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Abstract: The sequential-coupled thermo-mechanical model and direct cyclic technique are employed
to investigate laser welding and low-cycle fatigue residual stress, respectively. The effects of residual
stress on fatigue properties and the relaxation behaviour are analyzed. The simulation results
highlight the strong dependence of laser welding residual stress on constitutive models and how
low-cycle fatigue residual stress is influenced by the initial laser welding residual stress. Furthermore,
the simulation indicates that residual stress redistributes and relaxes in the weld and heat-affected
zone after low-cycle fatigue. To validate the accuracy of the simulation, the neutron diffraction
experiment is carried out, and the experimental data are consistent with the simulation results.

Keywords: low-cycle fatigue; constitutive model; residual stress relaxation; neutron diffraction;
direct cyclic method

1. Introduction

As market competition increases, the safety and reliability of the welded structure
become the focus of greater attention. Laser welding can be divided into thermal conduction
and deep penetration welding, according to the power density. Deep penetration welding
means that the material is heated up to its melting point during the interaction between
the laser and the material. When the temperature reaches its boiling point, the material
evaporates to form keyholes. The heat transfers from the inside keyholes to the outside
and melts the surrounding materials. During this process, keyholes remain in a stable
state [1]. The power density of deep penetration welding is higher than 106–107 W/cm2,
the penetration depth is significant and the welding speed is fast. The schematic of deep
penetration welding is shown in Figure 1. Compared with arc and electron beam welding
technology [2], the advantages of laser welding are well known: low heat input per unit
volume, a small heat-affected zone, high welding and cooling speed, little deformation and
residual stress states, etc. [3]. Furthermore, the high tensile strength and low yield strength
of DP600 have attracted significant attention in the manufacturing industry [4]. These
characteristics of laser welding technology and DP600 show them to be perfect choices for
various fields, such as aerospace, automobile production, and shipping.
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Figure 1. The schematic of melt pool shape and deep penetration welding [5].

Generally, the yield strength of the material is higher than the external stress applied
to the welded structure. Neither plastic deformation nor fractures occur in the welded
structure. However, when the external stress is cyclic loading, residual stress comes into
play due to the superposition of stress during the use of the welded structure. Even though
cyclic loading is lower than the yield strength, relaxation and fractures could be caused.
Existing studies have indicated that three main factors influence the fatigue properties
of the welded structure: welding residual stress, plastic deformation during the welding
process and the interaction between residual stress and fatigue damages of cyclic loading.
However, it is complicated to consider these factors simultaneously [6]. This paper focuses
on the effects of laser welding residual stress on fatigue properties. Residual stress is
internal stress that remains self-balanced in the structure after eliminating the effects of
external forces or heterogenous temperature fields [7,8]. Because laser welding is a rapid
heating and cooling process, thermal expansion and contraction of the welded structure
is caused due to temperature gradients, resulting in residual stress. Low-cycle fatigue
refers to the failure of the structure under cyclic loading close to or higher than the yield
strength in less than 104–105 cycles [9]. The finite element technique is a valuable method
to optimize laser welding process parameters and reveal the complex behaviors of the
melt pool flow, temperature fields and stress fields during the welding process [10]. The
feasibility of using numerical simulation to study the effects of residual stress on fatigue
properties has been verified in publications.

Amit Kumar et al. performed dissimilar autogenous welding of ferritic/martensitic
P92 steel and Inconel 617 alloy using the laser welding process. The microstructure evolu-
tion in different regions and the effects on the mechanical properties were investigated [11].
Rajiv Kumar et al. investigated the residual stress distribution in alloy 617 and 10Cr steel
using finite element and deep hole drilling methods. A good correlation between the
experiment and simulation was found [12]. Hossein Nassiraei et al. investigated the stress
concentration factors in tubular T/Y-joints reinforced with fiber reinforced polymer and
fatigue life using the finite element method [13–15].

