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Abstract. Crack closure delays the intrinsic mechanisms responsible for crack growth (cyclic plastic deformation, 
clivage, etc.), therefore it must be considered in the modelling offatigue crack growth. The objective ofthis work is 
to develop a numerical procedure to obtain crack closure induced by plasticity. First the crack closure was 
experimentally measured on M{T) specimens with 3 mm thickness made of 6082-T6 aluminium alloy. A pin 
rnicrogauge was used along with the compliance technique. Different load conditions were studied, namely constant 
amplitude load and single tensile overloads. Then different aspects ofthe numerical procedure were analysed namely 
the finite element mesh and the node release scheme. A good agreement was found between experimental and 
numerical crack closure results, if the finite elements have a size lla==rp,c near the crack tip, being rp,c the size of 
cyclic plastic zone. 

Resumo. O fecho de fenda atrasa os micromecanismos intrínsecos responsáveis pelo crescimento de fenda 
(deforma9ao plástica cíclica, clivagem, ect.), pelo que deve ser considerado na modeliza9ao da propaga9ao de fendas 
por fadiga. O objectivo deste trabalho é desenvolver um procedimento numérico que permita calcular o fecho de 
fenda induzido por deforma9ao plástica. Numa primeira fase fez-se a deterrnina9ao experimental do fecho de fenda 
em provetes M(T) de aluminio 6082-T6, com 3 mm de espessura. Para isso utilizou-se um extensómetro de pinos e a 
técnica da complacencia. Estudaram-se diferentes condi9oes de carga, nomeadamente ciclos de amplitude constante 
e sobrecargas. Depois estudaram-se diferentes aspectos do procedimento numérico, nomeadamente a malha de 
elementos finitos e a procedimento de propaga9ao de fenda. Obteve-se urna boa concordancia entre os resultados 
experimentais e os numéricos utilizando elementos finitos de dimensao lla==rp,c junto a extremidade da fenda, sendo 
rp.c o tamanho da zona plástica cíclica. 

l. INTRODUCTION 

Crack closure is the contact of crack flanks during a 
portion of the load cycle. It delays the intrinsic 
mechanisms responsible for crack growth ( cyclic 
plastic deformation, clivage, etc.), therefore it must be 
considered in the modelling of fatigue crack growth. In 
fact, crack closure seems to be able to explain the 
influence of mean stress in both regimes 1 and 11 of 
crack propagation [ 1,2], and the transient crack growth 
behaviour following overloads [3], among other 
aspects. Crack closure is mainly induced by crack tip 
plasticity, by the presence of oxides and by roughness. 
The plasticity-induced closure mechanism is more 
important at medium and high llK values, while the 
other mechanisms ar~ more important at low values of 
llK (near-threshold). 

Crack closure induced by plasticity is usually studied 
using experimental or numerical approaches. The 
numerical approach is interesting to study crack closure 
along a 3D crack front, because the experimental 
techniques only give average values. Besides, once the 
numerical procedure is optimised it is relatively easy to 
adapt it to new load conditions, materials, crack 
lengths, etc. However, the finite element models must 
be correctly defined and their limitations understood. 

The accuracy of the numerical analysis depends greatly 
on the simplifications considered to the real situation. A 
first aspect that must be considered is the dimension of 
the analysis (20 or 3D). A 3D analysis is expected to 
be more realistic, however the finite element mesh is 
more difficult to develop and the numerical effort can 
easily become unacceptable. Besides crack closure is 
mainly a surface phenomenon [4], therefore a 2D 
analysis assuming a plane stress state is usually a good 
approximation to simulate the onset of crack closure 
and a good agreement with experimental results can be 
expected. Another fundamental aspect is the elastic
plastic behaviour assumed to the material. In metallic 
materials Von Mises criterion and Prandtl-Reuss rule 
are generally accepted as adequate to define the onset 
of plastic yielding and the incremental plastic 
deformation, respectively. However, the hardening rule 
depends on the material. This is important when 
unloading occurs, as is the case of fatigue studies. 
Another aspect is which experimental curve must be 
used to model hardening: cyclic or monotonic. Since 
the material at the crack tip is submitted to successive 
loading and unloading the cyclic curve is certainly 
more adequate. 

