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Abstract

The fatigue crack propagation in a friction stir‐welded sample has been simu-

lated herein by means of two 3‐dimensional finite element method (FEM)‐

based analyses. Numerical simulations of the fatigue crack propagation have

been carried out by assuming a residual stress field as a starting condition.

Two initial cracks, observed in the real specimen, have been assessed experi-

mentally by performing fatigue tests on the welded sample. Hence, the same

cracks have been placed in the corresponding FE model, and then a remote

load with boundary conditions has been applied on the welded specimen.

The material behaviour of the welded joint has been modelled by means of

the Ramberg‐Osgood equation, while the non‐linear Kujawski‐Ellyin (KE)

model has been adopted for the fatigue crack propagation under small‐scale

yielding (SSY) conditions. Owing to the compressive nature of the residual

stress field that acts on a part of the cracked regions, the crack closure phenom-

enon has also been considered. Then, the original version of the KE law has

been modified to fully include the closure effect in the analysis. Later, the crack

closure effect has also been assessed in the simulation of fatigue propagation of

three cracks. Finally, an investigation of the fracture process zone (FPZ) exten-

sion as well as the cyclic plastic zone (CPZ) and monotonic plastic zone (MPZ)

extensions have been assessed.
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1 | INTRODUCTION

In fatigue crack propagation, the material behaviour is
generally a function of several conditions such as the load
level, load history, stress ratio, stress and strain ampli-
tudes, environment, mixed‐mode loading, and small‐scale
or large‐scale yielding. For ductile materials, coalescence
of micro‐voids, plastic blunting, and re‐sharpening of
the crack tip are the main causes of crack extension per
cycle1.

Residual stresses substantially change the stress–strain
fields in the cracked region and can also induce fractures
in the contact surfaces during cyclic loading, which is
similar to the other contact mechanisms1-5. Ritchie and
Suresh have classified these contact mechanisms in
which the deformation at the crack tip decreases as zone
and contact shielding mechanisms6,7. The contact
shielding mechanism can be defined as a load transfer
between the crack faces, a load transfer that reduces the
cyclic deformation at the crack tip per load cycle6.

Elber8,9 was the first to discover plasticity‐induced
crack closure (PICC) by observing that the contact
between the crack faces takes place during the cyclic ten-
sile loading, which produces plastic deformations on the
crack flank, namely, the plastic wake. In the following
years, several other mechanisms of premature contact
between the crack faces were proposed: roughness‐
induced crack closures, oxide‐induced crack closures,
and phase transformation‐induced crack closures. Nowa-
days, even though many researchers have remarked on
the importance of crack closure, some papers have
doubted this concept10-12.

In the last four decades, several models for non‐linear
fatigue crack propagation have been proposed by
researchers in attempts to analytically reproduce the
experimental behaviour of cracked samples. In their stud-
ies, these researchers have used a range of methods from
a simple tensile loaded plate to more complex structural
components under both uniaxial and mixed‐mode load-
ing conditions. Huffman13, Shi et al,14 Kujawski and
Ellyin15,16, Li et al,17 Noroozi et al,18 Song et al,19 Tong
et al,20 and Akhtar et al21 are some of the researchers
who have studied the fatigue behaviour of cracked com-
ponents under uniaxial or multiaxial non‐linear loading
conditions. In some cases, the effect of the mean stress
on the fatigue crack behaviour was also assessed16,22.
The results obtained by these authors have clearly shown
the effectiveness of these analytical models.

The numerical approach proposed in this work has
been tested to simulate the fatigue crack propagation in
a friction stir‐welded specimen. The residual stress field
obtained from the simulation of an elastic–plastic friction
stir welding (FSW) process has been adopted as the initial
2

stress scenario for fatigue crack propagation23. For the
sake of brevity, a complete description of the FSW process
has been omitted because it was already well explained in
previous works24-27. Furthermore, an assessment of the
propagation life of the same friction stir weldment has
been previously carried out adopting by linear elastic
fracture mechanics (LEFM).24,25

As the small‐scale yielding (SSY) condition is both at
the basis of LEFM and at the basis of non‐linear fracture
mechanics (NLFM), the SSY condition can be also consid-
ered as an extension of LEFM28. Thus, the energy release
rate (ERR) can be considered as equivalent to the stress
intensity factor (SIF) because in the SSY, the equation
J = K2/E is still valid.

