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ABSTRACT. In this paper, numerical investigation was carried out to quantify 
the effect of the cold expansion on fatigue crack initiation in Aluminium 
alloy. The improvement in fatigue initiation life of specimen after the cold 
expansion process was investigated with the drilled hole of 2024 T351 
Aluminium alloy plate. The applied degree of expansion (DCE%=100 (D-
d)/d) is 4.6% where the effect of friction (µ=0.2) is considered. Residual 
stress field is determined using 3D Finite Element Analysis and shows the 
presence of compressive residual stress around the hole. The results showed a 
high compressive residual stress near the hole in exit face of the hole and at 
middle of the plate thickness around the hole. Local strain approach is applied 
in evaluation of fatigue initiation lives under Afgrow environment code. 
Fatigue initiation lives are improved by the presence of the compressive 
residual stresses comparatively to the drilled hole without of compressive 
residual stresses. Also, the fatigue initiation lives are increased with the 
increase in stress ratio for drilled hole and expanded hole 
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INTRODUCTION  
 

reventing fatigue failures in aircraft structures is a principle aiming of aircraft designers and maintainers. The need 
to prevent fatigue failures and extended the fatigue life, improvement methodologies are necessaries. Fatigue 
phenomenon presents an essential failure mode in aircraft structures. The percentage of failure varies from 55 to 

61% [1] in aeronautic components. In aircraft structures, the joints are carried out by mechanically fastened joints, 
adhesively and bonded joints. In fastened joints is necessary to improve the quality of holes by introducing compressive 
residuals stresses. The method to introduce the compressive residuals stress are such as shot peening [2, 3] laser shock [4, 
5], and cold expansion [6-9]. 
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Fatigue phenomenon undergoes several stages and from an engineering point of view it is convenient to divide the fatigue 
life of a structure into three stages [10]: fatigue crack initiation, stable of crack growth and unstable crack growth. Fatigue 
crack initiation presents the main stage in fatigue life which has been extensively studied [11, 12]. Different approaches 
will be used for estimation of fatigue crack initiation life has been applied by many researchers [13, 14], which is based 
essentially on stress concentration factor and local stress-strain concepts. Others researchers have used the equivalent 
strain-energy density method to predict fatigue crack initiation [12, 15]. These works assumed that crack growth part of 
fatigue life is small comparatively to the initiation fatigue life. In initiation phase, fatigue life is linked strongly to 
metallurgical, geometrical, loading parameters and stress state without external loading (presence of residual stress). 
The main loading parameter under constant applied load is stress ratio (mean stress effect) investigated by several 
researchers, principally in stable crack propagations on some materials [16, 17]. Effect of stress ratio on fatigue crack 
initiation from hole without residual stress was investigated by Fujczak [18]. It is noticed that an increase in the R-ratio 
decreases the number of cycles to initiate a fatigue crack. In study conducted by Ranganathan et al [19], crack initiation 
phase has been considered in the estimation of total fatigue life when short crack growth approach has been applied. The 
results on fatigue crack initiation of 2024 T351 Al-alloy shows an increasing in initiation life with increasing in stress ratio 
and maximum remote stress in absence of residuals stresses.  
Fatigue life depends essentially on zone of compressive residuals stresses around the hole. These stresses decrease the 
effect of external applied stress field and tend to delay crack growth rate and increase the fatigue life. To quantify cold 
expansion effects on fatigue crack initiation and propagation, Amrouche et al. [20] have conducted experimental and 
numerical investigation on 6005 Al-alloy plate. It was found that the compressive residual stresses induced by the cold 
expansion process are the important parameter for the improvement of fatigue initiation life. Also, it was shown that the 
fatigue initiation life increases with increasing in the degree of cold expansion and depend on compressive residuals stress 
zones [20, 21]. In study conducted by Gopalakrishna et al. [22], two cold expansion techniques were applied to generate 
compressive residuals stress around hole, as split-sleeve with taper pin and split-sleeve with ball. It was concluded that 
split-sleeve with tapered pin technique gives higher compressive residuals stress comparatively to split-sleeve with ball 
technique. The improvement in fatigue life was also found to be maximal at 5% degree of expansion, at which the fatigue 
life is 5.3 times higher than the non-expanded holes. The same tendency was confirmed by others researchers [22-25]. In 
experimental fatigue investigation of Chandawanich and Sharpe [23] of cold worked hole in 7075 T6 Al-alloy plate, they 
consider initiation stage corresponded to crack approximately 0.1 mm long. The fatigue initiation lives are too large 
comparatively to the non-cold-worked hole for all level of applied external load. 
Additionally to the changes of compressive residuals stress along the plate thickness from entrance face to exit face in cold 
expansion process, distribution of compressive residuals stress and fatigue lifetime is affected also by variation of plate 
thickness [26]. In combined numerical/experimental study, Chakherlou and Vogwell [27] have investigated the effect of 
residual stress induced by cold expansion process of hole on fatigue life failure of 7075 T6 Al-alloy plate. A 3D finite 
element model was used to simulate cold expansion. In FE modelling, 8-node linear isoparametric cubic elements were 
used for the pin and the plate. The fatigue results show the improvement in fatigue life in cold expanded hole of 
specimens comparatively to the drilled specimens. The improvement in fatigue life is almost 10 times.     
Liu et al [28] have used cold expansion with a split sleeve to produce residuals stress fields. They have performed 
numerical simulations using 3D finite element modelling. The friction effect was included in this investigation by using the 

