter d = 80 mm (Fig. 1a). The distance between the supports is 2000 mm. The semi-elliptical fatigue crack in the 
central cross-section of the roll perpendicular to its axis was considered (Fig. 1b). The roll is made of 25Cr1MoV steel. To 
predict the residual lifetime, we have employed the approach adopted in [8]. The initial conditions were the following: 
initial crack depth a0 = 15 mm, initial crack shape a0/c0 = 1/16; 1/8; 1/4; 1/2. To simplify the model, we assume that the 
temperature fluctuations during one rotation are insignificant. The temperatures in the middle roll cross-section and on the 
surface of the roll are equal to 375 ◦C and 600 ◦C, respectively.

The stresses in the roll are caused by the pressure of the liquid metal and the weight of the slab. The semi-elliptical 
fatigue crack growth was modeled under stress ratio R = Kmin/Kmax = 0, where Kmin, Kmax are the minimum and maxi-
mum stress intensity factors (SIFs), respectively. The stress range �σ = σmax − σmin = 257 MPa, where σmin and σmax are 
the minimum and maximum normal stresses of the loading cycle, perpendicular to the crack plane. The stress range was 
determined at the surface of the roll.

The SIF at the deepest point (Fig. 1b) and at the point on the surface of the semi-elliptical crack in the hollow cylinder 
was calculated according to the data of Carpinteri [31]. The SIF range for mode I at points A and C was calculated by the 
formula

�KA(C) = �σ
√

πaYA(C)
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Fig. 2. Dependency of the median lifetime on the initial crack shape at 600 ◦C.

where YA(C) is the dimensionless SIF, which is a function of the relative crack depth ζ = a/D and the crack front shape 
λ = a/c. The tabular representation of YA(C) can be found in [31]. These data were interpolated using bicubic splines in two 
dimensions. The fatigue crack growth rate in 25Cr1MoV steel was determined under uniaxial loading of compact tension 
specimens with a thickness of 5 mm [8]. The steel mechanical properties at a temperature of 600 ◦C are the following: yield 
strength σY = 280 MPa and tensile strength σUTS = 380 MPa [33]. The experimental fatigue crack growth dependencies in 
25Cr1MoV steel were approximated by Paris equation [34]:

da/dN = C(�K )m

where C and m are the constants of the material.
For a temperature of 600 ◦C at R = 0 and a loading frequency f = 0.1 Hz with a triangular waveform, we have C = 6.6 ·

10−9 (mm/cycle)/(MPa
√

m )m , m = 3.26 [8]. The material properties obtained under these loading and temperature condi-
tions are close to the operational ones. The maximum temperature of the roll on the surface reaches 600 ◦C and decreases 
with the distance from the surface. Though the roll is being operated in conditions of thermal mechanical loading, when 
the distance from the surface increases, the main role is played by the stresses caused by mechanical loading due to the 
pressure of the liquid metal. Therefore, the cyclic crack resistance properties obtained in isothermal conditions were used 
for modelling crack growth. The above-mentioned type of rolls is being operated under a rotation frequency from 0.01 Hz 
to 0.1 Hz. The influence of creep on the fatigue crack growth rate was not taken into account in the model, since a hold 
time under maximum loading of t = 10 s decreases the fatigue crack growth rate in the roll material at 600 ◦C as compared 
to the application of a triangular waveform [22].

The parameter C for 25Cr1MoV steel was treated as a normally distributed random variable with the following param-
eters: mean μ = 7.45 · 10−9 (mm/cycle)/(MPa

√
m )m , and standard deviation s = 6.09 · 10−10 (mm/cycle)/(MPa

√
m )m [8]

using the approach proposed in the paper [32]. The assumptions about the unknown mean and standard deviation were 
tested and accepted according to Anderson–Darling’s test [35].