The accuracy of the analysis depends also on the 
modelling by the finite element method. The type and 
size of finite elements at the crack tip (lla * in figure 1) 
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have an important influence on the elastic-plastic 
beha iour. The crack tip is a zone with severe gradients 
of stress and strain, therefore the fmite element mesh 
must be sufficiently refined to capture the inverse 
plastic deformation. McClung el al [5] suggested that 
ila*<5%.rp if triangular elements are being used and 
ila*<10%.rp is 4-node isoparametric elements are being 
used, where rp the radius of monotonic plastic zone. 
This corresponds to 20 and 1 O elements along rp, 
respectively. However, these authors indicated that a 
single criterion based only on the monotonic plastic 
zone size is not enough. Parks el al [6] used 4-node 
isoparametric elements to study alurninium alloy 2024-
T351 and observed an important influence of ila* on 
crack opening leve!. These authors indicated that a 
smaller mesh size does not always give more accurate 
results and that a unique most-appropriate mesh size 
exists for a given loading condition that provides 
numerical results agreeing with experimental data. This 
optimum size was related to the size of cyclic plastic 
zone (rp.c): 

1 M( 2 
ila*:::: 0.9.r :::: 0.9-{--) 

p,c 1t 2.cr ys 
(1) 

Therefore, the increase of ilK, produced by the increase 
of crack length or ilcr, may be accomplished by an 
increase of ila *. Higher sizes can be considered using 
higher order elements. ila* also determines the 
mínimum crack increment and the total number of finite 
elements. This last aspect is important as it determines 
the computation time (quite high on elastic-plastic 
analysis) and disk space requirements. An ideal mesh is 
that having a mínimum number of elements to give 
accurate results. 

¡.. .&!* .. ¡ 

Fig. l. Size of near crack tip elements. 

Another important aspect is the crack tip node release 
scheme (crack increment at maximum or mínimum 
load, number of loading cycles between increments and 
mínimum number of increments for stabilization). The 
crack is usually incremented at maximum [7], at 
mínimum load [8] or at other position ofthe load cycle. 
However none of these approaches truly represents the 
fatigue process, where according to slip models of 
striation formation crack extension is a progressive 
process occurring during the entire load cycle. The 
increment at mínimum load was proposed to overcome 
difficulties in convergence caused by releasing the node 
at maximum load, however it is unrealistic as the crack 
cannot be expected to propagate in a compressive stress 
field. McClung el al [5] found that the load at which 

crack increment occurs does not influence significantly 
the crack closure, however Parks el al [6] observed 
sorne influence. Zhang el al [9] considered node 
releases at 100%, 50% and 1% of maximum load on 
2024-T35 alurninium alloy and also found a little effect 
on crack closure leve!. Another aspect is the number of 
load cycles between crack increments. Parks el al [6] 
and Pomrnier el al [ 1 O] considered 2 cycles between 
each crack increment to stabilise the behaviour at the 
crack tip. In fact, releasing the node at maximum load 
an important deformation exists near the node released 
and crack closure is higher than correct. This 
exaggerated deformation is removed during unloading, 
therefore 2 cycles must be considered when the node is 
released at maximum load. The release at rninimum 
load or the decrease of maximum load reduce this 
phenomenon. The opening leve! is not affected by this 
deformation. Relatively to the number of cycles before 
stabilization Parks el al [ 6] suggested that the crack 
must propagate ahead of monotonic plastic zone of first 
load cycle, which is approximately: 

1 Kmax 2 
r ::::-(--) 
p 21t crys 

for a plane stress state. Before stabilization an increase 
of crack opening and closure levels was observed. 