elastic coulomb friction with a friction coefficient =0.1 also primary included by Chakherlou and Vogwell [27]. Also, Liu 
et al. [28] have studied the effect of cold expansion on prediction of fatigue life using respectively SWT model [29] and 
WB model [30]. It was concluded that WB model give a better result than the SWT model. Kurhade et al. [31] conducted 
3D finite element analysis for plane stress, where the effect of strain hardening was investigated on the distribution of 
residuals stress induced by new method called “CsSmPCx process: sleeve with split mandrel and pilot cold expansion” on 
7050-T7451 aluminium alloy. From this process the residual stresses along the plate front and back edges decreases with 
some rise in the tensile stresses away from the hole edge. As for the increase in fatigue amelioration of hole with cold 
expansion process, Liu et al. [32] reported that, the fatigue life was improved by a factor from 1.5 to 5.0 witch depend on 
the expansion level. Also, in work of Semari et al. [6], the effects of residuals stresses induced by ball in cold expansion 
process on fatigue life of 6082 T6 are given by experimentally and numerically investigation (3D finite element analysis). 
Improvement in fatigue life by expansion was shown under increasing of degree of expansion. 
The aiming of this paper is to evaluate the residual stress field induced by cold expansion process around hole in the first 
hand. On the other hand, we investigate the effects of compressive residuals stresses around the hole on improving of 
fatigue crack initiation life using local strain approach in 2024 T351 of Al-alloy plate. Also, the effect of stress ratio is 

highlighted.  
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FINITE ELEMENT MODELING  
 

3D Finite element model was used to simulate cold expansion process using ANSYS code [33]. Tetrahedral 
element with four nodes was used for the mesh of the holed plate. It is a common practice in the industry to use 
automatic tetrahedral mesh generators to discretize complex three-dimensional structural components. This type 

of mesh generators can handle very complex geometries with a minimum of human intervention (as compared to, e.g., the 
manual generation of a mesh of hexahedral elements) [34, 35]. Oñate et al [36] have used linear tetrahedral element in 
finite element analysis for evaluation of pressure and plastic strain distribution where numerical solution is improved [36]. 
The linear tetrahedral element is robust in contact analysis, the element matrices are inexpensive to calculate, and the 
resulting global stiffness matrix has a relatively small bandwidth [37, 38]. The applied of a large and complex analysis 
model with hexahedral finite elements is a much more difficult task than with tetrahedral elements [39]. Also, for tapered 
pin, eight-node structural solid elements (Solid 185) were used with reduced integration. Less computation time presents 
required advantage of these elements. Additionally, eight node surface-to-surface contact (CONTA174) and (TARGE170) 
elements were generated to model the surface-to-surface contact. These contact elements allow the pressure to be 
transferred between the contacting surfaces and prevents them from penetrating each other [27]. Due to double symmetry 
with respect to the X-Z and Y-Z planes, a quarter of the plate and pin were modelled. In addition to the boundary 
constraints along the planes of symmetry, the plate was constrained in the Z direction at the exit face nodes. 
The dimension of the plate are 6.32 mm in thick, 25 mm wide and 40 mm long witch corresponds to the central part of 
the fatigue specimens (Fig. 1). The hole diameter “d” is 5 mm and the largest diameter of the tapered pin “D” is 5.23 mm 

which produces a 4.6% degree of expansion ( )( )d/dD100%DCE −= . In published paper, several researchers have 

ignored friction in cold expansion process  [9, 40], although introduced by others [27, 41]. The friction effect was included 
in this work using elastic coulomb fraction with µ=0.2. An elastic–plastic material relationship was used to represent the 
aluminium alloy 2024 T351 with isotropic hardening. The stress-strain curve is shown on Fig. 2 and mechanical properties 
are summarised in Table 1. A linear elastic material relationship was assumed for the steel pin with Young’s modulus of 
210 GPa and Poisson’s ratio of 0.3. 
 