Although the fatigue behaviors of the welded structure, taking into consideration the
laser welding residual stress, have been discussed by numerous researchers, most studies
have concentrated on high-cycle fatigue. Less attention has been paid to the effects of
residual stress on low-cycle fatigue behaviors. This is primarily because residual stress
significantly decreases under high applied stress or strain [16]. In addition, residual stress
and its evolution in the low-cycle fatigue process are critical for accurately predicting
fatigue life and fracture behaviour.
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This paper aims to study the laser welding and low-cycle fatigue residual stress for the
DP600 welded structure and the relationship between residual stress and fatigue properties,
especially residual stress relaxation. Laser welding residual stress is calculated by the
sequential-coupled thermo-mechanical model containing a heat source model and different
plastic material constitutive models. The simulation results of laser welding residual stress
are employed in the low-cycle fatigue simulation as the predefined stress field. Then,
the low-cycle fatigue residual stress is obtained by the direct cyclic technique. Residual
stress relaxation in the welded structure is also investigated. The results obtained from the
simulation are compared with neutron diffraction results.

2. Materials

The DP600 base metal has dimensions of 180 mm × 170 mm × 1.25 mm. DP refers to
the dual-phase of a ferrite matrix with good plasticity and ductility, and a martensite phase
improves strength. 600 refers to the tensile strength of more than 600 MPa. The volume
fraction of martensite in the ferrite matrix, between 10% and 20% [17], determines the
mechanical properties of the DP600 welded structure, such as the yield strength and tensile
strength. The microstructure of the DP600 welded structure is shown in Figure 2. The
chemical compositions and mechanical properties of the DP600 welded structure at room
temperature are shown in Tables 1 and 2. With good fatigue strength, energy absorption and
strain hardening capability, DP steels are considered a superior alternative to conventional
grade and high-strength low-alloy steels, and have excellent weight reduction potential,
allowing the reduction of fuel consumption and greenhouse gas emissions. These desirable
mechanical properties have secured the popularity of DP steels in the manufacturing
industry [18].
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Table 1. The main chemical compositions of DP600 in weight percentage [17].

C Mn P S Al Cr Si Ni Fe

0.10 1.09 0.03 0.001 1.19 0.02 0.26 0.01 97.20
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Table 2. The main mechanical properties of DP600 [17].

Yield strength (MPa) 370 ± 40

Tensile strength (MPa) 654 ± 14

Elongation (%) 23 ± 1

3. Experiments
3.1. Laser Welding Experiment

The laser welding process is performed using the Nd: YAG laser to produce the
welded joint. The laser welding machine is comprised of a 4 kW generator with an arm
robot type Fanuc R2000iB. The diameter of the optical wire is 200 µm, the laser focus
spot diameter is 560 µm, and the focal length is 583.5 mm, which corresponds to the focal
point reference on the surface. The laser welding process is performed at a laser power of
3500 W, a welding speed of 3 m/min and a thermal efficiency of 42% with a thickness of
2.5 mm for the overlapping area and a lap joint gap of 0.1 mm. Argon is used as a shielding
gas with a flow rate of 20 cubic feet per hour.

3.2. Low-Cycle Fatigue Experiment

To study the cyclic behavior of the laser welded structure, the low-cycle fatigue test
machine “Instron 3369” is used and controlled by Instron software. The low-cycle fatigue
experimental specimens are fabricated according to ASTM E606 [20]. During the test, the
force-displacement and corresponding time are recorded. The original experimental data
are then analyzed so that force-displacement curves can be converted into stress-strain
curves. All the cyclic data are recorded and analyzed using the Bluehill 3 software. The
low-cycle fatigue tests for the DP600 base metal and welded structure are carried out at
room temperature under stress control. A sine load waveform with a stress of 400 MPa, a
frequency of 5 Hz and a strain ratio of 0 is employed (Figure 3). Because the fracture is not
expected to occur and the effects of fracture on residual stress are not considered, residual
stress is measured after 500 cycles in this paper. The low-cycle fatigue stress-strain curve is
shown in Figure 4 based on the above process parameters.
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3.3. Neutron Diffraction Experiment

According to the test principle, methods for measuring residual stress can be divided
into two kinds: the destructive testing method and the non-destructive testing method.
The non-destructive testing method is a high-efficiency and accurate method. It works
by measuring the physical properties of the material using specific equipment and then
obtaining the residual stress via calculations. Through continuous improvement, it has
become the essential method for measuring residual stress [21]. Diffraction methods are
those most widely used among the non-destructive testing methods, including X-ray
diffraction, neutron diffraction and X-ray synchrotron radiation. The neutron diffraction
method was first demonstrated by Halban and Preiswerk (1936) and Mitchell and Powers
(1936) showed that the neutron could indeed be diffracted by solids, following a theoretical
suggestion by Elsasser (1936) that this should be possible [22]. The neutron diffraction
method is used in this paper to measure the laser welding and low-cycle fatigue residual
stress due to its high accuracy and excellent measurement depth advantages [23,24].