Another aspect influencing significantly the numerical 
results is the definition of closure. The conventional 
definition, proposed by Elber [ 11], indicates that 
closure occurs when the crack flank first contact. A 
second definition indicates that closure occurs when the 
crack tip stress becomes compressive [ 12]. Important 
differences in terms of crack closure were obtained 
with these two definitions [12, 13, 14]. The second 
definition gives higher values of crack closure/opening 
stresses, because when crack closure occurs according 
the conventional definition, a compressive stress state 
already exists at the crack tip. The second definition 
seems to be more adequate because the crack driving 
force is related to the portion of cycle during which the 
crack tip is submitted to tensile stresses. However, the 
conventional definition correlates better with 
experimental results based on compliance changes [ 14]. 

The objective of this work is to develop a numerical 
procedure to quantify crack closure induced by 
plasticity. The numerical predictions are compared with 
experimental values in order to optimise the numerical 
procedure. The aspects analysed were the finite element 
mesh and the node release scheme. 

2. NUMERICAL 
PROCEDURES 

AND EXPERIMENTAL 

The material u sed for this research was an AlMgSi 1 
(6082) aluminium alloy with T6 heat treatment. The 
mechanical properties are presented in table l. The 
analysis was made on a Middle-Tension, M(T), 



ANALES DE MECÁNICA DE LA FRACTURA Vol.19 (2002) 441 

specimen with 3 mm thickness. Fatigue tests were 
conducted, in agreement with ASTM E64 7 standard 
[15], using Middle-Tension (M(T)) specimens with 3 
mm thickness. The specimens were obtained in the 
longitudinal transverse (L T) direction from a larninated 
plate. Figure 2 illustrates the major dimensions of the 
samples used in the tests. All tests were conducted in 
air, at room temperature, with a load frequency of 20 
Hz anda stress ratio R,¡=0.05, using a servo-hydraulic, 
closed-loop mechanical test machine. The constant 
amplitude load tests were performed under constant-~P 
conditions. Load-displacement behaviour was 
monitored at all crack measurements for each of the 
tests using a pin microgauge. In order to collect as 
many load-displacement data as possible during a 
particular cycle, the frequency was reduced to 0.5 Hz. 
Noise on the strain gauge output was reduced by 
passing the signa! through a 1 Hz low-pass 
mathematical filter. From the load-displacement 
records, variations of the opening load, P op• were 
derived using the technique known as maxirnization of 
the correlation coefficient [ 16]. The fraction of the load 
cycle for which the crack remains fully open, parameter 
U, was calculated using: 

p -P 
U= max op (3) 

p -P . 
max mm 

Table l. Properties of 6082-T6 aluminium alloy. 
Tensile strength, cruTs [MPa] 300±2.5 
Yield strength, crvs [MPa] 245±2.7 
E1ongation, Er [%] 9 
Cyclic hardening exponent, n' 0.064 
Cyclic hardening coefficient, K' [MPa] 443 
Fatigue strength exponent, b -0.0695 
Fatigue strength coefficient, cr'r [MPa] 485 
Fatigue ductility exponent, e -0.827 
Fatigue ductility coefficient e'r O. 773 

Figure 3 presents the physical model considered in the 
numerical analysis. A 2D analysis along with a plane 
stress state were assumed. Only a quarter part of the 
geometry was analysed, considering the symmetry 
conditions represented. The boundary conditions at the 
head of the specimen intended to simulate the 
constraints imposed by the grips of the loading 
machine. A crack length a=5.78 mm and a sinusoidal 
loading with stress ratio R=0.05 were considered on the 
constant amplitude tests. Table 2 presents the mean 
stress (crmcan) and stress amplitude (~cr/2) for the 5 load 
cases analysed. In this study the crack length was 
maintained constant and the variation of ~K was 
achieved changing the load cycle. Thc elastic-plastic 
behaviour was studied assuming Von Mises yield 
criterion, incremental plasticity rule and largc strains. 
The cyclic stress-strain curve, obtained experimentally, 
was used. Geometric nonlinearity was considered to 
account for the severe defommtion around the crack 
tip. The elastic prope11ies considered for the aluminium 
alloy being studied were: E=74000 MPa and v=0.33. 