To avoid confusion in the present contribution, it is
worth noting that the crack closure effect has not been
produced by PICC along the crack flanks, but only by
the compressive state of the residual stress field, coming
from an elastic–plastic simulation of a previous FSW pro-
cess24-27, which acts on the flanks of a crack. Then, the
fatigue crack propagation has been simulated by means
of two commercial FE‐based software packages (Abaqus
and Zencrack) and the modified Kujawski‐Ellyin (KE)
fatigue propagation law for non‐linear problems in SSY
conditions. Hence, the fatigue propagation has been car-
ried out similar to an elastic analysis in which the plastic-
ity, developed during the crack propagation along the
crack flanks, has not been taken into account. Thus, also
other effects like oxide‐induced closure and roughness‐
induced closure have not been considered in the numeri-
cal analysis.

However, differently by LEFM approach, in SSY
conditions, the material yielding is considered, and thus,
taking into account the Irwin theory in which a fictitious
crack extension used for estimating the plastic zone size,
aeff, and the corresponding effective SIF, Keff, can be
obtained28. Because the residual stress field is three‐
dimensional, in the KE non‐linear law for fatigue crack
propagation, an equivalent range of the SIF, ΔKeff, has
been adopted.

Furthermore, the KE model is considered based on the
concept of a fracture process zone (FPZ), a small region
ahead to the crack front, that is called the “plastic zone,”
in which the stable growth process is substantially associ-
ated with a yielding15.
2 | MATERIALS AND METHODS

This section describes the approach developed in this
paper. As the determination of the J‐integral, in finite ele-
ment (FE) codes, is based on the domain integral method
in contour integral evaluation, which was initially



FIGURE 1 Ramberg‐Osgood stress–strain curve for AA2024‐T3

[Colour figure can be viewed at wileyonlinelibrary.com]
suggested by Parks29,30 and further developed by
DeLorenzi,31,32 and the domain integral is based on the
amount of energy applied to a finite region of elements,
the effect of stress discontinuities or any other numerical
inaccuracy of the local field quantities is less. Further-
more, this method is considerably robust, and precise
values can also be obtained using relatively coarse
meshes. As the J‐integral is also defined in terms of
ERR associated with a fictitious advancement of small
cracks, the domain integral method is also known as
the “virtual crack extension” (VCE) method.28

To advance the crack, Zencrack33 works with contour
integral evaluation and the VCE method. Thus, to make
the fatigue calculation, it is not necessary to apply a cyclic
remote load but only a static load up to its maximum
value. Furthermore, in constant amplitude loading, the
R‐ratio is used for calculating the minimum SIF and then
ΔK. With this approach, the unloading of the specimen
never occurs, and the material behaviour is non‐linear.

Then, two cracks are introduced in the uncracked FE
model by means of the constrained crack faces technique
(CCFT)23,24. By adopting this technique, such defects can-
not be considered as “cracks” because of the enforcement
of the material continuity due to the application of con-
tact constraints preventing the interpenetration and
mutual displacement of the crack faces. Thus, the
“cracked” FE model is equivalent to the uncracked one.
A residual stress field is introduced in the FE model
and employed as an initial stress condition in the fatigue
crack propagation24. Before carrying out the simulation
related to the fatigue crack propagation, the contact con-
straints, previously imposed on the crack faces, have to be
removed by allowing the residual stresses to be
redistributed, thereby leading to a new equilibrium con-
dition24. In other words, the contact constraints imposed
on the crack faces must first be removed, and then a
fatigue load can be applied on one side of the specimen,
while some constraints that prevent displacements along
the three directions of the global reference system have
to be applied on the other side.

To increase the accuracy, the crack growth simulation
is divided into two distinct steps. The first spans up to
when one of the cracks named “the central crack”
becomes through‐thick, namely, when only two crack
fronts are modelled. The second step initiates starting
from the through‐thickness crack, namely, when three
crack fronts are modelled. The overall fatigue crack prop-
agation spans until the number of cycles provided by the
experimental test is matched. Hence, two crack growth
simulations are carried out using the KE model consider-
ing a non‐linear behaviour for the material under the
hypothesis of SSY. The material adopted in the present
simulations is the AA2024‐T3, which is modelled
3

accordingly to Ramberg‐Osgood equation (1) and
obtained from the true stress–strain curve shown in
Figure 123.