The measuremens is carried out using the dedicated SALSA diffractometer at the
Institute Laue Langevin (ILL) in Grenoble. The high penetration capability of the neutron
diffraction technique is used to determine the strain distribution of the ferrite phase in
different directions. Due to the complex heat input in the laser welding resulting in a
complex stress gradient, the base metal, the heat-affected zone and the fusion zone are
scanned for residual stress measurements. On the SALSA diffractometer, the gauge volume
(0.6 mm × 0.6 mm × 1 mm) is defined by the radial collimator. The neutron wavelength is
set to 0.287 nm. The value of diffraction angle 2θ is equal to 93.45◦ for the <211> reflection
and can be calculated by Equation (1) [25].

2θ = 2 sin−1

(
(1 + v) · sin θaxial · sin θlongitudinal · sin θtransversal

(1− v) · sin θlongitudinal · sin θtransversal + v · sin θaxial · (sin θlongitudinal + sin θtransversal)

)
(1)

where v is the Poisson’s ratio, and θaxial, θlongitudinal and θtransversal are diffraction angles along
different normal directions. Two adjacent measurement points are placed 1 mm apart and
three principal stresses are obtained for each measurement point. The experimental data
are treated with Lamp software to determine residual stress and strain tensors. Figure 5
shows the dimensions for the specimens and the schematic of the experiment. Specimens
1 to 3 are used to measure the low-cycle fatigue residual stress of the welded structure,
specimens 4 to 6 are used to measure the laser welding residual stress of the welded
structure and specimens 7 to 9 are used to measure the low-cycle fatigue residual stress of
the base metal. Tests are repeated three times to ensure the accuracy of the results.
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The crystallographic texture is determined by the neutron diffraction technique on
the dedicated 4-circles diffractometer 6T1 at the Laboratory Leon Brillouin (LLB). The
texture shows one of the typical characteristics of DP600: slight {hlk} <211> reinforcements.
However, the calculated value of the texture index is low, equal to 1.6. The <211> dependent
values for Young’s modulus (E211) and Poisson’s ratio (v211) are obtained by the self-
consistent elastic calculation. The result shows E211 ranging between 230 and 236 GPa, and
v211 ranging between 0.27 and 0.30. These values show that the elastic anisotropy remains
very low. Therefore, the elastic isotropic Hooke’s law (Equation (2)) is used to calculate the
triaxial residual stress from the measured strain values in this paper [26].

σi =
E211

1 + ν211

[
εi +

ν211

1− 2ν211
∑

j
ε j

]
(2)

where i and j are the longitudinal, transversal and axial, E211 is equal to 235 GPa and ν211 is
equal to 0.28.

During the laser welding process, the microstructure of welded structure is changed
due to rapid heating and cooling. The chemical compositions of the base metal, heat-
affected zone and fusion zone are different. The type of phases in different regions depends
on the temperature and the distance from the weld center. In experiments, using the
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unconstrained lattice spacing of the base metal as a reference value will lead to errors in
the calculation of residual stress due to the different microstructures in different regions.

Figure 6 shows the low-cycle fatigue residual stress (Von Mises) and principal stress
curves along the longitudinal direction by experiment. S11, S22 and S33 correspond to the
normal stress in the x-direction, y-direction and z-direction, respectively. S12, S23 and S13
are the sheer stress. The six stresses can be directly obtained using Abaqus finite element
software. The stress measured by the neutron diffraction experiment is the principal stress.
S1, S2 and S3 correspond to the principal stress in the x-direction, y-direction and z-direction,
respectively. The relationship among low-cycle fatigue residual stress (Von Mises), normal
stress and principal stress is shown in Equation (3) [27].

