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Abstract. Welded joints are sensitive to fatigue failure due to cyclic loading, as well as fatigue crack
propagation influenced by the distribution of welding residual stress. In this study, the fatigue crack propagation
rates in butt-welded joints for 304 stainless steel sheets were evaluated in the presence of welding residual
stresses. The analysis consisted of two separate models: first, a 3D-finite element (FE) model was used to predict
the residual stresses due to welding; second, a numerical study was undertaken to predict fatigue crack
propagation in the presence and absence of residual stress using the extended finite element method (XFEM).
The crack growth model (NASGRO) and available experimental data were applied to verify the simulation
results. The XFEM without residual stress effects shows good agreement with the experimental data and the
NASGRO model. However, in the presence of residual stress, the simulation results show less agreement with the
NASGRO model. The level and the nature of residual stress have significant effects on crack growth. A faster
crack propagation rate is recognized due to the effect of tensile residual stress at the crack tip, while a higher

resistance to crack growth is developed due to a compressive residual stress field.

Keywords: Fatigue crack growth / welding residual stress / extended finite element method /

stress intensity factor / stainless steel

1 Introduction

Assessment of welded joints is based on numerous factors
such as weld geometry; loading type and, residual stress
which can produce an extensive impact on the fatigue
performance of welded components [1]. Residual stresses
can arise due to non-uniform plastic strain distribution in
the welded zone caused by the difference between heating
and cooling rates during the welding process. While
residual stresses may be relieved in small-scale structures,
they play a significant role in the fatigue performance of
welded joints and should be considered in the joint design
[2]. Tensile and compressive residual stresses often occur
together in welded structures. For a free external load, the
tensile residual stress is self-balanced by compressive
residual stress. Tensile or compressive residual stresses
may be executed on the crack tip due to the effect of crack
length. Subsequently, the fatigue crack growth rate may
increase due to tensile residual stress and decrease due to
compressive residual stress [3].

* e-mail: aelmegharbel@eng.psu.edu.eg

Many researchers have studied residual stress redistri-
bution by crack growth and its influence on fatigue crack
growth when the crack orientation was perpendicular to
the welding line. Lee et al. [4] used two techniques (hole
drilling and magnetizing stress indication) and observed
that the longitudinal residual stress decreased by increas-
ing the notch length. Sutton et al. [5] determined
longitudinal residual stress experimentally using the cut-
compliance method, and concluded that by growing the
crack into the weld region, the crack was arrested due to the
high compressive residual stress. Liljedahl et al. [6]
explored the progression of residual stresses with crack
growth for compact tension (CT) and middle tension (MT)
specimens using a neutron diffraction technique. They
detected that at the crack tip, the residual stress increases
as the crack grows.

Zhu and Jia [7] suggested a novel method to study the
influence of residual stresses on fatigue crack growth
according to the cavity diffusion theory. Residual stresses
were restrained using the X-ray diffraction technique. It
was concluded that the neglected redistribution of residual
stresses would overestimate the crack growth rate and
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Fig. 1. (a) Dimensions of the geometrical model, (b) relationship between fatigue crack growth and energy release rate.
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Table 1. Thermal and mechanical properties of 304 stainless steel [13].

Temperature Thermal Density  Specific  Young’s  Yield Poisson’s  Thermal
(c)y conductivity  (kg/m®) heat modulus  stress ratio expansion
(W/m."C) (J/ke’C)  (GPa)  (MPa) coefficient
1/°C)
0 14.6 7900 0.462 198.5 265 0.294 1.70E-05
100 151 7880 0.496 193 218 0.295 1.74E-05
200 16.1 7830 0512 185 186 0.301 1.80E-05
300 17.9 7790 0.525 176 170 0.31 1.86E-05
400 18 7750 0.54 167 155 0318 1.91E-05
600 20.8 7660 0577 159 149 0.326 1.96E-05
800 239 7560 0.604 151 91 0.333 2.02E-05
1200 322 7370 0.676 60 25 0.339 2.07E-05
1300 337 7320 0.692 20 21 0.342 2.11E-05
1500 120 7320 0935 10 10 0.388 2.16E-05

therefore lead to a more conventional result. Ferro et al. [8]
proposed a model to evaluate the effect of residual stresses
on the fatigue life of butt-welded joints by considering the
influence of fatigue loading on the redistribution of residual
stress. They found that the fatigue loading amplitude
affects the performance of the residual stresses.

