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A B S T R A C T 

In this paper we present the influence of residual stresses on the behavior of 

fatigue cracks under thermo-mechanical loading. Propagation modeling is 

performed using the global stress intensity factor approach, which describes the 

simultaneous influence of residual stress field and applied stress on crack 

propagation. The residual stresses are generated by a thermal loading. These 

stresses are the result of incompatibilities of deformation related to the 

heterogeneity of the plastic deformation. They will be superimposed on the 

loading of fatigue and thus modify the average stress. These residual stresses 

relax under the effect of fatigue loading, by keeping the crack closed or open, 

according to the stress cycle. 

 

1 Introduction 

The durability of components and structures subject to cyclic loading is a permanent concern in the transport sector. 
Maintenance services (aeronautics, hydraulics, road transport, etc.) often have to deal with the appearance of cracks that 
can start and propagate in the metallic elements of structures subjected to cyclic loading. 
Increasing the life of mechanical parts is part of a process of sustainable development. To achieve this, slowing down or 

stopping the propagation of a fatigue crack can be obtained by reducing effective local stresses, reducing local stress 

concentrations, introducing residual compressive stresses , strengthening the cracked materials [1-4]. 

These actions constitute methods which lead to the reduction of the effective stresses at the bottom of a crack and 

consequently to the repair (arrest or notable slowdown of the crack) of the components cracked by fatigue. Indeed, the 

residual stresses on the propagation of the fatigue crack are of great importance and have been the subject of several 

research works [5-7]. It has long been established that the initiation phase of fatigue cracks is strongly influenced by the 

presence of residual stresses [8-12]. Compression stresses can delay or prevent the appearance of fatigue microcracks by 
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acting as medium stresses counterbalancing the stresses applied [13-15]. High residual compressive stresses can also cause 

the propagation of a micro-crack to stop [16]. Residual tensile stresses, on the contrary, tend to favor the formation of 

micro-cracks [17]. 

Panda et al. [18] showed that the combined effect of the residual compressive stress and the hardening improves to the 

fatigue strength. Song et al. [19] studied the optimization of treatment conditions on the development of residual thermal 

stresses to minimize their effect on residual stresses. Many authors [20-21] have studied the distribution of residual stresses 

around the crack tip and have found that their effect on the propagation of fatigue cracks is relatively weak. The effects of 

residual stresses induced during welding (friction-stir welding of alloys), parallel and perpendicular on the growth of 

fatigue cracks, have been studied [22-26]. The influence of the residual stress field on the propagation of fatigue cracks in 

prestressing steel wires has also been studied by Toribio et al. [27]. The influence of the loading parameters such as the 

load ratio, and the overload rate, using the effect of residual stresses, on both crack propagation, propagation speed and 

fatigue life prediction, is investigated by  Salmi et al. [28]. Also, Bahram et al. [29] have studied the influence of the load 

ratio and temperature on the crack propagation rate along cracks on the outer surface. 

The aim of this paper is a numerical simulation of the effect of thermo-mechanical residual stresses on fatigue crack 

propagation and fatigue life prediction of structures, which allowed us to study their effect by the variation of two 

parameters, temperature and rate loading, using the AFGROW code [30]. 

2 Generation of residual stresses  

The numerical approach to the generation of residual stresses was made by Kebir et al. [21].The distribution of the 

residual stresses along the direction of the propagation of cracks on compact tension specimens (CT) was carried out 

according to the standards of ASTM E647[31], using the finite element method, software Abaqus. The geometry and  

dimensions of the test specimen are given in figure 1.  

 

Fig. 1 – Compact tension (CT) Specimen test (ASTM E647). 

The study is carried out on an aluminum alloy 2024 T351 whose mechanical properties vary as a function of 

temperature [32] and have been given in the table 1. 

The loading rate is the report between the applied stress σ and the yield stress �� and it is defined by: 

  τ =
�

��
                                                                               (1) 

Four values of loading rate are used τ = 1.01, 1.05, 1.10 and 1.15. For each loading rate, the mechanical loadings are 

carried out proportional to each mechanical behavior at known temperatures and vary from 25 °C to 200 °C [32]. Knowing 

that, the elastic-plastic behavior is also introduced in software Abaqus [21]. The results obtained show that: 

The residual stresses at the crack tip for each step in the CT specimen are compressive in nature with decreasing absolute 

values as a function of the length of the crack. 