σVonMises =

√
(S1 − S2)

2 + (S2 − S3)
2 + (S3 − S1)

2

2
=

√
(S11 − S22)

2 + (S22 − S33)
2 + (S33 − S11)

2 + 6(S12
2 + S13

2 + S232)

2
(3)
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4. Simulations
4.1. Finite Element Model

Finite element models of the welded structure and the base metal are developed
using Abaqus software. During the laser welding simulation, the temperature of the
weld changes sharply and presents a highly nonlinear characteristic due to the high con-
centration of laser energy. Hence, the material properties change with the temperature.
Temperature-dependent material properties such as thermal conductivity, specific heat,
thermal expansion and mass density are considered for thermal and mechanical analysis,
respectively. Temperature-dependent Young’s modulus and Poisson’s ratio are employed
for the elastic strain calculation. Furthermore, the plastic strain is calculated using the
plastic material constitutive models. The Low-cycle fatigue simulation is carried out at
room temperature and the value of Young’s modulus and Poisson’s ratio at 25 ◦C are used
for calculating the elastic strain. The plastic strain is calculated using the experimental
data. Models with finer mesh sizes near the weld center and coarser ones away from the
weld zone are used. The sensitivity of the mesh is tested by varying the mesh density in
the weld zone. Optimized mesh sizes are found that ensure simulation accuracy. Due to
the different analysis steps in Abaqus, two different types of elements are used for laser
welding (C3D8T element type) and low-cycle fatigue (C3D8R element type) simulations.
Young’s modulus and Poisson’s ratio at different temperatures are shown in Figure 7.
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4.2. Boundary Conditions

Boundary conditions in the thermal and mechanical analysis need be defined. The
room temperature of 25 ◦C is used as the initial condition in both laser welding and low-
cycle fatigue simulations. For the boundary conditions in thermal analysis, heat loss due to
thermal conduction, convection and radiation is considered.

The welded structure is continuously heated and cooled during the movement of the
heat source, that mainly exchanges heat through thermal conduction. There is thermal
convection and thermal radiation between the welded structure and surrounding areas
during the welding process. Thermal convection is the primary method for exchanging heat
between the welded structure and the surroundings during the cooling process. Thermal
conduction occurs due to temperature gradients, resulting in heat exchange. This exchange
can occur between two objects with a temperature difference or inside the same object with
an uneven temperature field. The thermal conduction equation is as follows [29]:

ρ
dH
dt
− div(λgradT)−Q = 0 (4)

where ρ is the density (kg/m3), H is the enthalpy (J/(kg·◦C)) that depends on specific heat
capacity, λ is the heat conductivity (W/(m·◦C)), T is the temperature (◦C) and Q is the heat
source density (W/m3).

Thermal convection primarily refers to the heat exchange between the solid surface
and the surrounding fluid due to temperature differences. Thermal convection and thermal
conduction work together on the objects. The thermal convection equation is as follows [29]:

λ(T)gradT(xi, t)sur f ace + h(T(xi, t)− Tr) = 0 (5)

where h is the thermal convection coefficient equal to 7.35 × 10−5 W/(mm2·◦C), and Tr is
the room temperature (◦C).

Due to the temperature, the objects continuously radiate electromagnetic waves into
their surroundings. The objects absorb energy from radiation and convert it into thermal
energy. This method of exchanging heat is called thermal radiation. The objects can
produce thermal radiation if the temperature is higher than absolute zero (T∞). Higher
temperature leads to a higher energy level of radiation. Thermal radiation can occur
without any medium and propagate in a vacuum. When the objects and their surroundings
are in thermal equilibrium, the thermal radiation exchange is zero, reaching the dynamic
equilibrium. The thermal radiation equation is as follows [29]:



Coatings 2023, 13, 553 9 of 23

λ(T)gradT(xi, t)sur f ace + εc(T(xi, t)4 − T∞
4) = 0 (6)

where ε is the emissivity of the radiating surface and c is the thermal radiation coefficient
equal to 2.5 × 10−7 W/(mm2·◦C).

