13th International Conference on Fracture
June 16-21, 2013, Beijing, China

Effect of Levels of Residual Stress at Notch on Fatigue Crack Growth
M. Benachour'”, M. Dahaoui', N. Benachour'?, A. Cheikh', M. Benguediab®

" 1S2M Laboratory, Department of Mechanical Engineering, Tlemcen University, Tlemcen 13000, Algeria
? Faculty of Sciences, Physics Department, Tlemcen University, Tlemcen 13000, Algeria
3 LMSR, Department of Mechanical Engineering, Sidi Bel Abbes University, Sidi Bel Abbes 22000, Algeria
* Corresponding author: bmf 12002@yahoo.fr

Abstract In this paper, fatigue crack growth of finite plate with hole under constant amplitude loading
through compressive residual stress at notch of aluminum alloys was investigated. Residual stress fields were
generated by plastic deformation using finite element method. Based on fatigue crack growth rates (FCGRs)
experimental data without residual stress, fatigue life and FCGR were predicted using AFGROW code. It
was shown that the fatigue crack growth was affected by level of residual stress at notch for different level of
plastic deformation. In this investigation, the presence of compressive residual stresses increase the total

fatigue life and reduces the FCGRs. In addition stress ratio effect on fatigue behavior was studied.
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1. Introduction

Fatigue crack growth behavior is a significant issue in the establishment of inspection and
maintenance procedures in variety industries such as aerospace, automotive, oil industries, rail...etc.
This behavior is divided in three stages [1]: fatigue crack initiation, stable crack propagation and
unstable crack propagation. Generally, mechanical components and structures contain geometrical
discontinuities and notches. Stress concentration will be produced in theses discontinuities as a
result of external force and depend of notch radius. The stresses are generally higher than the
nominal values, and if precautions (good quality of machining of notch, induction of residual
stress ...etc.) are not taken into account, notches could be sites of crack initiation. Residual fatigue
life of materials and structures depends on several parameters. In stable stage, fatigue life is linked
strongly geometrical, loading parameters and residual stress. However, the stresses resulting from
applied service loading are not the only stresses of significance for fatigue. Many components also
contain residual stresses that were established prior to placing the component into service and which
remain in place during the service life. These residual stresses are static load and influence the mean
or maximum value of the load in each fatigue cycle. The residual stresses present diverse origin and
several shapes [2-11] namely shot-penning, expansion of hole, overloads, underload, pre-strain or
pre-deformation, welding, machining process... The stress field is beneficial if the stress is in
compressive state [12, 15]. Contrary to this, the fatigue crack is accelerated [16]. Pre-strain is a
process when preload induced plastic deformation, induced intentionally or not and create a residual
stress field. The level and nature of these residual stresses depend on the amplitude and direction of
applied load.

In the investigation of Kamel et al. [17] effects of tensile and compressive residual stress in fracture
mechanics specimens by the application of a mechanical pre-load were studied using ‘C’ shape
specimen. Finite element analysis is performed to simulate the pre-loading and the subsequent
fracture loading of the cracked specimen. Recently, effect of residual stress on the fatigue behavior
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of 2024 Al-alloy was studied experimentally and numerically using FEM by Al-Khazraji et al. [18].
Effect of plastic predeformation by bending to create deep residual compressive stresses on the
fatigue strength of steel specimens and compressor blades was studied by Ezhov and  Sidyachenko
[19]. It was found that plastic predeformation increases the fatigue strength by about 20%. In other
work, effect of residual stress induced by plastic predeformation was investigated by Mokhdani [20]
on API 5L pipeline steel and Benachour [21] and Jones [22] on 2024 T351 Al-alloy using Four bent
specimen. It was found that the fatigue life was influenced by the plastic preload. An increasing in
fatigue life was shown by increasing of the level of plastic preload. The fatigue crack growth rates
at low stress intensity factor were decreased by the presence of compressive residual stress. In study
conducted by Jones and Dunn [23], fatigue crack growth from a hole with residual stress introduced
by tensile preload was predicted using linear elastic fracture mechanics and the principle of
superposition. O'Dowd et al. [24] introduced residual stresses in compact tension (CT) specimen by
mechanical compression. The level of the compressive load was determined by finite element
method (FEM). The compressive residual stresses present a beneficial effect on fatigue lifetime.
Additionally fatigue life and fatigue crack growth rate (FCGR) were affected by stress ratio. Many
researchers [25-28] have studied effect of this parameter on some Al-alloy with and without residual
stress.