The extended finite element method (XFEM) has been
used extensively in recent studies to help alleviate the
limitations of the finite element (FE) method. The XFEM
was used to model the propagation of various disconti-
nuities, such as crack growth analysis without the need for
re-meshing, and also to calculate the stress intensity factor
[9]. Elshrief et al. [10] studied the influence of welding
residual stress and crack orientation on determining the
stress intensity factor for butt steel joints using the XFEM.
Ranjan Mishra et al. [11]used the XFEM for the fatigue-
cracking behavior of piezo-electric structures under cyclic
thermal-electrical-mechanical loads. Abdullah et al. [12]
presented the first approach to model crack propagation
and assess the structural integrity of cracked composite
plates under the aeroelastic condition coupled with XFEM.

There are few numerical studies on fatigue propagation
prediction in a residual stress field using 3D-XFEM for
stainless steel. Therefore, we aimed to simulate fatigue
crack growth in 304 stainless steel before and after welding,
under a cyclic fatigue load, taking into consideration
residual stress distribution.

2 Finite element modeling of welding residual
stress

A full-scale, 3D-FE model for two 304 stainless steel plates
of 300 x 200 mm with a 2mm thickness was created to
simulate welding, as illustrated in Figure la, using a
sequential thermo-mechanical numerical analysis. The
welding parameter preferred for this analysis are; welding
speed of 2.5 mm /s, welding current of 200 amperes, welding
voltage of 25 volts, and the convection heat transfer is
60 x 1079 W/ mm? K. The thermal and mechanical proper-
ties of 304 stainless steel dependent on temperatures are
listed in Table 1. First, thermal analysis was carried out to



E. El Shrief et al.: Manufacturing Rev. 8, 19 (2021) 3

estimate the temperature distribution by the heat transfer
analysis. It was performed on the transient thermal field
induced in the material by moving the heat source. Next,
the temperature field was used as a load in the mechanical
analysis to compute the mechanical distortion and residual
stress due to thermal strains. Welding residual stresses
were used in the fracture model to study their effect on
fatigue crack propagation.

3 Fatigue crack growth rate based on XFEM

The extended finite element method (XFEM) is a
numerical approach in ABAQUS software that is used
to examine fatigue crack growth using a combination of the
direct cyclic approach and linear elastic fracture mechanics
(LEFM). Generally, the propagation of a crack is
considered using Paris law as defined in equation (1). In
the XFEM, equation (2) is used to analyze the fracture
according to Griffith’s energy criterion [14], as shown in
Figure 1b.

da
2 cAK™ 1
= (1)
da
o AC 2)

where % is the fatigue crack growth rate, AK is the stress
intensity factor, and the energy release rate material
constants c¢; and ¢, depend on parameters ¢ and m of the
Paris formula and can be expressed as [14]:

cs=cE%* c¢4=m/2

(3)
The fatigue crack growth initiation is realized as [14]:

N

f= g >! @)
where ¢; and ¢, are constants that denote the beginning of
the fatigue crack growth and are usually kept at small
values such as 0.001 and zero, respectively; Nis the number
of cycles, and A G is the difference between the values of the
fracture energy release rate. As shown in Figure 1b, the
interface elements at the crack tips will not be released and
the cracks will not start to propagate unless the maximum
fracture energy release rate (Gun.x) is greater than the
threshold fracture energy release rate (Gipresn) and less
than the upper limit of the energy release rate (Gpy), i.e.,
Gthrosh < Gmax < Gpl‘

To study the influence of welding residual stress on
fatigue crack growth, the superposition method is applied,
where the total stress intensity factors from both welding
residual stress and externally applied load can be
superposed together [15].