Boundary conditions in the mechanical analysis should eliminate the rigid body
displacements of the model and not affect the free deformations of the structure. This
paper simulates the constraints of the welded structure to obtain results close to the
actual situations.

4.3. Heat Source Model

The finite element method can effectively solve the problems of the welding process. It
is necessary to employ an appropriate heat source model to reproduce the temperature and
stress fields in the simulation. Otherwise, it can lead to significant differences in simulation
and experimental results. The laser power, welding speed and thermal efficiency mentioned
in Section 3.1 are applied to the heat source model and implemented in Abaqus using the
subroutine DFLUX. The conical heat source with Gaussian distribution (Figure 8) used in
this paper is characterized by the maximum heat flux at the top surface and the minimum at
the bottom surface of the structure. The heat density along the z-direction is kept constant.
In any plane perpendicular to the z-direction, the heat density is distributed in Gaussian
distribution [30]. This heat source model helps to simulate the welding process with high
energy density and obtains the weld with concentrated energy and a large aspect ratio,
which is closer to the actual situations of laser self-fusion welding [31].
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For a conical heat source with Gaussian distribution, if the height of the heat source is:

H = ze − zi (7)

where ze is the Z position of the top (2.6 mm = 2 × 1.25 mm + 0.1 mm in Figure 5a) and zi is
the Z position of the bottom (0 mm), then:

rc(z) = re −
(re − ri)(ze − z)

ze − zi
(8)

where rc is the radius at the height of Z with linear attenuation in the thickness direction,
re is the radius of the top (0.65 mm) and ri is the radius of the bottom (0.5 mm), then the
volume range of the heat source effect is:

Av =
∫ H

0
rc

2πdh =
H
3
(re

2 + reri + ri
2)π (9)
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The Gaussian distribution has superposed a series of planar Gaussian heat sources
in the thickness direction of the welded structure. The heat flux distribution of the heat
source model is:

qc(r, z) =
3ηpe3

Av(e3 − 1)
exp

[
−3(x2 + y2)

rc2

]
(10)

where η is the efficiency (0.42) and P is the laser power (3500 W).

4.4. Direct Cyclic Method

Generally, the characterization of fatigue properties for the welded structure requires
many fatigue experiments. The experimental periods are lengthy and costly, and many
conditions can affect the result. In recent years, finite element software has been widely
adopted to investigate the residual stress field and the evolution of laser welding and
low-cycle fatigue residual stress. With the advancement of finite element technology,
Abaqus has shown significant potential. It can be used to obtain accurate temperature and
stress field results and eliminate the need for costly and time-consuming experiments. The
most used analysis step in Abaqus is the static general step. However, it has the same
disadvantage as the experiment: the huge time costs. An effective modeling technique
in Abaqus, the direct cyclic step, is used to calculate low-cycle fatigue residual stress in
this paper. This technique is a quasi-static analysis that combines Fourier series and time
integration of the nonlinear material behavior. The stabilized responses of the structure can
be obtained directly. Stabilized responses signify that the welded structure may achieve a
stable state following dynamic cyclic loading in which the stress-strain relationship is the
same in each subsequent cycle. The direct cyclic step effectively solves the problem of time
costs resulting from the huge cycles before the stabilized state is obtained. The basis of this
technique is to construct a displacement function to describe the responses at all times (t)
during a load cycle with period (T) [32].

A simplified DP600 model, with dimensions of 50 mm × 50 mm × 1.25 mm, is used
to compare the simulation results of the static general and direct cyclic steps. As shown in
Figure 9, the stabilized stress and strain values (black symbols) obtained from both analysis
steps are almost identical for the same number of cycles. However, the calculation time
used for the direct cyclic step is less than that of the static general step. This advantage
becomes more obvious as the complexity of the model and the number of cycles increase.
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4.5. Plastic Material Constitutive Models

The material constitutive models describe the evolution of the stress-strain relationship,
which is the foundation for studying mechanical properties and service life [33]. The
stress-plastic strain curve of the welded structure after the tensile experiment is shown in
Figure 10. Generally, the material undergoes strain hardening when plastic deformation
begins, thereby increasing the flow stress. The strain hardening behavior is usually affected
by factors such as strain, temperature, and strain rate [34]. To precisely simulate the
strain hardening behavior of the material, reliable plastic material constitutive models are
established to describe the flow stress of material in a wide range of temperatures and
strain rates.
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The Hollomon model is one of the classical plastic material constitutive models used
to describe strain hardening behavior. It represents the relationship between stress and
plastic strain and has long served as a model of the strain hardening behavior of many
engineering metals and alloys [35].