ε ¼ σ
E
þ 0:002

σ
σ0

� �1=n

; (1)

where n = 0.09116 is the strain hardening coefficient,
E = 70 000 MPa is the Young modulus, and σ0 is the ten-
sile yielding strength of the material.
2.1 | Geometry, loads, and boundary
conditions

The same geometric model adopted to obtain the residual
stress field23 has been used for the numerical fatigue
crack propagation (see Figure 2). The fatigue load
(24 kN) is applied with a uniform distribution of tractions
on the upper surface of the specimen (100 MPa), with an
R‐ratio equal to 0.1 (Figure 2).

Hence, the residual stress field is imported into the
model for fatigue crack propagation, while the constraints
previously imposed on the crack faces are removed,
thereby allowing the cracks to open (Figure 3).

In this way, the residual stresses can be redistributed
before the simulation of the crack growth24. Furthermore,
such a redistribution involves the whole domain. In a fol-
lowing step, the fatigue load is applied on the specimen,
and the simulation of the crack growth can initiate. This
part of the simulation is driven by the non‐linear propa-
gation law introduced in the model. Finally, the simula-
tion of the crack propagation is concluded once the
expected number of cycles is reached from the experi-
mental test.

http://wileyonlinelibrary.com


FIGURE 2 Model geometry of the specimen with the boundary and loading conditions highlighted [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 3 Crack positions and dimensions with highlighting of some details of the lateral crack [Colour figure can be viewed at

wileyonlinelibrary.com]
Furthermore, it can be observed that when the remote
load is applied to the welded joint, a stress state is gener-
ated. Such a stress and the residual stress are distributed
throughout the domain. The sum of these two stresses
represents the overall stress over the component.
3 | NON ‐LINEAR MODIFIED KE
LAW FOR FATIGUE CRACK
PROPAGATION

A material obeying the following cyclic stress–strain rela-
tionship is considered:
4

σ ¼ Eε for σ < σ0; (1a)

σ ¼ σ0 ε=ε0

� �
for σ ≥ σ0; (1b)

where σ0 = Eε0 is the tensile yield strength; the maximum
cyclic stress and strain components normal to the plane
of the crack growth within the monotonic plastic zone
(MPZ) can be rewritten as follows:

σmmax ¼ σ0
K2

max

1þ n′ð Þπσ20x:
� � n′

1þn′ð Þ;
(2)

http://wileyonlinelibrary.com
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εmmax ¼ ε0
K2

max

1þ n′ð Þπσ20x:
� � 1

1þn′ð Þ;
(3)

where n' is the cyclic hardening exponent and x is the
distance from the crack tip. In order to consider the cyclic
plastic zone (CPZ), the cyclic yield strength, σ′y; needs to

be taken into account. Then, the maximum cyclic stress
and strain components, which are normal to the plane
of the crack growth within the CPZ, can be written as
follows:

σcmax ¼ σ′y
K2

max

1þ n′ð Þπσ′yδ*:

( ) n′

1þn′ð Þ;
(4)

εcmax ¼ ε′y
K2

max

1þ n′ð Þπσ′

yδ
*:

( ) 1

1þn′ð Þ:
(5)

Similar to x, δ* is a length in the crack extension direc-
tion, called the FPZ, in which the majority of the damage
is experienced by the material,11 while n' and σ′y are the

same parameters just described. The MPZ size at the max-
imum load, rm, and the CPZ size, rc, can be expressed as
follows:

rm ¼ 1
1þ n′ð Þπ

Kmax

σ0

� �2

; (6)

rc ¼ 1
4 1þ n′ð Þπ

ΔK
σ′y

 !2

: (7)

In the unmodified version of the KE model, δ* is
written as

δ* ¼ ΔK2
th

4πEε′f 1þ n′ð Þ σ′f − σm
� 	

:
; (8)

and this value is set as a constant representing a material
length parameter. In this work, another expression of δ*

was used and reported in Equation (9), as proposed by
Li et al17:

δ* ¼ ΔK2 − ΔK2
th

� 	
πEσ′y
� � ; (9)

where δ* is now a parameter depending on the driving
force of the stress–strain field, ΔK.