The main aims of the present investigation is to studied effect of residual stress on fatigue life and

fatigue crack growth around hole, determined by plastic preload in tension of samples using finite
element method.

2. Finite element model and analysis procedure

2.1. Modeling

The FE model used in simulation of plastic preload (PP) was a plate assumed to be made from
Al-alloy 2024 T351 and 6061 T6. The mechanical properties of the both materials are shown in
Table 1. In order to analyze the respect of elasto-plastic behavior, a true stress—true strain curve as
shown in Figure 1 was used as an input property of FE analysis. As shown in Figure. 2, the
dimensions of the plate containing @ 6 diameter holes and thickness (t) = 4 mm. I have varied the
level of applied preload characterized by non dimensional ratio 6,/cy, where G, is applied preload
and oy is yield stress for specified material, in order to investigate the level of the residual stress
variation on fatigue crack growth behavior. The finite element mesh is shown in Figure 3. Only four
quart of the entire plate has been modeled considering of the symmetry. More finite elements than
those in other regions are put closer to the boundary of holes. Since we are interested of the residual
stress variation according to the X axis from hole edge to free surface, two-dimensional analysis has
been carried out with uniform distributed plastic preload c,. The program used in the FE analysis
was ANSYS, Ver. 11. The mesh element type was “PLANE183”.

Table 1. Mechanical properties for Al-alloys
E oy UTS
Al-alloys (GPa) (MPa) (MPa)
2024 T351 [44] 74.08 363 477
6061 T6 [45] 69.04 252 360
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Figure 1. True stress—true strain curves of Al-alloy 6061-T6 and 2024 T351
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Figure 2. Analysis model

Figure 3. Quarter of finite element mesh with central hole

To generate a residual stress field, the applied load must exceed the elastic limit is to say that the
force generated during the loading phase of plastic deformation where the isotropic plasticity model
of Von Mises was used to account of the plasticity of material. The applied loading and unloading
sequence (i.e. 2024 T351 Al-alloy) to generate residual stress by preload is shown in figure 4. The
levels of preload is characterized by ratio 6,/cy for both materials are shown in Table 2.
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Figure 5. Loading sequence to generate residual stress
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Table 2. Levels of preload for both materials
Al-Alloy 2024 T351 6061 T6

1.047 1.19
1.102 123

op/oy 1212 1.39
1.350

2.2. Generated residual stress

Under levels shown in Table 2, respective residual stress fields were generated. Figures 6 and 7
shown residual stress distribution around hole oy, for different applied preload for 2024 T351 and
6061 T6 Al-alloy respectively for specified levels. Interesting distributions of these residual stresses
are along X-axis. X-axis is a planned path for crack propagation in mode I. Figure 8 shows variation
of residual stress distribution Gy, along X-axis for 2024 Al-alloy for different preload levels. It

shows an increasing of compressive residual stress with increasing of preload levels at hole. was
shown
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Figure 7. Stress contour for preload levels for 6061 T6 6,/Gy. (a) 1.19 ; (b) 1.23 ; (¢) 1.39
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Figure 8 shows variation of residual stress distribution oy, along X-axis for 2024 Al-alloy at
different preload levels. Residual stresses are in compression state up to a depth of 1.57 to 1.72 mm
from the edge of the hole. It shows an increasing of compressive residual stress with increasing of
preload levels at hole. Around distance of 4.5 mm, residual stresses become tensile stresses and
difference is negligible. Distributions of residual stresses o,y along X-axis for 6061 T6 Al-alloy at
specified preload levels, are shown in figure 9. No high difference of residual stress at edge of hole
was shown. The residual stress in tension is maximal at 2 mm deep from the edge of the hole still; it
is of the order of 30 MPa.
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Figure 9. Residual stress along X-axis for 2024 T351 Al-alloy
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Figure 10. Residual stress along X-axis for 6061 T6 Al-alloy
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3. Results and discussion

3.1. Fatigue crack growth modeling

The stress intensity factor for the studied specimen implemented in AFGROW code depends on
several parameters and is given by Eq. 1.

AK =o-«/_7z.a./3[%j ()
where B is the geometry correction factor is expressed below (Eq. 2):

ﬂ[%j =1-0.154+3.464° —4.472 +3.521 (2)

where: A=1/(1+(a/r))

The interest model is NASGRO model when totality of fatigue crack growth curves is considered.
Nasgro model are expressed bellow (Eq. 3):

n [I_AKthjp
da _ . (1_f)AK AK 3)
dN 1-R K\
] — —max
[ Kcritj

f present the contribution of crack closure and the parameters C, n, p, q were determined
experimentally and AKy, is the crack propagation threshold value of the stress—intensity factor range.
For constant amplitude loading, the function f was determined by Newman [28] (see Eq. 4).