Keff - Kapp + Kres (5)

The fatigue crack growth rate can then be rewritten as:

da_

o= (6)

cAK

From the superposition method under cyclic loading,
the total stress intensity factor range A K. and effective
stress ratio (R.g) can be calculated as follows [15].

AI{eff = (Kapp,max + Kres) - (Kapp.min + Kres) = AI{app

(7)

Kapp,min + Kres

R =
Kapp,max + Kres

®)

It is evident from equations (7) and (8) that the
effective stress ratio will frequently change as the crack
propagates due to residual stress, while the total stress
intensity factor for the residual and applied external
stresses K. does not need to be considered.

3.1 XFEM model geometry

In this study, a 3D-XFEM model was established based on
the same geometry displayed in Figure la. However, an
initial center through-thickness fatigue crack (2a) perpen-
dicular to the weld line crack was inserted to start the
fatigue crack growth. The XFEM model was used to
simulate the crack growth from the initial crack length
until the failure. Based on the XFEM, the crack domain is
defined as an enrichment region that includes the surface
crack and crack tip, to attain the condition that cracks can
grow in any direction.

3.2 Material definition

The definition of the basis of damage is an essential
parameter for completing the analysis. Consequently, for
damage initiation, the maximum principal stress failure
criterion was chosen. However, a mixed-mode, energy-
dependent damage evolution law was selected for damage
propagation based on the power-law criterion. The
mechanical properties of the investigated 304 stainless
steel and fracture toughness parameters were based on the
literature data [14]. However, the energy release rate
constants ¢z and ¢4 for different stress ratios R=0.1 and
R=0.25 were checked with reference to [16,17], respec-
tively, as these constants were not in [14]. The fatigue
properties are listed in Table 2.

3.3 Mesh design and boundary condition

The mesh design adopted in the sequential thermo-
mechanical analysis is recognized in the fatigue crack
growth simulation. The mesh size should be small enough
to capture exact stresses in the welding zone and at the
vicinity of the crack tip, however, a non-refined mesh is
used elsewhere, as shown in Figure 2a. In this study, a
linear diffusive heat transfer element (DC3D8) was used for
the thermal analysis, while (C3D8I) linear elements with
additional incompatible bending modes were used for
mechanical analysis to estimate residual stress. In the
XFEM model, linear hexahedron elements (C3D8R) were
used to model crack propagation. The fine mesh element
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Table 2. Material constants for Paris’ law and extended finite element method (XFEM).

Loading stress ratio (R)

Experimental constants

XFEM constants based on equation (3)

C m C3 C4
R =01 4.0e-12 3.1152 6.13299¢-4 1.5576
R =10.25 6.0e-12 3.0684 6.930e-4 1.5342
Weld line

Fig. 2. (a) Mesh design for thermo-mechanical and fatigue crack growth analyses; (b) loading and boundary conditions for fatigue

crack model.

size in the welding and crack zone was 1x 1 x 0.5mm,
while a 4.5 x 2.5 x Imm element size was used for the
coarser mesh. Between the fine and coarser meshes,
hexahedral elements with the bottom-up technique were
used to establish transitions in element size.

3.4 Loading and boundary condition

In respect of the XFEM, loading and boundary conditions
are presented in Figure 2b. For loading, a periodic load
defined as an amplitude function depending on loading
stress ratio R along the X direction is applied. For
boundary conditions, the loaded surface is controlled by
fixed displacement in two directions (U2=U3=0). The
opposite surface is restricted for all degrees of freedom
(U1=U2=U3=0), (UR1=UR2=UR3=0). The fixed
displacements for one direction (U3 = 0) are applied to the
symmetry surface plane. Ul =U2 = U3 demonstrate dis-
placement along the X, Y, and Z axes, respectively. URI,
UR2, and UR3 demonstrate rotations around the X, Y, and
7 axes, respectively.