σ = Kεn (11)

where σ is the stress (MPa), K is the hardening constant, ε is the plastic strain and n is the
hardening exponent. These values depend on the materials used.

The mechanical properties change significantly for most materials, especially metals,
with temperature and strain rate differences. To describe not only the strain hardening
effect but also to fully consider the temperature softening and strain rate hardening effect
of the flow stress, the Johnson-Cook model is used [36]:

σ = (A + Bεn)(1− T∗m)
[

1 + Cln(1 +
.
ε
.
ε0
)

]
(12)

T∗ =
T − Tr

Tm − Tr
(13)
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where σ is the stress (MPa), ε is the plastic strain, T is the experimental temperature (◦C), Tm
is the melting point of the metal (◦C), Tr is the room temperature (◦C), ε is the equivalent
plastic strain rate, ε0 is the strain rate reference value, and A, B, C, m and n are the material
parameters.

In addition to the most used models in engineering (Hollomon model) and finite
element software (Johnson-Cook model), models related to the three factors (strain, tem-
perature and strain rate) that influence strain hardening behavior are discussed in this
paper. Various plastic material constitutive models are used to predict the residual stress
distribution after laser welding. In addition, the effects of laser welding residual stress on
low-cycle fatigue residual stress are further analyzed. Five models related to the strain hard-
ening phenomena (named strain models) are used to describe the plastic flow behaviors
of material at a fixed temperature and strain rate. Four models related to the temperature
softening effect (named temperature models) describe the effects of temperature on plastic
flow behaviors and are coupled with the same strain model. Three models related to the
strain rate hardening effect (named strain rate models) describe the influences of strain rate
on plastic flow behaviors and are coupled with the same strain model. The equations and
parameters are in Tables 3–8. In Abaqus, different plastic material constitutive models can
be defined through the UHARD subroutine.

Table 3. Equations of strain models.

Ludwik Model σ = σ0 + Kεn (14)

Voce Model σ = σ0 + K[1− exp(−nε)] (15)

Modified Ludwik Model σ = σ0 + K1ε
n + K2ε+ A (16)

Modified Voce Model σ = σ0 + K1[1− exp(−nε)] + K2ε (17)

Ludwik-Voce Model σ = ω(σ0 + K1ε
n1 ) + (1−ω){σ0 + K2[1− exp(−n2ε)]} (18)

Table 4. Parameters of strain models in this paper.

Parameters σ0 K K1 K2 n n1 n2 A

Ludwik Model 400 1244.24 0.53
Voce Model 400 409.64 21.55

Modified Ludwik Model 400 −33,610.91 1690.26 −0.001 3395.02
Modified Voce Model 400 189.60 1777.74 51.11
Ludwik-Voce Model 400 89.78 506.11 5.02 × 10−11 18.52

Table 5. Equations of temperature models.

Khan Model F(T) = ( Tm−T
Tm−Tr

)
m

(19)

Proposed Model F(T) = (1−AT∗m1 )m2 (20)

Polynomial Model F(T) = A + BT + CT2 + DT3 (21)

Table 6. Parameters of temperature models in this paper.

Parameters Khan Model Proposed Model Polynomial Model

m 1.49
m1 3.24
m2 1.68
A 6.54 0.89
B 1.13 × 10−3

C −4.02 × 10−6

D 1.87 × 10−9
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Table 7. Equations of strain rate models.

Strain Rate Model G
( .
ε
)
= 1 + Ash

[
1
2 (

.
ε
.
ε0
)

n
]

(22)

Modified Strain Rate Model G
( .
ε
)
= 1 + Ash

[
1
2 (

.
ε
.
ε0
)

n
+ A

]
(23)

Ash(x) = ln(x +
√

1 + x2 ) (24)

Table 8. Parameters of strain rate models in this paper.