The fatigue crack growth rate of surface semi-elliptical crack in a CCMR at radial (point A) and circumferential (point C ) 
directions was calculated from the system of Paris-type equations:{

da
dN = C(�KA)m

dc
dN = C(�KC)m

where KA, KC are the SIF of mode I in points A and C of the crack front, respectively.
The fatigue crack growth in CCMR with semi-elliptical initial crack at the temperature of 600 ◦C was modeled in two 

different ways. In the first one, the values of the final crack depth were preset: (af = 45, 60, and 70 mm). The crack depth 
af = 70 mm corresponds to the critical crack depth with K = KC = 78.0 MPa

√
m. As a result of our simulations, lifetime 

distributions were obtained.
In the second modeling, the median lifetimes to reach the final crack depth were fixed (N = 5588, 6931, 11,060, and 

14,405 cycles), and the distributions of final crack depth were constructed. In both cases, 100 simulations were carried out. 
In each simulation, the random values of C were chosen according to an inverse distribution function of C .

Fig. 2 shows the dependencies of the median lifetime Nf on the initial crack shape for different values of af . It was 
found out that with the increase in the crack shape a0/c0 of the initial semi-elliptical crack with the depth a0 = 15 mm, the 
median CCMR fatigue lifetime augments. For example, by increasing the crack shape a0/c0 from 0.0625 to 0.5, the lifetime 
increases in about 2 times.

Fig. 3 shows the results of probabilistic fatigue crack growth modeling. These are the distributions of fatigue lifetime 
(the number of loading cycles) needed for the crack to reach the depths af = 45 mm and 70 mm for the initial shape of the 
defect.
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Fig. 3. The distributions of CCMR lifetime for fixed initial crack depth a0 = 15 mm and crack shape a0/c0 = 1/16 (a, b); 1/2 (c, d) and af = 45 mm (a, c); 
70 mm (b, d).

Unlike in the study [8], where the non-linear least-square method was used to determine the unknown parameters of 
the distributions, another approach was employed in present paper to obtain the most preferred model among the set 
of available ones. Namely, the distributions of fatigue lifetime were chosen by means of the Akaike information criterion 
(AIC) [36]:

AIC = 2k − 2 ln(L)

where L is the maximized value of the likelihood function for the model, k is the number of estimated parameters in the 
model. Given a set of available models for the data, the preferred model is the one with the minimum value of AIC.

The empirical data are the result of the calculation of the crack growth with a probabilistic distribution of C and for a 
fixed initial geometry. In each simulation, the parameter C was chosen according to its inverse distribution function and 
was constant during this simulation.

In three cases (Fig. 3a, c, d), the most preferred model among a set of 12 models was Birnbaum–Saunders’ distribu-
tion [37], which has the following cumulative distribution function:

F (x;α;β) = Φ

(
1

α

[(
x

β

)0.5

−
(

β

x

)0.5])
Here α is the shape parameter, β is the scale parameter, Φ(x) is the standard normal distribution.

In the case when a0/c0 = 1/16 and af = 75 mm, the most preferred model was log-logistic. Its probability density 
function is:

f (x; c;d) = 1

d

1

x

ez

(1 + ez)2

where z = ln(x)−c
d , c is the log mean parameter, d is the log scale parameter.

The types and parameters of the determined distributions and values of AIC are presented in Table 1.
Fig. 4 presents the probability density functions of crack depth after Nf = 5588, 6931, 11,060 and 14,405 cycles for the 

defect’s initial shape. In all simulation cases, the distributions of crack depth are consistent with the Anderson–Darling test 
for normal, log-normal, and Weibull distributions.

Fig. 5a shows the surface cracks fronts during crack propagation. The left crack has initial shape a0/c0 = 1/2, and 
the right one has a shape of 1/16. Fig. 5b presents the dependencies of semi-elliptical crack shape a/c upon a/t , where 
t = (D − d)/2 is the roll’s wall thickness. The calculations were performed for a0/c0 = 1/16; 1/2.
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Table 1
The distributions of lifetime and their parameters.

a0/c0 af Distribution Parameters AIC

1/16 45 Birnbaum–Saunders α = 0.0088, β = 5595.3 1067.9
1/16 70 log-logistic c = 8.8451, d = 0.0038 1059.1
1/2 45 Birnbaum–Saunders α = 0.0071, β = 11059 1161.7
1/2 70 Birnbaum–Saunders α = 0.0065, β = 14406 1197.1

Fig. 4. The probability density functions of CCMR crack depth for initial crack shape a0/c0 = 1/16 (a, b); 1/2 (c, d) and Nf = 5588 cycles (a); 6931 cycles (b); 
11 060 cycles (c); 14 405 cycles (d).