 
Figure 1: Geometrical model of fatigue specimen 
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Figure 2: True strain-stress curve of 2024 T351 Al-alloy. 
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E (GPa) e (MPa) UTS (MPa)  

74.08 363 477 0.33 
 

Table 1: Mechanical properties of 2024 T351 Al-alloy. 

 
The tapered pin as shown in Fig 3a was positioned near the hole at the entrance face (Fig 3b). The simulation of cold 
expansion was carried out by incrementing the position of the nodes in the pin upper face in the -Z direction. Fig. 3b 
shows the meshed model with fixed and symmetric boundary conditions. The inner surface of the hole was then subjected 
to incremental pressure loading since the tapered mandrel was considered in this study.  

 

(a)      (b) 

 

Figure 3: Cold expansion process a) Detail of tapered pin used for cold expansion, b) Mesh using 3D finite element model. 

 

 

RESIDUALS STRESSES DISTRIBUTION DUES TO COLD EXPANSION 
 

he cold-expansion simulation shows the hoop stress evolution around the hole during the loading and unloading 
steps (entrance and exit of mandrel through the hole). During the loading phase, the level of the compressive 
residual stress is achieved with few steps witch the mandrel improves the plastic radius up to a maximum value 

generated at a maximum nominal interference. In unloading phase, the elastic–plastic release of the plate generates the 
reverse-yielding zone. Identification of the accurate residual stress profile around a cold expanded hole is critical due to 
related of the level and distribution of the residual stress on fatigue performance of the hole. It is recognized that 
magnitude and distribution of the residual stress is directly related to the fatigue performance of the hole. So, the residual 
compressive stress generated around the hole has the effect of reducing the stress concentration after the application of 
tensile cyclic loads to the fastener hole (maximum stress at hole) and therefore reduces the effective stress intensity factors 
for growth of cracks emanating from the hole [42]. The residual stress field with 4.6% in the degree of cold expansion is 
presented in Fig. 4 respectively in entrance, mild and exit faces of the hole. The path of these residual stress profiles 
extends from the edge of the hole to the free edge of the plate, along the X-axis shown in Fig. 1. This is the critical plane 
for fatigue crack growth assuming the plate is axially loaded in the longitudinal direction (Y-axis). The curves in Fig. 4 
show compressive residuals stresses within about 2.8 mm from the hole edge at the entrance face location, but in mid-
plane position is about 2.4 mm. So, at exit face, the length of compressive residuals from hole is about 3.8 mm. Also it is 
noticed that maximum compressive residuals stresses at entrance face is about 100 MPa. These stresses increase in mid-
plane and exit face positions and are respectively 390 MPa and 410 MPa which is greater than the yield stress of 363 MPa 
[42]. After 4 mm position, the residuals stresses are tensile for all position through thickness. Additionally to the effect of 
cold expansion on circumferential residuals stresses, Fig. 5 shows also, the effect of cold expansion on Von Mises 
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equivalents stresses SQV. The figure reveals the significant difference between the equivalent stress at exit and entry 
surfaces. These stresses decrease and present constants variations from 6 mm to the expanded hole. Also, the equivalent 
stress field at the exit surface is dramatically increased witch is shown after the exit of the pin (Fig. 6.c). 
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Figure 4: Tangential residual stress at different through-thickness positions for 6.32 mm in thick of plate. 
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Figure 5: Von-Mises equivalent stress along the path of growth. 

 
Tangential residual stress distribution established from the finite element analysis shows that it not uniform throughout 
the thickness of a cold expanded hole of finite plate (Fig. 7). Significant compressive tangential residual stress is produced 
between tapered pin and hole. This shows beneficial effect of induced friction between aluminium alloy plate and steel pin 
at free surface of hole. The evolution of tangential residuals stresses throughout thickness can be described by a 
polynomial equation shown above. 
 

215.55 148.45 99.1a a =  −  −          (1) 

“a” present parameter variation of the thickness from the entrance face to the exit face 
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Figure 6: Distribution of Von-Mises equivalent stress around the hole. 
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Figure 7: Tangential residual stress throughout thickness of plate 

 

 
INFLUENCE OF COMPRESSIVE RESIDUAL STRESS ON FATIGUE CRACK INITIATION 
 

n order to evaluate the fatigue crack initiation life, local strain approach was applied by several researchers cited 
above. In fatigue case and at the notch tip, local strains are obtained by using the Neuber’s rule or Glinka [43] 
expressed in following form:  

 

( )
2

. .