The residual stresses at the tip of the crack are compression stresses which evolve with the evolution of the crack. Each 

crack advance, we see that the stresses residuals go through a compression phase and then a tension phase away from the 

point of the crack these stresses tend towards zero, therefore there is relaxation of the stresses. 
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Table 1 - Mechanical and physical properties of Aluminum Alloy 2024-T3 as a function of temperature 

Temperature 

(°C) 

Young's modulus  

E (MPa) 

Poisson 

Coefficient υ 

Stress Yield     

�� (MPa) 

Ultimate Stress  

 ��  (MPa) 

Expansion 

α (°C-1) 

20 70000 0,30 356 480 0,230 

100 65000 0,32 346 464 0,238 

150 60000 0,33 338 410 0,242 

200 47000 0,34 310 377 0,246 

 

These residual stresses are introduced in the AFGROW code for each rate loading and the different values of the 

temperatures. 

3 Residual stresses on fatigue crack growth  

3.1 Nasgro Model 

The fatigue test simulations are done using the AFGROW code, which is software for calculating lifetimes. The model 

used is Nasgro [30] which expresses the fatigue crack growth rate (FCGR) by the following relation: 

    
��

��
= � ��

���

���
� ∆��

� ���
∆� ��

∆�
�

�

���
� ���

� �
�

�                                                     (2) 

Where  

C, n, p and q are constants,  ∆K��  is the range stress intensity factor at threshold, K� critical stress intensity factor, � is the 

load ratio is defined as the ratio of the minimum and maximum loads during the fatigue loading defined by the relation (3) 

 � =
� ���

� ���
                                                                                                        (3) 

The range stress intensity factor is defined following:  

∆� = ���� − ����                                                                     (4) 

Where: Kmax is the maximal stress intensity factor and Kmin is the minimal stress intensity factor. 

 

� =
���

����
= �

max (�,�� + ��� + ���� + ����)
�� + ���        − 2 ≤ � ≤ 0

�� + 2��        � < − 2
                               (5) 

 

Where; A0,: A1, A2 and A3 are coefficients such as: 

�� = (0.825 − 0.34� + 0.05��)�cos�
�

2

����

��

��

�
�

 

�� = (0.415 − 0.071� + 0.05��)
����

��
                                                             (6) 
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�� = 1 − �� − �� − �� 

�� = 2�� − �� − 1 

Where: � is plane stress factor, 
����

��
  is the ratio between nominal stress and maximal stress. 

The intensity factor of the residual stresses is calculated by the method called "Gaussian integration method"[22][30] is 

given by the following relation: 

K� = ∑ �� 
∗�

�� � �(�,�)��                                                      (7) 

With 

�(�,�) =
�

√��
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�

�
                    (8) 

The mechanical and physical properties of the Aluminum alloy 2024-T3 are directly given in the AFGROW software. 

Using the specimen C (T), these residual stresses are introduced in this software for each rate loading and the different 

values of the temperatures. We choose a stress ratio R = 0.33 for all tests, because to find the prediction of the fatigue life 

in the polygocyclic domain, i.e. to ensure the fatigue life between (105 - 108) which makes it possible to verify the effect of 

the phenomena of residual stress in a clear manner. 

3.2 Fatigue crack growth rate 

Figures 2 to 5 show the evolution of the fatigue crack propagation 
��

��
 as a function of the stress intensity factor (ΔK); it 

is found for the same rate loading that the crack propagation decreases when the temperatures decrease. The residual 

stresses created affect the behavior of the fatigue crack growth in the material by adding the intensity factor of the residual 

stresses (KRes) to the intensity factor of the applied stress (Kapp), is expressed by the following relation: 

K ����� = ���� + ����                                                                         (9) 

This superposition method has been applied in previous studies [22],[33]. The residual stresses also modify the load 

ratio R of the applied stress. In the absence of residual stress, R and ΔK are defined by relations (3) and (4). The 

superposition of residual stress intensity factor (KRes) should be applied to both at (Kmax) and (Kmin). Equations (3) and (4) 

become: 

   � =
���������

���������
                                                                               (10) 

The range stress intensity factor is defined following:  

∆� = (���� + ����)− (���� + ����)                                         (11) 

 

 

