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RESUMEN 
 

En este trabajo se presenta un nuevo criterio basado en la apertura de la grieta o Crak Tip Opening Displacement 
(CTOD) para estudiar la propagación de grietas de fatiga. En concreto el criterio utiliza la componente plástica del 
CTOD como parámetro para estimar la fuerza conductora de la grieta. El criterio está basado en la relación que existe 
entre los mecanismos no lineales que se tienen lugar en la región que rodea al vértice de la grieta y la propagación de la 
grieta. El trabajo se ha desarrollado sobre una aleación de aluminio 2024-T351, haciéndose las medidas de CTOD en la 
escala local. La metodología utiliza la curva cíclica y los datos obtenidos en la etapa de propagación y los combina con 
un modelo numérico para predecir el crecimiento de grieta bajo distintas condiciones de cargas, sin ser necesario que 
los experimentos para obtener los datos de entrada coincidan con los estados de carga que se van a predecir. Al 
contrario que los métodos basados en la Mecánica de la Fractura Elástica Lineal (SIF) este nuevo criterio no requiere 
ninguna corrección para tener en cuenta el efecto de la relación de carga.  
 
PALABRAS CLAVE: Fractura, Fatiga, Micro-ensayos, Entallas, CTOD, Al-2024-T351. 
 

 
ABSTRACT 

 
In this work a novel CTOD criterion is introduced for fatigue crack propagation analysis. The new parameter is based 
on the plastic component of the CTOD range. It is founded on the relation between non-linear mechanisms taking place 
in a small area surrounding the crack tip and the fatigue crack growth. The CTOD parameter is evaluated at the local 
scale on fatigue cracks grown on aluminium alloy 2024-T351. Low cycle fatigue curve together with crack propagation 
data obtained experimentally is combined with powerful numerical modelling. The methodology allows the fatigue 
crack propagation to be predicted under a wide range of loading conditions that do not necessarily need to be the same 
as the experiments used for making the predictions. Unlike Linear Elastic Fracture Mechanics stress intensity factor 
approach, the current criterion does not require any correction to account for different stress ratios. 
 
KEYWORDS: Fracture, Fatigue, Micro-tests, Notches 
 
 
 

 INTRODUCTION 
 
The stress intensity factor, K, quantifies the strength of 
elastic stress singularity at the crack tip. It is widely 
used to study the fracture of brittle materials. In 
structural components submitted to cyclic loading the 
range of stress intensity factor, K, is correlated with 
fatigue crack growth rate, da/dN, obtained 
experimentally in standard specimens [1]. In fact, there 
is a link between the singular elastic field and the plastic 
deformation happening at crack tip, which justify the 
extensive use of K [2]. Different limitations have 
however been identified in the use of da/dN-K curves, 

namely, the influence of stress ratio, the inability to 
predict the effect of load history, the odd behaviour 
observed for short cracks, the dimensional problems, 
and the validity limited to Linear Elastic Fracture 
Mechanics. Consequently, different concepts have been 
used to mitigate these difficulties [3]. Crack closure 
concept is the most widely used antidote which has been 
used to explain the effects of stress ratio, short cracks, 
load history and stress state. However, there is no 
generally accepted definition of the crack closure level. 
A great controversy even exists about the existence and 
relevance of crack closure [4]. Complementary 
concepts, like the T-stress [5] and more complex 
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models, like the CJP model [6], were also proposed. 
Other authors suggest that fatigue crack propagation 
rate is controlled by a two parameter driving force, 
which is a function of the maximum stress intensity 
factor, Kmax, and K [7,8]. 
 