KO
f=r” — {Max(R,A, + AR +A,R?+A,R?) R =0 (4)

max

Crack growth parameters of Nasgro model for both materials are presented in Table 3.

Table 3. Parameters of Nasgro model for Al-alloys

AKino Kic K¢
Al-All
oy MPaym MPaym MPaym n p d ¢

2024 T351 2.857 37.36 7472 3 05 1 1.707x107'°
6061 T6 3.846 28.57 500 23 05 0.5 0.840x10"°

3.2. Residual stress effect on fatigue crack growth

The variation of the fatigue crack growth rate (FCGR) as a function of the amplitude of the stress
intensity factor AK through residual stresses fields obtained for different preload levels for 2024
T351 Al-alloy is shown in Figure 11. The result shows that FCGR depends on the magnitude of the
compressive residual stresses developed at edge of hole.
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We note that the FCGR increases while decreasing the preload level. At preloading level cy/cy
equal 1.350, FCGR is about 1.6x10™ m/cycle to crack initiation; against by a low level ie at Gp/0y=
1.047, the FCGR is 1.75x10” m/cycle. This reduction is influenced by the decrease in residual
stress intensity factor K, whose variation is shown in Figure 12. Factor K; past from -13.83
MPaym to -4.65 MPaym . In absence of residual stress, FCGR is about 3.83x107 m/cycle.
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Figure 11. Preload levels effect on FCGR for 2024 T351 Al-alloy at R=0.25

12

::'Z % R
X T
E | o ougmmmaiiliseers.
0 X ‘ 000006 6 LR Qﬁ@%@i@fbo o o o

§ 5
'E . £ & opfo.= 1.047

% O oyic. = 1.102
E o A g,lc.=1212
E -12 * Gyl = 1.350

o}

-18
0 0,01 0,02 0,03 0,04 0,05
Crack length (m)

Figure 12. Variation of residual stress intensity factor Kr for preload levels of 2024 T351 Al-alloy

Residual stress effect on FCGR for 6061 Al-alloy is shown in figure 13. Their effect was significant
at early cracking when residual stresses are is compressive state. Comparatively to state without
residual stress, FCGR for level 6,/cy equal to 1.19 was increased by 30%. For high preload level,
o,/6,=1.37, FCGR was increased by 28.6%. The increasing of FCGR was linked to the decreasing
of factor Kr when his variation was shown in figure 14. From 3.37 mm of crack length, residual
stress intensity factor at c,/c,=1.37 is greatest to the other levels. This increasing was due to the
presence of tensile residual stress at this area from 3.37 to 20 mm. The effect of residual stress was
explained by the variation of stress ratio at any cycles for specified crack length.
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Figure 13. Preload levels effect on FCGR for 6061 T6 Al-alloy at R=0.25
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Figure 14. Variation of residual stress intensity factor Kr for preload levels of 6061 T6 Al-alloy
4. References

[11 G Glinka, “Residual stress in fatigue and fracture: Theoretical analyses and experiments”. In
Niku-Lari A., Editor, Advances in Surfaces Treatments, Pergamon Press, 1987, 413-454.

[2] Pavier, M.J., Poussard, C.G.C. and Smith, D.J., “Effect of residual stress around cold worked
holes on fracture under superimposed mechanical load”, Engineering Fracture Mechanics, 63
(1999), 751-773.

[3] Makabe, C., Purnowidodo A. and McEvily, A.J., “Effect of surface deformation and crack
closure on fatigue crack propagation after overloading and under-loading”, International
Journal of fatigue, 26 (2004), 1341-1348.

[4] John, R., Jata K.V., and Sadananda, K., “Residual stress effects on near-threshold fatigue
crack growth in friction stir welds in aerospace alloy”, International Journal of fatigue, 25
(2003), 939-948.



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

13th International Conference on Fracture
June 16-21, 2013, Beijing, China

H. Wang, F.G. Buchholz, H.A. Richard, S. Jigg, B. Scholtes, Numerical and experimental
analysis of residual stress for fatigue crack growth., Computational Materials Science 16
(1999), 104-112.

J. Barralis, L. Castex, G. Maeder, Précontraintes et traitements superficiels. Technique de
I’Ingénieur, traité matériaux métalliques M1 180.

P.J. Withers, H.K.D.H. Bhadeshia, “Residual stress - Part 2: Nature and Origins”. Materials
Sciences and Technology, 17, April 2001.