Fig. 2 – Evolution of fatigue crack growth versus K, for the rate loading τ = 1.01  
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In general, the tensile residual stresses give positive KRes values which increase the stress ratio applied and cause 

fatigue failure, while the compressive residual stresses give negative KRes values which decrease the stress ratio applied, 

that is, the compressive residual stresses which boost the fatigue resistance and increase the service life of the components 

after heat treatment [34]. Alderliesten et al.[26] have suggested that when a full crack closure is achieved, the rigid crack 

closure condition should be removed and simple superposition was used in this case. The influence of residual stress (RS) 

field on fatigue crack propagation is considered the effective stress intensity factor range, which is calculated under the 

combined stress field of applied stress and residual stress [33][35-36]. The figure 14 and 15 show the evolution of fatigue 

crack growth rate 
��

��
 versus the stress intensity factor (K); it is observed that the compressive residual stresses induce 

fatigue crack growth retardation for all different temperature [23-24]. 

 

Fig. 3 – Evolution of fatigue crack growth versus K, for the rate loading τ = 1.05  

 

 Fig. 4 – Evolution of fatigue crack growth versus K, for the rate loading τ = 1.10  

 

 

Fig. 5 – Evolution of fatigue crack growth versus K, for the rate loading τ = 1.15  
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3.3 Fatigue life prediction 

Figures 6 to 9 shows the evolution of the crack length versus of the number of cycle. We have noticed for the same rate 

loading, the temperatures decrease, increasing the fatigue life prediction , but at the same temperature, the fatigue lifetime 

increases when the rate loading increases, which validates the published results[35][37]. Also, a recent work [23] is study 

the effect of temperature on crack propagation is presented, giving the best lifetime prediction when the thermal is 

decreasing. Another, the distribution of residual stresses along the crack propagation is studied and their influence on the 

fatigue crack propagation is predicted [35-36]. 

 

 

Fig. 6 – Evolution of crack length as function of the number of cycles N, for the rate loading τ = 1.01  

 

Fig. 7 – Evolution of crack length as function of the number of cycles N, for the rate loading τ = 1.05 

 

Fig. 8 – Evolution of crack length as function of the number of cycles N, for the rate loading τ = 1.10 
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Fig. 9 – Evolution of crack length as function of the number of cycles N, for the rate loading τ = 1.15 

The results of the fatigue life prediction for different parameters (Rate loading τ and temperature T) are resumed in table 2. 

Table 2 – Fatigue life prediction with and without residual stresses for different parameters τ and T 

 Life prediction  Nf  (cycles)  

with residual Stress 

Life prediction  Nf 

(cycles)  

Without  residual Stress 

Temperature T 

(°C) 

load rate 

τ=1.01 

load rate 

τ=1.05 

load rate 

τ=1.10 

load rate 

τ=1.15 

51 944 

25 238 254 298 001 396 929 672 198 

100 226 859 278 295 356 882 561 742 

150 210 090 251 520 318 764 449 077 

200 180 786 212 756 253 029 353 851 

In table 2, we note that for the same temperature, the long lifetimes are obtained for the highest rate loading (τ). For the 

same rate loading (τ), the lifetime increases when decreasing the temperature, this can be explained by the relaxation 

phenomenon of residual stresses when the temperatures increase causing a partial reversal of the field of residual stresses, 

change  from the compression phase to a tension phase [21]. 

4 Conclusion 

The main conclusions that were drawn from this study are: 

- The residual stresses at crack tip are compressive stresses that evolve with the crack propagation. 

- The crack propagation decreases as the rate loading increases and the temperature decreases. This phenomenon 

can be explained by the fact that an increase in the loading ratio and a decrease in temperature generate an 

increase in the intensity of the residual stresses at the bottom of the crack. 

- For the same loading ratio loading as the life increases with decreasing temperatures. 

- The influence of residual stress field on fatigue crack growth is considered the effective stress intensity factor 

range, which is calculated under the combined stress field of applied stress and residual stress, when residual 

stresses are very high the materials become poor in fatigue crack propagation. 
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- The residual stresses are limited the load capacity and safety of mechanical components during their exercise, 

and can find an effective answer only if they are known both quantitatively and qualitatively. 

- As well as experimental evidence in the literature, the findings were shown to be in good agreement with each 

other. 

REFERENCES 

[1] T. Fett, Residual crack profiles under weak phase transformation conditions, Eng. Fract. Mech., vol. 56 (1997) pp. 