Fig. 5. a) Crack front geometry as a function of its depth (a0 = 15 mm). On the left-hand side, a0/c0 = 1/2; on the right-hand side, a0/c0 = 1/16, 1N = 0 (1), 
5917 (2), 8583 (3), 9426 (4), 12 638 (5), 0 (6), 3104 (7), 4615 (8), 5598 (9), 6273 (10); b) dependencies of semi-elliptical crack shape a/c on a/t for 
a0/c0 = 1/16; 1/2.
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Fig. 6. The evolution of the SIF with the growth of the crack a) a0/c0 = 1/16; b) a0/c0 = 1/2.

Fig. 7. The relative final crack depth af/t for the preset a0/c0.

It can be seen from Fig. 5 that with increasing the number of loading cycles, the crack shape a/c augments for a0/c0 =
1/16. When a0/c0 = 1/2, the crack shape a/c first increases up to approximately 0.8, and decreases after that.

In the studied range of a/t (0.125–0.58), surface cracks with significantly different initial shape retained this distinction 
with the increase of crack depth.

Fig. 6 presents the evolution of the SIF with the growth of the crack. As it can be seen from Fig. 6a, when a0/c0 = 1/16, 
KA is bigger than the respective KC. This means that the fracture of the roll occurs because SIF at the deepest point reaches 
the critical value Kc. On the contrary, when a0/c0 = 1/2, KC is greater, than KA. Therefore, the modelled roll fractures 
because SIF on the point on the surface takes the critical level Kc .

The fatigue crack growth was modeled for the initial crack depth a0 = 15 mm and the shapes a0/c0 = 1/32; 1/16; 1/10;
1/8; 1/4; 1/2. Fig. 7 presents the dependency of relative final crack depth af/t on the initial crack shape a0/c0. This de-
pendency can be divided into two parts regarding the point of the crack front, where the critical SIF is reached. When 
a0/c0 ≤ 1/10, the SIF KA at the deepest point A becomes equal to the critical SIF value Kc earlier than the SIF KC at 
point C. In this case, failure starts from the deepest point of the crack front. Conversely, when a0/c0 ≥ 1/8, the limit state 
is reached earlier at the point C of the surface.

The obtained results are very important for the further detailed assessment of the limit state of the structural elements 
that follow a temperature gradient through their wall thickness. In this case, the fracture toughness of the material will 
change along the front of crack, which should be taken into account.

3. Conclusion

In this work, the influence of the initial surface crack shape on the lifetime of a continuous casting machine roll submit-
ted to fatigue was studied. Based on this approach, previously proposed by some authors, the growth of a surface fatigue 
crack was modeled in a roll under loading and temperature conditions that were close to the operational ones, taking into 
account the statistical distribution of the parameter C of Paris’ equation. Dependencies of the lifetime of a continuous cast-
ing machine roll submitted to fatigue upon the initial defect shape at the temperature of 600 ◦C were obtained. It was seen 
that with increasing the initial crack shape from 1/16 to 1/2, the lifetime augments in about 2 times. Therefore, these re-
sults evidence that the defect shape that can be found using nondestructive control during in-service inspection operations 
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must be taken into account. Cumulative distribution functions of the lifetime of a continuous casting machine roll submitted 
to fatigue in the assumption of a normal evolution law of the parameter of the Paris equation C for 25Cr1MoV steel using 
different initial crack shapes and final crack depths were constructed. The probability density functions for the final crack 
depth in a continuous casting machine roll for different initial shapes and median lifetimes were built. The evolution of the 
SIF with crack growth of was built, as well as the dependency of relative final crack depth on the initial crack shape.

Acknowledgements

The financial support of the Cabinet of Ministers of Ukraine for young scientists (OY) is gratefully appreciated.

References

[1] S. Taheri, Some advances on understanding of high cycle thermal fatigue crazing, ASME J. Press. Vessel Technol. 129 (2007) 400–410.
[2] M. Kamaya, S. Taheri, A study on the evolution of crack networks under thermal fatigue loading, Nucl. Eng. Des. 238 (2008) 2147–2154.
[3] J. Purbolaksono, J. Ahmad, L.C. Beng, R.Z. Rashid, A. Khinani, A.A. Ali, Failure analysis on a primary superheater tube of a power plant, Eng. Fail. Anal. 