To account for crack blunting effects, a critical crack
blunting radius, ρc, is introduced, which is associated
5

with ΔKth. Furthermore, ρc can be expressed according
to the concept of the crack opening displacement as

ρc ¼
ΔK2

th

πEσ′y
� � ; (10)

and the cyclic yield strength, σ′y, is described in Equa-

tion (11) as proposed by Jing et al34:

σ′y ¼ 1þ xð Þ*σu* −0:002=log 1−xð Þ:
n o0:16

; (11)

where σu is the ultimate strength and x = 0.203 is the
reduction in the area (material reference: Boller and See-
ger). Then, material and low‐cycle fatigue properties are
reported in Table 1,23 where ΔKth is the threshold value
of SIF, E is the Young modulus, υ is the Poisson ratio,

σ′

f is the fatigue strength coefficient, ε′f is the fatigue duc-

tility coefficient, and b and c are the fatigue strength
exponent and the fatigue ductility exponent, respectively.

Zencrack calculates the ERR after that it makes a con-
version to K. The conversion factor ( f conv) can be
expressed with Equation (12):

f conv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E 1 − υ2ð Þ

p
(12)

and it is applied to Equation (13) to calculate the SIF fac-
tor range, ΔK, as follows:

ΔK ¼ Δ
ffiffiffi
J

p
: f conv: (13)

Finally, the fatigue crack growth (FCG) law for non‐
linear materials can be written as follows:

da
dN

¼ 2δ*
ΔK2−ΔK2

th

� 	
4 1þ n′ð Þ σ′f−σm

� �
πEε′f δ

*:

8<
:

9=
;

1=β

; (14)

where β = −(b + c) and σm is the local mean stress. It is
important to underline that the proposed FCG law,
shown in Equation (14), is based also on the effect of
the local mean stress, which can be written as follows15:

σm ¼ 1þ Rsð Þ
2

� �
*σmax; (15)

where the stress ratio, Rs, is not generally coincident with
the stress ratio, R, which is linked to the remote tensile
load, and it depends on the distance from the crack
front15. Thus, σm changes within the plastic zone. In this
work and for the sake of brevity, the calculation of the Rs

values is referred to the literature.



TABLE 1 Material and LCF parameters (AA2024‐T3)

ΔKth, N/mm3/2 E, N/mm2 υ σ′y, N/mm2 σ′f , N/mm2 ϵ′f n' b c

52 72 000 0.33 320 835 0.174 0.109 −0.096 −0.644

Abbreviation: LCF, low‐cycle fatigue.

FIGURE 4 Residual stress profiles evaluated on the section

containing the central crack [Colour figure can be viewed at

wileyonlinelibrary.com]
3.1 | The closure correction

Huffman35 identified ΔKtot expressed by means of Equa-
tion (16) as a ΔKeff in Equation (17). Then, the closure
correction is introduced into the KE law by means of
Equations (16) and (17).

ΔKtot ¼ ΔKapll 1 −
σ0:05 − σ0ð Þ

σ0:05

� �
1 − Rð Þ

� �
; (16)

ΔKeff ¼ ΔKtot; (17)

where σ0.05 is the stress value corresponding to ε = 0.05,
on the true stress–strain curve shown in Figure 1,35 and
σ0 is the material yield strength while ΔKappl is the cur-
rent ΔK obtained from the J‐integral conversion by using
of Equation (13). Based on these equations, the closure
term, Ucl, can be expressed as follows:

Ucl ¼ ΔKeff

ΔK
: (18)

In the previous literature, it has been experimentally
shown the effect of the R‐ratio in the near‐threshold
regime and that ΔKth must be corrected to have an effec-
tive stress intensity range ΔKth,eff, able to fully consider
the crack closure effect. Thus, using Equation (18), the
ΔKth,eff can be derived and expressed as follows:

ΔKth;eff ¼ ΔKth*Ucl: (19)