3.5 Fatigue crack growth verification

Several relations were established for describing the fatigue
crack growth rate. The crack growth model (NASGRO) is
the most inclusive of the current crack growth models. In
this study, the NASGRO model was used to verify the
XFEM for fatigue crack growth rates at different load
ratios. The NASGRO model characterizes the most
complete crack growth law formulation, comprising stress

ratio (R) effects, the tails at the upper and lower ends of the

growth rate curve, and crack closure, which considers the

effect of plasticity [18]. The NASGRO equation is
AR

expressed as:
1-f "
AK, -
CN |:<1 - Reff> ff:| |:1 Kmax:| 1
KIC

The values cy, m, p, and q are empirical coefficients
that were determined to fit the growth rate curve; f
characterizes the crack closure function [19] and is
determined from the following formula:

1 AKw 1"
da _
dn

9)

f= max{ (R), (A°+A1.Reff+A2.Reff2 + A3.Reff3} if R>0
(10)

The coefficients Al are stated as follows:

Ay = (0.825 — 0.34cx + 0.050¢%) [cos (g SR)] o
Ay = (0.415 — 0.071x)SR
As=1— Ay — A — Ay

A3 = 2A0 + A —1

(11)

where « is the plain stress constraint factor and SR is the
ratio between the maximum applied stress and the flow
stress. AKy, is the threshold stress intensity range [19] and
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Table 3. Mechanical properties and parameters of the crack growth model (NASGRO) (MPa, MPa.m"?) for 304

stainless steel.

Cy m P q AK, Cin R « SR
1.1486 e-11 3 0.25 0.25 3.8 0.1 0.7 2.5 0.3
400 4.2 Fatigue crack propagation in absence of residual
g 300 —— Simulated stress stress
= In Figure 4, the XFEM model for non-welded material has
2 . . . . .
° . e Measured stress been verified using experimental and simulation data
8 200 [20] obtained by other researchers [16,17] for R=0.1 and 0.25,
ki respectively. In addition, the data were compared with the
S 100 results obtained from the NASGRO model. In the XFEM,
% the stress intensity factor values were calculated using the
= 0 fracture energy criterion, where the crack propagated along
£ 2 40 60 100 120 140 the element length beginning from the initial crack size
2 100 until failure. For the stress ratios R=0.1 and R=0.25, the
5 slopes of the XFEM are 2.98 and 3.068, respectively. When
- Q) comparing with the experimental results and the NASGRO
-200

Distance from weld line (mm)

Fig. 3. Comparison of measured and simulated longitudinal
residual stress responsible for Mode I of fatigue crack growth.

is obtained from the following equation:

—(1+Cw R)

1-f

AKy = AK, (1= Ag)(1 — Rur)

(12)

where A K| is the threshold stress intensity range and Cy, is
the threshold coefficient.

For constant amplitude loading, the parameter values
of the NASGRO model are according to [17] and are listed
in Table 3.

4 Results and discussion
4.1 Residual stress distribution

The residual stress distribution over the weld-joint was
obtained wusing the simulation and validated using
available previous experimental work [20] as shown in
Figure 3. There is good agreement between the measured
and numerical results. According to the numerical
simulation, the residual stress demonstrates a maximum
value of about 300 MPa at the weld line, and then it
decreases and creates compressive residual stresses away
from the weld region to self-balance. The deviation between
the predicted and measured residual stress may be a result
of experimental errors due to measurement accuracy, the
difference in plate dimensions, boundary conditions, or
the input temperature-dependent material properties in
the simulation.

model, it can be observed that the XFEM has a good
correlation for R =0.1 with a maximum difference of 4.3%
in the slope (m) and 18% in the intercept (C) of the Paris
law. For R=0.25, the maximum difference is 2.6% in the
slope (m) and 14.28% in the intercept (C) of the Paris law.