Parameters n A

Strain Rate Model 0.046
Modified Strain Rate Model 0.084 −0.448

Two kinds of strain models are widely used for DP steels. One is the power law,
such as the Ludwik Model [37]. It is suitable to describe the strain hardening capacity of
martensite in steels combined with a strong hardening effect. The other is the saturation
model, such as the Voce Model [38]. Contrary to the Ludwick Model, the Voce Model is used
to describe material recovery (hardening with saturation plateau), such as the plastic flow
of ferrite. Because the Ludwik Model is insufficient to describe plastic flow behavior and
strain hardening at low strain values, the Modified Ludwik Model is proposed. Similarly,
because the Voce Model is applicable only at high temperatures, the Modified Voce Model
is proposed. The Ludwik-Voce Model is established which is better for simulating the
stress change after the strain value of 0.2. It is a combination of the Ludwik Model and the
Voce Model. In the Ludwik-Voce Model,ω is the proportion of martensite that changes in
the welding process and is difficult to measure. The martensite in DP600 generally has a
volume fraction from 10% to 20%, so the maximum value (20%) has been considered for
simulations in this paper. The Ludwik-Voce Model is suitable for larger plastic strain range
simulations. In equations, the yield strength is shown by a stress factor (σ0), and K, K1, K2,
n, n1, n2 and A are material parameters. The fitting curves are shown in Figure 11.

Coatings 2023, 13, x FOR PEER REVIEW 13 of 23 
 

 

 

Figure 11. Experimental data and fitting curves of strain models. 

Table 3. Equations of strain models. 

Ludwik Model 
n

0 Kεσσ +=  (14) 

Voce Model  )nexp(1Kσσ 0 −−+=  (15) 

Modified Ludwik Model AεKεKσσ 2

n

10 +++=  (16) 

Modified Voce Model   εK)nexp(1Kσσ 210 +−−+=   (17) 

Ludwik-Voce Model   ε)nexp(1Kσω)(1)εKω(σσ 220

n

10
1 −−+−++=  (18) 

Table 4. Parameters of strain models in this paper. 

Parameters σ0 K K1 K2 n n1 n2 A 

Ludwik Model 400 1244.24   0.53    

Voce Model 400 409.64   21.55    

Modified Ludwik Model 400  −33,610.91 1690.26 −0.001   3395.02 

Modified Voce Model 400  189.60 1777.74 51.11    

Ludwik-Voce Model 400  89.78 506.11  5.02 × 10−11 18.52  

When the temperature increases, the yield strength of DP600 decreases. During the 

laser welding process, the temperature changes rapidly due to the action of the laser heat 

source. Because low-cycle fatigue is performed at room temperature, only the effects of 

temperature models on residual stress during laser welding are discussed. The following 

models represent some forms of temperature softening factors, F(T), by setting F(Tr) = 1. 

According to the references [39], the experimental data of F(T) at different temperatures 

are known. The Khan Model [40] can only describe the temperature softening trend. The 

Polynomial Model is suitable for describing the fit of the temperature from 100 to 700 ℃. 

The Proposed Model is proposed in this paper based on the temperature term of the John-

son-Cook model. It can be viewed as a more general temperature form of the Johnson-

Cook model and can be better fitted to experimental data from room temperature up to 

1000 ℃. A, B, C, D, m, m1 and m2 are material parameters in equations. The fitting curves 

are shown in Figure 12. 

Figure 11. Experimental data and fitting curves of strain models.



Coatings 2023, 13, 553 14 of 23

When the temperature increases, the yield strength of DP600 decreases. During the
laser welding process, the temperature changes rapidly due to the action of the laser heat
source. Because low-cycle fatigue is performed at room temperature, only the effects of
temperature models on residual stress during laser welding are discussed. The following
models represent some forms of temperature softening factors, F(T), by setting F(Tr) = 1.
According to the references [39], the experimental data of F(T) at different temperatures
are known. The Khan Model [40] can only describe the temperature softening trend.
The Polynomial Model is suitable for describing the fit of the temperature from 100 to
700 ◦C. The Proposed Model is proposed in this paper based on the temperature term of
the Johnson-Cook model. It can be viewed as a more general temperature form of the
Johnson-Cook model and can be better fitted to experimental data from room temperature
up to 1000 ◦C. A, B, C, D, m, m1 and m2 are material parameters in equations. The fitting
curves are shown in Figure 12.
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When the strain rate increases, the yield strength of DP600 increases. The following
models show available forms of strain rate hardening factors G