The above equations have been all introduced in the
code to obtain automatically the closure parameters dur-
ing the crack growth in a similar way to the other param-
eters of fatigue crack propagation. Finally, considering
ΔKth,eff described in Equation (19), Equations (9) and
(10) can be rewritten as follows:

δ* ¼
ΔK2 − ΔK2

th;eff

� �
πEσ′y
� � and (20)

ρc ¼
ΔK2

th;eff

πEσ′y
� � : (21)

Then, the FPZ will be the sum of δ* + ρc that is reported
in Equations (20) and (21).
6

4 | RESULTS AND DISCUSSION

4.1 | Thermal‐stress analysis

The model used for the calculation of the residual stress
field and for fatigue crack propagation has the same num-
ber of linear elements (111 887, C3D8) with 115 001
nodes. The longitudinal residual stresses have been
obtained from an elastic–plastic analysis for the simula-
tion of the FSW process36,37. Points A1, B1, C1 and A2,
B2, C2 positioned along the fronts of the lateral and cen-
tral cracks, respectively (Figure 5), are used for measuring
the crack's advancement during the propagation. Hence,
points C1 and C2 are positioned at the middle of the lat-
eral and central crack fronts, respectively, while measur-
ing points A1, A2 and B1, B2 are related to the
intersection of the crack fronts with the free surfaces of
the specimen.

In the welded specimen, the equilibrium condition is
achieved by combining the stresses in the areas immedi-
ately surrounding the weld bead. This peculiarity of the
welding process can be clearly distinguished from the
observation of the residual stress distribution shown in
Figure 4, where the numerical and experimental residual
stress profiles are reported in the midline of the thickness,
at the end of the releasing step, and for the uncracked
model configuration23,27.

http://wileyonlinelibrary.com


FIGURE 5 Principal stress along the X‐direction (MPa) with highlighted cracked regions [Colour figure can be viewed at

wileyonlinelibrary.com]
It is worth noting that the residual stress field obtained
from the elastic–plastic simulation of the FSW process is
reported only in the longitudinal direction of the speci-
men because the corresponding experimental results are
calculated by using the contour method27.
4.2 | The non‐linear KE model with
closure correction

The crack is modelled in such a way that the root of the
crack front can proportionally blunt the applied load.
Hence, the use of the VCE allows to carry out the crack
insertion through incremental steps. Each step is then
divided into two sub‐steps. In the first (substep0), the
constraints applied on the crack faces are removed, and
FIGURES 6 Growth rates of (A) points A1, B1, A2, B2 and (B) C2 ob

[Colour figure can be viewed at wileyonlinelibrary.com]

7

the redistribution of the residual stresses occurs. In
the second (substep1), the fatigue load is applied
(Figure 5).

In Figure 6A,B, the crack growth rates for the lateral
and central cracks, respectively, are shown. If the closure
correction is not applied, the lateral crack does not prop-
agate24; ie, all the nodes positioned along the crack front
do not exceed the threshold limit ΔKth, and this differs
from what happens in the experimental practice. This fact
is due to the compressive nature of the residual stress
field that prevents the lateral crack from opening. Thus,
a closure condition should be taken into account, and
then ΔKth should be corrected to have a ΔKth,eff. Further-
more, the value of ΔKth,eff will be lower than the starting
value of ΔKth so as to allow the lateral crack to open and
propagate38.
tained from the lateral and central crack propagations, respectively

http://wileyonlinelibrary.com
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Points A1, B1 and A2, B2 are related to the intersec-
tion between the free surfaces of the specimen and the
fronts of the lateral crack (Figure 6A). The central crack
depth, by means of the C2 point, is also shown in
Figure 6B.

Hence, two cracks propagate together inside the mate-
rial. As expected, the central crack grows quicker than
the lateral crack, and this behaviour is evident up to
when the central crack becomes through‐thick. After
about 1100 cycles of fatigue propagation, the central
crack becomes through‐thick, and its front can be divided
FIGURES 7 A and B, Principal stress distribution (MPa) in the

wileyonlinelibrary.com]

FIGURES 8 A and B, Principal stress distribution (MPa) in the

wileyonlinelibrary.com]

8

into two new crack fronts. In Figures 7A,B and 8A,B,
some pictures, at various steps of the central and lateral
crack fatigue propagation, are shown respectively.