275–284. 

[2] V. V. Silberschmidt and E. Werner, Analysis of thermal residual stresses in duplex-type materials, Comput. Mater. 

Science, vol. 16 (1999) pp.39–52. 

[3] P. S. Song, S. Hwang, and C. S. Shin, Effect of artificial closure materials on crack growth retardation, Eng. Fract. 

Mech., vol. 60 n°1 (1998) pp.47–58. 

[4] P. S. Song, B. C. Sheu, and H. H. Chou, Deposition of plating metals to improve crack growth life, Int. J. Fatigue, 

vol.23 (2001) pp.259–270. 

[5] D. V. Nelson, Residual Stress Effects in Fatigue ASTM STP 776, Am. Soc. Test. Mater., (1982) pp.172–194. 

[6] P. M. Besuner, D. O. Harris, and J. M. Thomas, A Review of Fracture Mechanics Technology, NASA Contract. 

Rep. 3957, 1986. 

[7] B. Leis, Effect of Surface Conditioning and Processing on Fatigue Performance,  ASM Hand book, Fatigue Fract., 

vol. 19, 1997. 

[8]   D. Löhe, K. H. Lang, and O. Vöhringer, Residual stresses and fatigue behavior. In Handbook of residual stress 

and deformation of steel, Mater. Park USA ASM Int., (2002) pp.27–53,  

[9] C. R. Sohar, A. Betzwar-Kotas, C. Gierl, B. Weiss, and H. Danninger, Influence of surface residual stresses on 

gigacycle fatigue response of high chromium cold work tool steel, Mater. Wiss. und Werkstofftechnik, vol.39 n°3 

(2008) pp.248–257. 

[10] C. Kanchanomai and W. Limtrakarn, Effect of residual stress on fatigue failure of carbonitrided low-carbon steel, 

J. Mater. Eng. Perform., vol.17 n°6 (2008) pp.879–887. 

[11] M. J. Leap, J. Rankin, J. Harrison, L. Hackel, J. Nemeth, and J. Candela, Effects of laser peening on fatigue life in 

an arrestment hook shank application for Naval aircraft, Int. J. Fatigue, vol.33 n°6 (2011) pp.788–799. 

[12] J. W. Zhang, L. T. Lu, K. Shiozawa, X. L. Shen, H. F. Yi, and W. H. Zhang, Analysis on fatigue property of 

microshot peened railway axle steel, Mater. Sci. Eng., vol.528 n°3 (2011) pp.1615–1622. 

[13] A. M. Korsunsky, K. E. James, C. Aylott, and B. A. Shaw, Residual stresses ininduction-hardened gear teeth 

mapped by neutron diffraction, J. Strain Anal. Eng. Des., vol. 37, no. 4, pp. 337–344, 2002. 

[14] M. N. James et al., Residual stresses and fatigue performance, Eng. Fail. Anal., vol.14 n°2 (2007) pp.384–395. 

[15] C. Dominique, T. Palin-luc, P. Bristiel, V. Ji, and C. Dumas, Residual stresses in surface induction hardening of 

steels: Comparison between experiment and simulation, Mater. Sci. Eng. A, vol. 487 n°1–2 (2008) pp.328–339. 

[16] L. Bertini and V. Fontanari, Fatigue behaviour of induction hardened notchedcomponents, Int. J. Fatigue, vol.21 

n°6 (1999) pp.611–617. 

[17] G. A. Webster and A. N. Ezeilo, Residual stress distributions and their influence on fatigue lifetimes, Int. J. 

Fatigue, vol.23 n°1 (2001) pp.375–383. 

[18] B. K. Panda and S. Sahoo, Thermo-mechanical modeling and validation of stress field during laser powder bed 

fusion of AlSi10Mg built part, Results Phys., vol.12, n° January (2019) pp.1372–1381. 

[19] H. C. Song and C. D. Jang, Numerical modeling for the analysis of residual stress redistribution due to fatigue 

crack propagation, Proc. Thirteen. Asian Tech. Exch. Advis. Meet. Mar. Struct., 1999, p. 205. 

[20] N. Benachour and M. Benachour, M. Benguediab ,R-ratio effect and crack closure model in Al-alloy, Nat. 

Technol., vol. 15 (2016) pp. 9–13. 