The von Mises stress distribution fields and the crack
propagation due to the effect of periodic load at R=0.1 are
presented in Figure 5. Figure 5a displays the beginning of
crack initiation; it is obvious that Mises stress concentrates
at the tip of the crack. The crack propagates significantly
along the symmetry plane of the model as shown in
Figures 5b and 5c. The crack propagation is shown in
Figure 5d, where the crack length is near the edge of the
plate. It is noticed that the plate is completely fractured at
5 % 10° cycles.

4.3 Fatigue crack propagation in the presence
of residual stress

Von Mises stress distribution is shown in Figure 6a, where
there is no crack in the plate and the plate is under the
effect of residual stress only. When the crack is inserted
perpendicularly on the weld line, the crack initiation starts
due to the combination of applying the cyclic load and
residual stress, as shown in Figure 6b. The peak of the
stress is seen in the vicinity of the crack tip; additionally,
the plate fails due to accelerated crack propagation. Von
Mises stress distribution is shown in Figures 6¢ and 6d
where the crack lengths propagate further. In the residual
stress field, the central symmetry region is more damaged
and the crack begins to deflect. By extending the model
cycles, it is noticed that the plate is completely fractured at
9 x 10 cycles.

The relationship between the fatigue crack growth and
the stress intensity factor at R=0.1 in the presence of
residual stress is shown in Figure 7. There is a notable
difference in crack growth rate behavior in the presence of
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Fig. 4. Fatigue crack propagation rate (da/dn) without residual stress field at different stress ratios (R): (a) R=0.1; (b) R=0.25.
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Fig. 5. The effect of applied load only (without welding) on the crack opening and von Mises stress distribution for different crack
lengths.
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Fig. 7. The relationship between fatigue crack growth and
effective stress intensity factor range through residual stress field.

welding residual stress. According to Figure 3, it can be
noticed that the tensile residual stress zone would end,
approximately, at a crack length a 20 mm i.e at section A—A
in Figure 7. So, a faster crack growth rate is obtained when
the crack is inside the tensile residual stress zone due to the
effect of high tensile K., and R.s Then, the crack
growth rate slows down propagates under the effect of
high compressive residual stress zone till a=40mm
(section B-B). Following section B-B, Figure 7, the values
of compressive residual stress raises again to balance tensile
residaul stress and the R.g has insiginificant effect. Then,

the crack growing continuous without the effect of residual
stress as defined in Figure 4.

Moreover, the XFEM residual stress field indicates less
correlation with the NASGRO model; this could be related
to the assumption of dissimilar boundary conditions
between the XFEM model and the mechanical model,
which results in tiny variations in the stress field.

5 Conclusions

Welding simulations and fatigue crack growth rates
through butt welded joints of 304 stainless-steel plates
were investigated using ABAQUS 3D XFEM to consider
the effects of residual stress. The results were verified using
experimental data and the NASGRO model. Based on the
results obtained, we conclude that:

— The XFEM can be successfully used to simulate fatigue
crack growth in 3D geometry. The XFEM model without
residual stress effects correlates well with experimental
data and the NASGRO model, while the XFEM in the
residual stress field displays less agreement with the
NASGRO model. Therefore, the NASGRO model gives a
better prediction of fatigue crack growth in the residual
stress field than the XFEM model.

Under cyclic loading, the residual stress field, especially
the tensile one, reduces the fatigue life.

The nature of residual stresses shows the detrimental
effect of tensile stress and the beneficial effect of
compressive stress on fatigue crack growth. Where a
faster crack growth rate was found in the tensile stress
zone, it then decreased gradually when moving to the
compressive residual stress zone.
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— It is challenging to simulate crack propagation for a
complicated structure, particularly in the presence of
residual stress.
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