17 (2010) 158–167.
[4] M. Pronobis, W. Wojnar, The rate of corrosive wear in superheaters of boilers for supercritical parameters of steam, Eng. Fail. Anal. 19 (2012) 1–12.
[5] E.I. Kryzhanivs’kyi, H.M. Nykyforchyn, Specific features of hydrogen-induced corrosion degradation of steels of gas and oil pipelines and oil storage 

reservoirs, Mater. Sci. 47 (2011) 127–136.
[6] P. Yasniy, P. Maruschak, Y. Lapusta, V. Hlado, D. Baran, Thermal fatigue material degradation of caster rolls’ surface layers, Mech. Adv. Mat. Struct. 15 

(2008) 499–507.
[7] C.M. Park, J.T. Choi, H.K. Moon, G.J. Park, Thermal crown analysis of the roll in the strip casting process, J. Mater. Process. Technol. 209 (2009) 

3714–3723.
[8] O. Yasniy, P. Maruschak, Y. Lapusta, Probabilistic modeling of surface crack growth in a roll of continuous casting machine, Int. J. Fract. 172 (2011) 

113–120.
[9] O. Yasniy, Y. Lapusta, Y. Pyndus, A. Sorochak, V. Yasniy, Assessment of lifetime of railway axle, Int. J. Fatigue 50 (2013) 40–46.

[10] L. Gorbatikh, M. Kachanov, A simple technique for constructing the full stress and displacement fields in elastic plates with multiple cracks, Eng. Fract. 
Mech. 66 (2000) 51–63.

[11] Y. Lapusta, C. Henaff-Gardin, An analytical model for periodic α◦-layer cracking in composite laminates, Int. J. Fract. 102 (2000) 73–76.
[12] V. Brevus, O. Yasniy, R. Moutou Pitti, Y. Lapusta, Assessment of the probability of failure of reactor vessels after warm pre-stressing using Monte Carlo 

simulations, Int. J. Fract. 180 (2013) 137–144.
[13] Y. Lapusta, V. Loboda, Electro-mechanical yielding for a limited permeable crack in an interlayer between piezoelectric materials, Mech. Res. Commun. 

36 (2) (2009) 183–192.
[14] R. Piat, Y. Lapusta, T. Böhlke, M. Guellali, B. Reznik, D. Gerthsen, Chen Tengfei, R. Oberacker, M.J. Hoffmann, Microstructure-induced thermal stresses in 

pyrolytic carbon matrices at temperatures up to 2900 ◦C, J. Eur. Ceram. Soc. 27 (2007) 4813–4820.
[15] Y. Lapusta, W. Wagner, On various material and fibre-matrix interface models in the near-surface instability problems for fibrous composites, Compos-

ites, Part A, Appl. Sci. Manuf. 32 (2001) 413–423.
[16] R.D. Mercado-Solis, J.H. Beynon, Simulation of thermal fatigue in hot strip mill work rolls, Scand. J. Metal. 34 (2005) 175–191.
[17] R. Colás, J. Ramyrez, I. Sandoval, J.C. Morales, A.L. Leduc, Damage in hot rolling work rolls, Wear 230 (1999) 56–60.
[18] S. Beretta, A. Ghidini, F. Lombardo, Fracture mechanics and scale effects in the fatigue of railway axles, Eng. Fract. Mech. 72 (2005) 195–208.
[19] X.B. Lin, R.A. Smith, Shape evolution of surface cracks in fatigued round bars with semicircular circumferential notch, Int. J. Fatigue 21 (1999) 965–973.
[20] M. Madia, S. Beretta, U. Zerbst, An investigation on the influence of rotary bending and press fitting on stress intensity factors and fatigue crack growth 

in railway axles, Eng. Fract. Mech. 75 (2008) 1906–1920.
[21] U. Zerbst, M. Vormwald, C. Andersch, K. Mädler, M. Pfuff, The development of a damage tolerance concept for railway components and its demonstra-

tion for a railway axle, Eng. Fract. Mech. 72 (2005) 209–239.
[22] P. Yasniy, P. Maruschak, Y. Lapusta, Experimental study of crack growth in a bimetal under fatigue and fatigue-creep conditions, Int. J. Fract. 139 (2006) 

545–552.
[23] P. Maruschak, D. Baran, Degradation and cyclic crack resistance of continuous casting machine roll material under operating temperatures, IJST Trans. 