This model was analysed using MARC, a commercial 
finite element package [17]. Quadrilateral and 
triangular isoparametric e1ements with 8 and 6 nodes, 
respectively, and a full integration were considered. 
Figure 4 presents a detail of one of the finite element 
meshes used. The entire mesh inc1uded about 4700 
elements and about 13800 nodes. lteration to the 
correct solution of the nonlinear equations at each step 
was carried out according to the Newton-Raphson 
method, which is based on the tangent stiffness matrix. 
Crack extension was achieved releasing the boundary 
conditions of crack tip nodes. The crack increment had 
a value equal to mesh size at the crack tip and the 
number of increments was such that the end of first 
monotonic crack tip p1astic zone was attained. The 
objective was to stabilise the behaviour in terms of 
closure. The crack closure stress was defined as the 
stress leve! at which the nodes along the crack faces 
first make contact. In order to obtain accurate opening 
and closure values, a relatively large number of steps 
was considered. Typically the total number of load 
steps between mínimum and maximum applied stress 
was set to 200. Besides, if no contact exists at step 590 
but exists at step 591, for example, the contact was 
assumed to occur at step 590.5 to rninimise the error. 

50 ll2a 

50 200 50 .. ¡ 

Fig. 2. Middle-Tension, M(T), specimen. 

Fig. 3. Physical model for the M(T) specimen. 

Table 2. Constant amplitude load tests. 
Load Cimc•n ~cr/2 ~K 
case [MPa] [MPa] [MPa.m 1 2

] 

1 29.27 26.49 2.5 
2 50.4 45.6 4.24 
3 70.27 63.75 6 
4 93.69 84.77 8 
5 117.12 105.96 10 
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Fig. 4. Detail of the finite element mesh. 

3. RESULTS 

The first aspect studied was the hardening rule. A 
cyclic load with R,¡=-1 was applied to a cylindrical 
geometry made of aluminium alloy 6082-T6, the 
material being studied. A good agreement was 
observed between numerical predictions of stress-strain 
curve obtained with kinematic rule and experimental 
results, therefore that hardening rule was considered for 
the material. 

Figure 5 shows the values of U (equation 3) obtained 
with different mesh sizes for load case 3 (table 2). For 
relatively high mesh sizes, a reduced closure (high U) 
was observed. This is explained by the incapacity ofthe 
elements to simulate the elastic-plastic behaviour at the 
crack tip. Therefore these sizes are too large and 
smaller elements must be considered. On the other 
hand, an irregular behaviour was observed for 
relatively low sizes. However, as long as the model is 
fine enough to capture the plastic deformation near the 
crack tip, the size of near crack tip elements should not 
greatly affect the closure levels [5]. Further studies are 
needed to understand exactly what is happening. The 
optimum size is probably ~a*== rp.c or even larger, 
therefore slightly larger that that proposed by Parks et 
al [6]. This could be expected because 8-node 
isoparametric elements were used in this work, while 4-
node elements were used in [6]. For the optimum size 
the numerical closure level is higher than experimental 
values. Since the experimental results are average 
values, the opening load can be expected to be lower 
than that occurring at smface, as crack closure is 
mainly a surface phenomenon. However, the reduced 

thickness of the specimen (3 mm) indicates that plane 
stress state is probably dominant. The numerical results 
were obtained assuming a plane stress state, therefore 
an higher level of numerical crack closure can be 
expected. This reinforces the importance of assuring 
that experimentally results are effectively comparable 
to numerical ones. A behaviour similar to that 
presented in figure 5 was observed for other loads when 
U is plotted versus ~a*/rp,co This indicates that the 
influence of mesh size is related with the adequate 
simulation ofreversed plasticity. 

l. O 

0.8 

:::!: 0.6 
::> 

0.4 

0.2 

0.0 

o 

Experimental 

- Close (1st cycle) 
-o- Open (1st cycle) 
-e- Close (2nd cycle) 
-o- Open (2nd cycle) 

Pnnx -/\~-~7\-~7\-

Pmn~lVJ/J_\j_1_ 

2 

~KBL=6 MPa m
112 

R=0.05 

3 4 

~a*/rp,c 

Fig. 5. Influence of mesh size (crack growth at 
maximum load). 