However, there is a fundamental mistake behind the use 
of K to study fatigue crack growth (FCG). In fact, 
FCG is linked to non-linear and irreversible 
mechanisms happening at the crack tip, namely plastic 
deformation [9], while K is a linear elastic parameter. 
Consequently, different non-linear parameters have 
been correlated with FCG, namely, the energy 
dissipated around the crack tip, the plastic strain range 
ahead of crack tip [10,11], the size of cyclic plastic zone 
[12,13]. A new approach was proposed in previous 
works of the authors [14,15], which replaces K by the 
plastic CTOD, therefore replacing the da/dN-K curve 
by a da/dN-CTODp plot. This approach is based on 
two assumptions: (1) the fatigue crack propagation is 
linked to crack tip plastic deformation; (2) the plastic 
CTOD is able to quantify the level of this plastic 
deformation. A relatively simple strategy was defined to 
obtain the da/dN-CTODp curves. FCG is obtained 
experimentally using standard specimens (CT or M(T)). 
A numerical study is subsequently defined, replicating 
this experimental procedure in order to obtain the plastic 
CTOD. The numerical model must be realistic in terms 
of geometry of the specimen and crack, in terms of 
loading and in terms of material behaviour. The 
accurate modelling of material hardening is of major 
importance for the quality of numerical predictions. The 
behaviour of the material is obtained from low-cycle 
fatigue experimental tests with smooth specimens tested 
under constant amplitude strain range. Several stress-
strain loops are needed and the strain range must be as 
high as possible, because the crack tip strain reaches 
relatively high values. The stress-strain loops are used 
for the analytical fitting of hardening models. This is 
made by minimization of the difference between the 
analytical models and the experimental results. There 
are also good perspectives for the experimental 
determination of CTOD using Digital Image Correlation 
[16,17], at least for specific combinations of material 
and load range.  
 
The main objective here is to obtain a da/dN-CTODp 
model for the 2024-T351 aluminium alloy. This model 
was compared with similar ones obtained previously for 
other aluminium alloys. 
 

 EXPERIMENTAL FATIGUE CRACK GROWTH 
 

 Experiments were conducted on a CT specimen, 
extracted and machined in T-L direction (crack 
propagation along rolling direction) from a 2024-T351 
aluminium alloy plate according to ASTM E-647 [18]. 
This material combines good fatigue strength and low 
environmental impact for transport related industries 
[19]. The CT samples had W=50 mm and thickness=12 

mm, as Figure 1 illustrates. The mechanical properties 
of the material are summarised in Table 1. The sample 
surface was scratched with abrasive SiC sand papers 
grades 240, 380 and 800 to obtain a random grey 
intensity distribution required for DIC technique. Good 
results have been obtained previously with this surface 
preparation [20–22]. Cyclic loading was applied then 
with a 100kN Instron servo-hydraulic testing machine. 
The specimen was pre-cracked under mode I load for 
120000 cycles at a frequency of 10 Hz, a load ratio (R) 
of 0.05 and a stress intensity range (∆K) of 8 MPa√m so 
that the initial crack length was about 20 mm (a/W = 
0.40). All subsequent experimental tests were done 
under constant amplitude loading. The propagation 
Paris law tests were done with the loads presented in 
table 2. The crack growth rates, da/dN, were obtained 
by numerical derivation in accordance with ASTM 
E647. The procedure involves fitting a parabola of order 
5 to a set of 11 successive points in the a-N curve and 
calculating the growth rate from the derivative of the 
parabola. Successive points in the a-N curve were taken 
at 1500-cycle intervals. 

 
Figura 1. Geometry of the CT specimen. 

 
 Figure 2 presents the fatigue crack growth rate, da/dN, 

versus K in log-log scales for stress ratios R=0.1 and 
R=0.7. The increase of K and stress ratio increases 
da/dN, as expected. 
 

  
  
  
  
  
  
  
  
  
  
  
  
  

 
 

 
 

Figura 2. da/dN-K curves. 
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Table 1. Mechanical properties of 2024-T351 
aluminium alloy 
 

Young 
modulus 

Yield 
Stress 

UTS Elongation at 
Break 

Brinell 
Hardness 

73 GPa 325 
MPa 

470 
MPa 

20% 137 

 
Table 2. Load parameters 
 

R Pmin [N] Pmax [N] amin 

[mm] 
amax 

[mm] 
0.1 500 5000 12 30 
0.3 1680 5600 12 29 
0.5 4250 8500 12 26.7 
0.7 8750 12500 12 22.5 

  
 