Mech. Eng. 35 (2011) 159–165.
[24] P. Revel, D. Kircher, V. Bogard, Experimental and numerical simulation of a stainless steel coating subjected to thermal fatigue, Mater. Sci. Eng. A 290 

(2000) 25–32.
[25] A. Srivastava, V. Joshi, R. Shivpuri, Computer modeling and prediction of thermal fatigue cracking in die-casting tooling, Wear 256 (2004) 38–43.
[26] E. Castillo, A. Fernández-Canteli, H. Pinto, M.L. Ruiz-Ripoll, A statistical model for crack growth based on tension and compression Wöhler fields, Eng. 

Fract. Mech. 75 (2008) 4439–4449.
[27] F. Grooteman, A stochastic approach to determine lifetimes and inspection schemes for aircraft components, Int. J. Fatigue 30 (2008) 138–149.
[28] S. Beretta, M. Carboni, Experiments and stochastic model for propagation lifetime of railway axles, Eng. Fract. Mech. 73 (2006) 2627–2641.
[29] H. Riahi, Ph. Bressolette, A. Chateauneuf, Random fatigue crack growth in mixed mode by stochastic collocation method, Eng. Fract. Mech. 77 (2010) 

3292–3309.
[30] M. Ichikawa, M. Hamaguchi, T. Nakamura, Statistical characteristics of m and fatigue crack propagation law da/dN = C(�K )m (2024-T3 Al alloy), J. Soc. 

Mater. Sci. 33 (1983) 8–13.
[31] A. Carpinteri, Elliptical-arc surface cracks in round bars, Fatigue Fract. Eng. Mater. Struct. 15 (1992) 1141–1153.
[32] I.V. Varfolomeev, O.P. Yasniy, Modeling of fracture of cracked structural elements with the use of probabilistic methods, Mater. Sci. 44 (2008) 87–96.
[33] P.V. Yasniy, P.O. Maruschak, S.V. Panin, R.T. Bishchak, Scale levels of deformation and fracture and mechanical properties of 25CrlMolV steel before and 

after nonisothermal loading, Phys. Mesomech. 14 (2011) 57–65.
[34] P.C. Paris, F. Erdogan, A critical analysis of crack propagation laws, J. Basic Eng., Trans. Amer. Soc. Mech. Eng. 85 (1963) 528–533.
[35] T.W. Anderson, D.A. Darling, A test of goodness-of-fit, J. Amer. Stat. Assoc. 49 (1954) 765–769.
[36] H. Akaike, A new look at the statistical model identification, IEEE Trans. Autom. Control 19 (1974) 716–723.
[37] Z.W. Birnbaum, S.C. Saunders, A new family of life distributions, J. Appl. Probab. 6 (1969) 319–327.

http://refhub.elsevier.com/S1631-0721(16)30035-3/bib31s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib32s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib33s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib33s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib34s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib35s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib35s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib36s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib36s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib37s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib37s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib38s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib38s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib39s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3130s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3130s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3131s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3132s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3132s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3133s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3133s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3134s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3134s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3135s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3135s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3136s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3137s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3138s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3139s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3230s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3230s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3231s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3231s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3232s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3232s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3233s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3233s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3234s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3234s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3235s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3236s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3236s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3237s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3238s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3239s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3239s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3330s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3330s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3331s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3332s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3333s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3333s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3334s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3335s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3336s1
http://refhub.elsevier.com/S1631-0721(16)30035-3/bib3337s1

	Effect of the defect initial shape on the fatigue lifetime of a continuous casting machine roll
	1 Introduction
	2 Modeling of surface fatigue crack growth and residual lifetime assessment
	3 Conclusion
	Acknowledgements
	References