Figure 5 also shows the influence of considering a 
second load cycle without crack increment. The closure 
values after release at maximum load are too high, i.e., 
U is too low. As have already been discussed, this can 
be explained by exaggerated plastic deformation near 
the crack tip, which is eliminated with unloading up to 
mínimum load. The second load cycle gives U values 
slightly higher than the opening level obtained on the 
first cycle. The difference between experimental and 
numerical crack opening values (2"d cycle) is about 9%. 
Notice that the experimental technique used measures 
the opening load. Wei et al [ 14] studied a CT specimen 
with 1 O mm thickness and found differences within 10-
15% when plane stress numerical data was compared 
with near-tip strain gauge output and plane strain 
results were compared with back face strain values. 

Figure 6 presents the values of U obtained releasing the 
nodes at maximum and mmmmm load. The 
exaggerated values of closure observed after crack 
growth at maximum load were eliminated releasing the 
nodes at mínimum node. The crack opening load during 
the second load cycle is also affected by the node 
release scheme and differences up to 8.5 °1o were 
observed. The closure of mid-side nodes is not being 
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simulated which can explain these differences and also 
the irregular behaviour observed in figure 5 for small 
mesh sizes. Therefore further numerical studies are 
needed to force the closure of mid-side nodes and 
check its influence on closure levels. Apparently a 
better agreement with experimental results can be seen 
when cmck increment occurs at minimum load. 
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Fig. 6. Influence of node release scheme. 

Figure 7 compares numerical and experimental results 
obtained for different constant amplitude loads. The 
numerical predictions are opening load levels obtained 
for the second cycle, considering mesh sizes with 
Lla*zrp.c· A reasonable agreement can be found at 
relatively high values of LlK. At low values of LlK the 
leve! of closure obtained numerically is clearly lower 
(higher U) than that determined experimentally. This 
can be explained by roughness-induced cmck closure, 
which is not modelled in the numerical analysis. 

Finally, figure 8 presents the comparison between 
numerical and experimental crack opening results 
obtained for a 50°,.o single tensile overload. The 
overload was applied at LlK-constant - loading 
conditions (LlK =6 MPa m1 2 and R=0.05). Details of 
the experimental results can be found in previous work 
[ 18]. 

Figure 8 shows that prior to the overload the 
experimental crack closure measurements are relatively 
stable. Upon application of the overload, U rapidly 
increases followed by a decrease to a mínimum value 
and by a gradual increase towards the baseline leve!. It 
is clear from this figure that the finite element 
predictions show basically the same trend as the 
corresponding experimentally observed crack closure 
response. lt is important to notice that the decrease in U 
predicted by the finite element analysis is not 
immediate after the overload application. This is in 
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Fig. 7. Comparison between numerical and 
experimental crack opening results for constant 
amplitude loading (R=O.OS). 
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Fig. 8. Comparison between numerical and 
experimental cmck opening results for a 50°/o single 
tensile overload (R=O.OS ). 

accordance with the delayed retardation behaviour 
generally observed on the crack growth rate transients 
[3, 18]. However, the finite element analysis does not 
predict the initial brief acceleration phase 
experimentally observed. This is not surprising, 
because the crack growth rate increase is mainly due to 
the overload cycle itself. Additionally, as discussed 
previously for constant amplitude loading, the 
numerical crack closure is slightly higher than the 
experimental measurements. 
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4. CONCLUSIONS 

l. A reasonable agreement was found between 
experimental and numerical crack closure results, if the 
finite elements have a size Lla==rp.c near the crack tip, 
being rp.c the size of cyclic plastic zone. 

2. A reasonable influence of node release scheme was 
found. However, the closure of mid-side nodes has not 
been modelled and this can explain the differences 
observed. 

3. At low values of ilK crack closure obtained 
numerically is considerably lower than corresponding 
experimental values. This can be explained by the 
increase importance of roughness-induced closure near 
threshold, which was not modelled in the numerical 
analysis. 
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