 MATERIAL MODEL 
 
Low-cycle fatigue tests were performed on a DARTEC 
fully-automated closed-loop servo-hydraulic testing 
machine, equipped with a 100 kN load cell, at room 
temperature, and in laboratory air environment. Tests 
were conducted under axial total strain-controlled mode, 
with sinusoidal waves, using a constant nominal strain 
rate of 0.008 s-1, total strain ratio (R) of -1 and total 
strain amplitude () equal to 0.02 %. Specimens 
were precision machined according to the specifications 
outlined in ASTM E606, with a gage section measuring 
33.6 mm in length and 8 mm in diameter. A 12.5-mm 
gage extensometer was attached to the specimen, using 
rubber bands, to monitor the stress-strain evolution 
during the tests. Figure 3 shows the stress-strain curve. 
The material presents initial hardening, followed by 
stabilization. 
 

 

Figura 3. Cyclic behavior of the material. 
 

The quality of numerical predictions of plastic CTOD 
greatly depends on the accurate modeling of material’s 
elastic-plastic behavior. The elastic-plastic model 

adopted in this work assumes: (i) the isotropic elastic 
behaviour defined by the generalised Hooke’s law; (ii) 
the plastic behavior described by von Mises yield 
criterion; (iii) the mixed hardening model using Voce 
isotropic and Lemaître-Chaboche kinematic hardening 
laws, under an associated flow rule. Voce isotropic 
hardening law is described by: 
 

p p
0 Sat 0 Y( ) ( )[1 exp( )]Y Y Y Y C                    (1) 

 

where Y0, YSat and CY are the material parameters of 

Voce law and p is the equivalent plastic strain. The 
Lemaître-Chaboche kinematic hardening law is: 

 

p
X SatC X 


     
σ X

X X& &                 (2) 

 
where CX and Xsat are the material parameters of 
Lemaître-Chaboche law and p&  is the equivalent plastic 

strain rate. The identification of the material parameters 
that best describe the plastic behavior was made out by 
minimizing the following least-squares cost function: 
 

2Fit Exp

Exp
1

( )
( )

N

i i

F
 



 
  

 
 A

A                 (3) 

 
where Fit ( ) A  and Exp  are the fitted and the 

experimentally measured values of true stress, 
respectively; A is the set of Voce and Lemaitre-
Chaboche parameters that minimises F(A); N is the total 
number of experimental points. The values of Exp  were 

obtained from the low-cycle fatigue test carried out for 
Rε = -1 and . The fitting was performed for 
50 cycles using the Microsoft Excel SOLVER tool, 
which resorts to the Generalised Reduced Gradient 
(GRG2) non-linear optimization algorithm. Table 3 
shows the identified set of material parameters of Voce 
and Lemaître-Chaboche laws.  
 
Tabla 3. Material constants 
 
Material Y0 

[MPa] 
C 

[MPa] 
n Cx Xsat 

[MPa] 
2024-
T351 

288.96 389.00 0.056 138.80 111.84 

 
 NUMERICAL MODEL 

 
The fatigue crack growth test was modelled numerically 
using the finite element method. Only half of the CT 
specimen was modelled [23] using adequate boundary 
conditions, as figure 4 illustrates. A small thickness 
(t=0.2 mm) was considered in order to reduce the 
numerical effort. Pure plane strain state was assumed 
imposing restrictions to deformation perpendicularly to 
the main face shown in figure 4. This stress state was 
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assumed because the CT specimen used in the 
experimental tests is relatively thick (12 mm). A straight 
crack was defined, with different initial sizes, ao, of 5, 
9, 11.5, 14, 16.5, 19, 21.5, 24, 26.5 and 29 mm. The 
constants presented in Table 3 were used to simulate the 
elastic-plastic behavior of the material. The finite 
element model of the M(T) specimen had a total number 
of 7273 linear isoparametric elements and 14894 nodes. 
The finite element mesh, also shown in Figure 4, was 
refined near the crack tip, having 88 m2 elements 
there. Only one layer of elements was considered along 
the thickness. Crack propagation was simulated by 
successive debonding of nodes at minimum load. Each 
crack increment corresponded to one finite element and 
two load cycles were applied between increments. In 
each cycle, the crack propagated uniformly over the 
thickness by releasing both current crack front nodes. A 
total number of 320 load cycles were applied, 
corresponding to a total crack propagation a=1.272 
mm.  
 