[21] T. Kebir, M. Benguediab, M. Bouamama, and Z. Harchouche, Residual Stress Generation at Crack Tip under 

Thermomechanical Effects of Aluminum Alloy 2024-T3: Numerical Modelisation, Ann. Chim. - Sci. des 

Matériaux, vol.44 n°1(2020) pp.59–65. 

[22] J. R. Lloyd, The effect of residual stress and crack closure on fatigue crack growth, University of Wollongong 

Thesis Collection, 1999. 



 R E C U E I L  D E  M É C A N I Q U E  V O L . 6  N ° 1  ( 2 0 2 1 ) 5 3 5 – 5 4 3  543 

 

 

[23] B. Qiang, Y. Li, C. Yao, and X. Wang, Through-thickness welding residual stress and its effect on stress intensity 

factors for semi-elliptical surface cracks in a butt-welded steel plate, Eng. Fract. Mech., vol.193 n°March (2018) 

pp.17–31. 

[24] M. Sonne, P. Carlone, and J. Hattel, Assessment of the Contour Method for 2-D Cross Sectional Residual Stress 

Measurements of Friction Stir Welded Parts of AA2024-T3—Numerical and Experimental Comparison, Metals 

(Basel), vol.7 n°11 (2017) p.508. 

[25] A. A. Bhatti, Z. Barsoum, H. Murakawa, and I. Barsoum, Influence of thermo-mechanical material properties of 

different steel grades on welding residual stresses and angular distortion,” Mater. Des., vol.65 (2015) pp.878–889. 

[26] R. Alderliesten, T. Lotz, R. Benedictus, C. Garcia, M. Martinez, and A. Artemev, Fatigue crack growth in residual 

stress fields, Int. J. Fatigue, vol.87 n°February (2016) pp.326–338. 

[27] J. Toribio, J. C. Matos, B. González, and J. Escuadra, Influence of residual stress field on the fatigue crack 

propagation in prestressing steel wires, Materials (Basel), vol.8 n°11 (2015) pp.7589–7597. 

[28] A. Salmi, M. Elajrami, and M. E. A. Slimani, Crack growth study under thermo-mechanical loads: parametric 

analysis for 2024 T3 aluminum alloy, Frat. ed Integrità Strutt., vol.13 n°50 (2019) pp.231–241. 

[29] K. Bahram, M. Chaib, A. Slimane, and B. Bouchouicha, Simulation of the delay effect after applying a simple 

overload on alloys of aluminum 2024T351 using the Willemborg model, Frat. ed Integrità Strutt., vol.14 n°51 

(2019) pp.467–476. 

[30] J. A. Harter, AFGROW Users Guide and Technical Manual. Version ADA370431, Air Force Research 

Laboratory, 1999. 

[31] ASTM E 647-00, Standard test method for measurement of fatigue crack growth rates, ASTM Int., vol. 3 (2001) 

pp.1–43. 

[32] A. Lipski and S. Mrozinski, The Effects of Temperature on the Strength Properties of Amuminum Alloy 2024-T3, 

Acta Mech. Autom., vol.6 n°3 (2012) pp.62–66. 

[33] M. Benachour, M. Benguediab, and N. Benachour, Notch fatigue crack initiation and propagation life under 

constant amplitude loading through residual stress field, Adv. Mater. Res., vol.682 (2013) pp.17–24. 

[34] D. E. Lozano, G. E. Totten, Y. Bedolla-gil, M. Guerrero-mata, M. Carpio, and G. M. Martinez-cazares, X-ray 

Determination of Compressive Residual Stresses in Spring Steel Generated by High-Speed Water Quenching, 

Materials (Basel)., vol.12 n°7 (2019) pp.2–11. 

[35] K. Yuan and Y. Sumi, Welding residual stress and its effect on fatigue crack propagation after overloading, in 

Analysis and Design of Marine Structures, no. December 2014, CRC Press, 2013, pp. 447–455. 

[36] L. Zhu and M. P. Jia, A new approach for the influence of residual stress on fatigue crack propagation, Results 

Phys., vol.7 n° June (2017) pp.2204–2212. 

[37] J. C. Stranart, S. A. Meguid, L. S. Ong, G. Shagal, and K. M. Liew, Relaxation of Peening Residual Stresses Due 

to Cyclic Thermo-Mechanical Overload, J. Eng. Mater. Technol., vol.127 n°2 (2005) p.170. 

 