In Figure 9, the growth rates for point A1 of the lateral
crack are shown. In this case, the overall rates of point A1

are reported, namely, the rates related to the fatigue prop-
agation with two and three crack fronts, respectively, by
using the technique explained in the works of Lepore
et al23,24 and Maligno et al.39 As previously stated, A1 is
a point obtained by the intersection of the lateral crack
front with the free surface of the welded sample.
cracked regions (X‐direction) [Colour figure can be viewed at

cracked regions (X‐direction) [Colour figure can be viewed at

http://wileyonlinelibrary.com
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FIGURE 9 Growth rates of point A1 for the overall propagation

of the lateral crack with two and three crack fronts, respectively.

KE, Kujawski‐Ellyin [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 11 Polar diagram of the monotonic plastic zone (MPZ)

in the near tip field for the lateral crack (first step with three cracks)

[Colour figure can be viewed at wileyonlinelibrary.com]
Figure 10A,B shows the principal stress distribution
(X‐direction of the global reference system) for the lateral
crack. Initially, both the lateral and central crack fronts
are modelled as sharp. However, a line of supplementary
nodes has been employed in the model given the possibil-
ity that the crack root is proportionally blunt with appli-
cation of the remote load27. Here, it is interesting to
observe a moderate blunting of the lateral crack front.
The upper bound of the scale is the yield strength
(306 MPa) of the adopted alloy AA2024‐T3.

Abaqus40 and Zencrack interact in each other in such
a way that fatigue propagation of the crack is obtained
by means of a series of incremental steps in which the
maximum value of the applied remote load is reached.
Then, the number of cycles is calculated by means of
the fatigue law introduced in Zencrack with an external
FIGURES 10 Principal stress distribution (MPa) along the X‐direction

(B) and related to the first step of fatigue crack growth with three crack

9

FORTRAN routine. Figure 11 shows the MPZ in a polar
diagram obtained from the FEM‐based analysis at the
crack insertion. The dimensions of the MPZ are clearly
highlighted within the polar diagram, in which the exten-
sion of that zone is plotted as a periodic function.
4.2.1 | An assessment of plastic zones

In this section, a comparison among the FPZ, CPZ, and
MPZ that are related to the KE model with and without
the closure correction, for the case with two cracks, is
shown for the lateral and central cracks, respectively.
These quantities are calculated by means of the external
routine with analytical equations reported in Section 3.
As there are oscillations of these values calculated along
the crack fronts then, in Figures 12, 13, and 14, all the
for the lateral crack (A) with highlighting of the lateral crack zoom

fronts [Colour figure can be viewed at wileyonlinelibrary.com]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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FIGURE 12 A, Mean values of the fracture process zones (FPZs)

for the lateral crack. B, Mean values of the FPZs for the central

crack. KE, Kujawski‐Ellyin [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 13 A, Mean values of the cyclic process zone (CPZ) for

the lateral crack. B, Mean values of the CPZ for the central crack.

KE, Kujawski‐Ellyin [Colour figure can be viewed at

wileyonlinelibrary.com]
values of process zones are reported as the mean values
along the fronts, and for each step of the crack propaga-
tion. It is worth noting that the reported values of the
FPZ are the sum of ρ* + ρc, ie, the lengths of the FPZ
and the crack blunting radius at θ = 0. Furthermore,
the term for the closure correction, Ucl, and calculated
at the first step of fatigue crack propagation is equal to
0.87 and 0.48 for the central and lateral cracks,
respectively.

In Figure 12A,B, the mean values of the FPZ for each
step of the grown crack are reported. These values of
the FPZ, which are obtained considering the KE model
with closure correction, are higher than the respective
values obtained without closure correction. This result is
consistent with Equation (20) and the results reported
by Blom et al.38 Then, as expected, for each node of the
crack fronts, the length of the blunt crack has a constant
10
value during all the fatigue crack propagations, using the
model either with or without closure correction. These
values are equal to 3.66E−5 mm for the KE model with-
out closure correction and 1.23E−5 mm for the model
with closure correction.