Lim Won-Kyum, Jeong-hoon Song, B.V. Sankar, Effect of ring indentation on fatigue
crack growth in an aluminum alloy plate. International Journal of Fatigue, 51 (1981), 61-69.

M. Benedetti, T. Bortolamedi, V. Fontanriand, F. Frendo, Bending fatigue behavior of
differently shot penned Al 6082 TS5 alloy. International Journal of Fatigue, 26 (2004),
889-897.

T. Fett, Residual crack profiles under weak phase transformation conditions. Engineering
Fracture Mechanics, 56 (1997), 275-284.

V.V. Silberschmidt, E. Werner, Analysis of thermal residual stresses in duplex-type materials,
Computational Material Science, 16 (1999), pp 39-52.

Y.C. Lam, K.S. Lian, The effect of residual stress and its redistribution on fatigue crack
growth. Theoretical and Applied Fracture Mechanics, 12 (1989), 59-66.

M. Beghini, L. Bertini, Fatigue crack propagation through residual stress fields with closure
phenomena. Engineering Fracture Mechanics, 36 (1990), 379-387.

L. Wagner, G. Liitjering, V. Sedlacek, Fatigue crack growth retardation in an Al alloy 2024 in
a residual compressive stress field. International Conference on Residual Stresses: ICRS2,
23-25 November (1988), 803-808.

M.A. Wahab, GR., Rohrsheim, J.H. Park, Experimental study on the influence of overload
induced residual stress field on fatigue crack growth in aluminum alloy. Journal of Materials
Processing Technology, 153-154 (2004), 945-951.

S. Suresh, R.O. Ritchie, On the influence of fatigue underload on cyclic crack growth at low
stress intensities. Materials Sciences and Engineering, 51 (1981), 61-69.

S. Kamel, Robert C. Wimpory, Michael Hofmann, Kamran M. Nikbin, N.P. O'Dowd,
Advanced Materials Research, 89-91 (2010), 275.

AN. Al-Khazraji, FM. Mohammed, R.A. Al-Taie, Eng. Tech. Journal, 29(3) (2011).

V. N. Ezhov, V.M. Sidyachenko, Influence of plastic predeformation on the fatigue strength of
compressor blades with defects. Strength of Materials, Vol. 26, Issue 10, (1994), 772-782

C. Mokhdani, Amorgage et propagation de fissures de fatigue dans un acier pour tubes de
transport de gaz : Identification des lois de d’endommagement et application aux structures
tubes sous pression interne. Thesis in french Doctorat Es-sciences, Mines ParisTech, France,
1995.

M. Benachour, Simulation of fatigue crack growth through residuals stresses field. Thesis in
French Doctorat Es-Sciences, University of Sidi Bel Abbes, Algeria, 2008.



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

13th International Conference on Fracture
June 16-21, 2013, Beijing, China

Jones K.W., Dunn M.L. (2008) Fatigue crack growth through a residual stress field introduced
by plastic beam bending. Fatigue Fracture Engineering Materials Structures 31, 863-875.
Keith W. Jones, Martin L. Dunn. Predicting fatigue crack growth from a preyielded hole.
International Journal of Fatigue 31 (2009), pp 223-230.

N.P. O’Dowd, K.M. Nikbin, R.C. Wimpory, F.R. Biglari, M.P. O’Donnell, Computational and
experimental studies of high temperature crack growth in the presence of residual stress,
PVP2006-ICPVT-11, ASME Pressure Vessels and Piping Division Conference. July 23-27
(2006), Vancouver, BC, Canada.

M. Benachour, A. Hadjoui, M. Benguediab and N. Benachour. Stress ratio effect on fatigue
behavior of aircraft aluminum alloy 2024 T351. MRS Proceedings, 1276, 7 (2010).

O.P. Ostash, R.V. Chepil, V.V. Vira. Fatigue crack initiation and propagation at different stress
ratio values of uniaxial pulsating loading. Fatigue Fract Engng Mater Struct 34, (2010), pp
430-437.

C.A. Rodopoulos, J.H. Choi, E.R. de los Rios, J.R. Yates. Stress ratio and the fatigue damage
map-Part II: The 2024-T351aluminium alloy. International Journal of Fatigue 26 (2004), pp
747-752.

R. Kumar, S.B.L. Garg. Influence of stress ratio and material properties on effective stress
range ratio and crack growth. Engineering Fracture Mechanics 32(2), (1989), pp. 195-202.

J.C. Newman, International Journal of Fracture, 24(3), 1984, 131

-10-