The numerical simulations were performed using 
DD3IMP in-house code, a three-dimensional elasto-
plastic finite element program [24,25]. The evolution of 
the deformation process is described by an updated 
Lagrangian scheme, assuming a hypoelastic-plastic 
model. Thus, the mechanical model takes into account 
large elastoplastic strains and rotations and assumes that 
the elastic strains are negligibly small with respect to 
unity. The contact of the crack flanks is modeled 
considering a rigid body (plane surface) aligned with the 
crack symmetry plane. A master–slave algorithm is 
adopted and the contact problem is treated using an 
augmented Lagrangian approach. The CTOD was 
measured at the first node behind crack tip, i.e., at a 
distance of 8 m from crack tip. 
 
 
    
 
 
 
 
 
 
 
 
 
 
 

Figura 4. Geometry of the CT specimen and finite 
element mesh. 

  
 NUMERICAL RESULTS 

 
Figure 5 presents a typical plot of CTOD versus applied 
load. At minimum load (point A) the crack is open, 
which means that there is no crack closure. The increase 
of load increases the CTOD, as could be expected. 
Between points A and B there is a linear variation 

which indicates that the material is having an elastic 
behaviour. Plastic deformation starts above point B, 
increasing progressively up to the maximum load (point 
C). The plastic CTOD is also plotted in Figure 5, and it 
can be seen that it is substantially lower than the elastic 
component. The plastic CTOD range, p, indicated in 
the figure, is the parameter correlated with da/dN. 
 

 
Figure 5. Typical CTOD plots (a=15.272 mm). 

 
Figure 6 presents the relation between the experimental 
fatigue crack growth rate (FCGR) and the predicted 
plastic CTOD range, p. The increase of p is 
accomplished by an increase of da/dN, as could be 
expected since more crack tip plastic deformation 
produces more crack growth. A second order 
polynomial was fitted by regression: 
 

0.001077  0.1196 - 2.289 
dN

da
p

2
p                (4) 

 
where the units of da/dN and p are m. This is 
supposed to be a material property, which can be used 
to predict the effect of load parameters and geometry. 
Note that the da/dN-K approach is not a material 
property and therefore cannot be used for predictions. 
 

 
Figure 6. FCGR versus plastic CTOD. 
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A comparison was made with other aluminium alloys, 
which is presented in figure 7. All the results fall within 
the same order of magnitude, however there is some 
difference between the materials. This means that for 
the same plastic CTOD range, the fatigue crack growth 
rate is not always the same. The effect of numerical 
parameters, namely the number of load cycles between 
crack increments and stress state, on this scatter is not 
totally understood. 
 
 

 
Figure 7. Comparison with other aluminium alloys. 

 
The numerical analysis gives additional interesting 
results. Figure 8 shows the variation of K with crack 
length. The effective load range is obtained subtracting 
the opening load from the maximum load. However, 
looking to figure 5, it is possible to see that part of this 
effective load is elastic, therefore is not supposed to 
contribute to FCG. Therefore the effective load range is 
the difference between the maximum load and the onset 
of plastic deformation, as is indicated in Figure 8. The 
crack closure phenomenon, quantified by the contact 
status of the first node behind crack tip, was observed 
only for the highest crack lengths.  
 
 

 
Figure 8. Effective load range. 

 

 CONCLUSIONS 
 
Fatigue crack growth is linked to irreversible and non-
linear mechanisms happening at the crack tip. 
Consequently a non-linear parameter, the plastic CTOD 
range, p, is proposed as the driving force for fatigue 
crack growth. A model was proposed linking da/dN 
with p, which is expected to be a material property. The 
fatigue crack growth rate was obtained experimentally 
using standard CT specimens. The plastic CTOD range 
was predicted numerically at a distance of 8 m behind 
crack tip.  
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