In Figure 13A,B, the mean values of the CPZs for the
lateral crack are shown. As expected, the use of ΔKth,eff
produces an increase effect on the CPZ length of the lat-
eral crack where the compressive residual stresses act,
while it is expected that the length of the plastic zone
does not change for the central crack where the residual
stresses are traction (Figure 13B).

In Figure 14A,B, the comparison between the MPZs
confirms that closure phenomenon produces an increase
of the plastic zone length for the lateral crack, while for
the central crack, the length of the MPZ does not changes
with the growing crack. It is worth noting that because of
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FIGURES 14 Mean values of the monotonic process zone (MPZ): A, for the lateral crack; B, for the central crack. KE, Kujawski‐Ellyin

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 15 Comparison between the A2 (A) and C2 (B) growth rates related to the central crack for the Kujawski‐Ellyin (KE) model with

and without closure correction [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 16 Comparison between the numerical and

experimental growth rates for the lateral crack propagation before

(green) and after (orange) the central crack becomes through‐thick.

KE, Kujawski‐Ellyin [Colour figure can be viewed at

wileyonlinelibrary.com]
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the FORTRAN routines introduced in Zencrack for the
KE model with closure correction, the ΔKth,eff is applied
to the propagation of either the lateral or central crack.
However, the same happens when ΔKth is applied to the
KE model without closure correction.
5 | CRACK GROWTH RATE
COMPARISON

In Figure 15A,B, the comparison between the growth
rates for points A2 and C2 (see Figure 5) of the central
crack is shown. In this case, a satisfactory agreement
between the numerical data related to the KE model
without the closure correction cannot be found. The KE
model with closure correction shows an increase of the
growth rates because the length of the FPZ is greater than
what is obtained without considering closure correction.
Then, a larger FPZ results in greater damage, thus
resulting in fewer cycles to arrive at the estimated end
point of fatigue crack propagation.
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In Figure 16, the comparison between the numerical
and experimental results for the lateral crack is
highlighted. Three experimental points were obtained
during the experimental test26,27 by means of two crack
gauges located near the lateral crack front26,27. Thus,
Figure 16 is related to a condition of the sample in which
the lateral crack has propagated by 2.50 mm. This condi-
tion corresponds to the beginning of the central crack
propagation. Then, the graph shown in Figure 16 refers
to the lateral crack propagation before and after the cen-
tral crack becomes through‐thick by using the KE model
with closure correction. Such a model is adopted for
growing two and three crack fronts, respectively. By
observing Figure 16, it is noted that a good agreement
between the numerical and experimental results can be
found. For the sake of completeness, Figure 16 also shows
the growth rates of the point related to the linear
analysis24.
6 | CONCLUSIONS

In this work, the residual stress field obtained by the
numerical simulation of an FSW process has been
employed as the starting condition to assess the fatigue
propagation of three‐dimensional cracks in a friction
stir‐welded component. All the simulations have been
carried out by using FEM‐based commercial software.
The non‐linear material behaviour has been modelled
by means of the Ramberg‐Osgood equation. Hence, the
KE non‐linear model for fatigue crack propagation has
been taken into account in SSY conditions. Furthermore,
the crack fronts have been modelled to consider the
blunting effect. Then, two different fatigue crack propaga-
tion simulations have been carried out based on the KE
law with and without closure correction. Initially, only
two cracks have been introduced in the welded sample,
while at the end of the fatigue crack propagation, three
overall cracks have been considered in the welded com-
ponent. Furthermore, an assessment of the plastic zone
extension for the KE model with and without the closure
correction has been performed, and a comparison
between the experimental and numerical crack growth
rates of the lateral crack has been carried out, showing
a satisfactory agreement.

The main conclusions produced by this study can be
summarized as follows:

• A residual stress field coming from the simulation of a
FSW process has been assumed as an initial stress
condition.

• The KE model for the fatigue crack propagation has
been implemented in the numerical FEM‐based
12
analysis by assuming non‐linear material behaviour
with and without crack closure correction.

• The assessment of the extension of FPZ and cyclic and
MPZs has been carried out by using the KE model
with and without crack closure correction,
respectively.

• A satisfactory agreement between the numerical and
experimental crack growth rates for the lateral crack
has been found.
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