4 2

f aK

E

    
=           (2) 

 

where “a” is the applied stress and “” and “” are the resulting local stress and strain values corrected for the notch 
effect.  
The fatigue notch factor, (Kf), is essentially the Kt value corrected to account for the notch sensitivity for the given 
material [44]. It is determined as follows: 
 

I 

(a) (b) (c) 
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( )

1.0
1.0

1.0

f

f

K
K

r

− 
= +   + 

          (3) 

 

where “” is an empirically determined material constant [45] and r is the notch root radius. 
In Glinka’s approach the local strains and stresses should represent energy equivalence as compared the remote loading 
conditions, leading to the following equation: 
 

( )
2 1

2.

2 4 1 2

nf aK

E E n K

        
= +  

 +  
        (4) 

 
In this equation “ K ” and “ n” correspond to the material’s cyclic hardening law. 
The local strains were determined by coupling equation (2) and (4), given local strain range in function of local stress 
range named cyclic stress-strain (equation 5).      

 
1

2 2 2

n

E K

      
= +  

 
           (5) 

 
In 1910, Basquin [46] observed that stress-life (S-N) data could be plotted linearly on a log-log scale and expressed by: 

 

 ( )
'

2
2 2 2

bfe
fN

E E

  
= =             (6) 

 

Manson and Coffin [47] [41], working independently, found that plastic strain-life data (p-N) could be linearized in log-
log co-ordinates. 

 

( )
1

' 2
2 2

cnp

f fN
K

 


  
= = 

 
          (7) 

 

The relationship between total strain amplitude, 2 and life to failure, 2 fN , can be expressed in the form [25]:  

 

( ) ( )2 2
2 2

f b c
f f fN N

E





= +          (8) 

 

where “ f  ” is the fatigue strength coefficient; “ b ” is the fatigue strength exponent, “ f  ” is the fatigue ductility, “ c ” is the 

fatigue ductility exponent.         
The strain-life based crack initiation analysis method to predict crack initiation life is incorporated in AFGROW code [48]. 
Cyclic strain-life parameters used in fatigue crack initiation analysis for investigated material are given in Table 2. 
 

f   f   b  c  fK  K   n  

1013.53 0.21 -0.21 -0.52 0.510-4 786 0.09 
 

Table 2: Cyclic strain life properties of 2024 T351 Aluminium alloy. 

 
The effect of expansion is illustrated in Fig. 8. The 4.6% degree of expansion is applied to a hole. The applied spectrum is 
with constant amplitude loading considering four stress ratios are applied varying from 0.1 to 0.54. The maximum stress 
used in this investigation was 240 MPa. The initiation lives are predicted for crack initiation length equal to 0.5 mm. 
Others researchers have taken the initiation of the crack is equivalent to 105 cycles [6, 49-51]. It is noticed from Fig. 5 that 
the expansion process improves initiation fatigue life due to the existence of compressive residual stresses on the side of 
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the hole. The mean residual stress field is applied. This field of stresses tends to increase the initiation fatigue life as shown 
in Fig. 8 comparatively to drilled hole in plate without residual stress field. 
Indeed, the increase in the hole diameter reduces the stresses concentration factor 

tK  [44]. The concentration factor is 

equal to 3 for drilled hole and decreases to 1.75 where “Kt” is defined as ( )maxt res nomK   = + . The ratio of initiation life 

( )Re Re/i s i W sRI N N− − −= depends on stress ratio. This ratio increases with increasing of stress ratio and vary from 3.22 to 

3.85. Also, the increasing in stress ratio increases the initiation life [19] that is attributed to reduction in amplitude loading. 
The predicted results have exponential evolution and are given by equation 9 and 10 respectively for expanded hole and 
drilled hole (without residual stress). It concluded that initiation life is improved by the presence of compressive residual 
around the hole. 
 

( )4
_ Re 3.07 10 . 5.75i sN Exp R=            (9) 

 

( )4
_ 1.01 10 . 5.38i W esN Exp R− =            (10) 
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Figure 8: Effect of cold expansion of hole on initiation fatigue life 

 
 
CONCLUSION 
 

he aim of this work is to investigate the effect of residual stress induced by cold expansion in drilled hole on the 
crack initiation of 2024 T351 Al-alloy plate. Also the following conclusions can be drawn from the analysis: 
 

• A 3D finite element simulation of cold expansion using a tapered pin has shown that the tangential residual 
stress is not uniform at the hole edge through the plate thickness.  

• The maximum compressive tangential residual stress occurs at the hole edge near exit face and the mid-plane. 
Also the smallest compressive residual stress occurs at the entrance face. 

• In the present investigation we have considered that crack is initiated with the same length through the 
thickness, so the mean residual stress field due to cold expansion is applied.  

• Fatigue initiation life is improved by the presence of compressive residual stress around the hole comparatively 
to drilled hole without residual stress. The percentage in this improving varies from 3.22 to 3.85. Additionally, 
the effect of stress ratio on initiation life is highlighted.  
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