( .
ε
)

by setting G(0.002) = 1.
The yield stress under different strain rates can be obtained by reference [17]. The Strain
Rate Model has been proposed by Gavrus [41]. It describe strain hardening behavior from
low to high strain rate. A Modified Strain Rate Model is proposed to improve the fitting
effect in this paper. In equations, A and n are material parameters. The fitting curves are
shown in Figure 13.
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5. Results and Discussions
5.1. Simulation Results

Figure 14 shows the laser welding residual stress curves along the longitudinal and
transversal directions for plastic material constitutive models. The laser welding residual
stress in both experiment and simulation is measured until the welded structure cools
to room temperature. As observed, the profiles are approximately symmetric for all
constitutive models. Laser welding residual stress is different when using different models.
A small difference between models can result in a big difference in simulation results. In
strain models (Figure 14a,b), regardless of longitudinal or transversal direction, the laser
welding residual stress of the Modified Ludwik Model is higher than in other models.
Because the Modified Ludwik Model is based on the Ludwik Model by adding terms of
“K2ε + A”, these terms increase the hardening effect of martensite contents on the model,
which in turn raises laser welding residual stress. The higher the martensite contents, the
higher the laser welding residual stress [42]. In temperature models (Figure 14c,d), laser
welding residual stress differences among different models are found. It shows that the
differences in laser welding residual stress of 0 to 5 mm along the longitudinal direction are
more significant than that of 5 to 10 mm. This is because the change of temperature fields
in the later period of laser welding is greater than in the earlier period. In the later period,
the temperature field is influenced by two main factors: the heat source and the ambient
temperature and the temperature change of the molten metal during solidification [43].
Therefore, laser welding residual stress of 0 to 5 mm along the longitudinal direction
has a large fluctuation. Moreover, it can also be found that the Without Temperature
Model increases laser welding residual stress, indicating that temperature influences laser
welding residual stress. In strain rate models (Figure 14e,f), it can be seen that laser welding
residual stress, along both longitudinal and transversal directions considering the strain
rate influence, is different from the results without considering the strain rate influence.
Differences around 140 MPa of laser welding residual stress are found near the weld zone.
Laser welding residual stress significantly decreases considering the strain rate influence,
indicating that DP600 is a strain rate sensitive material, and the strain rate significantly
influences laser welding residual stress [44]. The impact of strain rate on laser welding
residual stress is larger near the weld zone. As the distance from the weld zone increases,
the influence gradually becomes small. Furthermore, no matter which model is used, the
peak of laser welding residual stress along the transversal direction (Figure 14b,d,f) is near
the heat-affected zone with a peak value of around 210 to 290 MPa. This is because the
welded structure expands to varying degrees during the laser welding process due to the
non-uniform temperature field. The farther away from the weld, the less effect of thermal
action. The molten metal gradually solidifies and shrinks when the heat source moves
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away from the middle of the weld during the cooling process. The higher cooling rate
refines the microstructure and gives the heat-affected zone a higher strength against the
restraining effect, thus generating higher tensile residual stress [45].
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The laser welding residual stress results are employed as the predefined fields in
simulations for the low-cycle fatigue residual stress. Figure 15 shows the low-cycle fatigue
residual stress curves along the longitudinal and transversal directions for experimental
data. Due to the 0.1 mm gap in the welded structure, the centers of the two base metals
are not on the same plane. One end of the welded structure is fixed while the other is
loaded with cyclic loading, so low-cycle fatigue residual stress profiles along the transversal
direction are asymmetric. Low-cycle fatigue residual stress positively correlates to the
laser welding residual stress. In strain models (Figure 15a,b), the low-cycle fatigue residual
stress is significantly lower in the Ludwik and Voce models compared to the Ludwik-
Voce Model, especially in the Voce Model. It can also be seen from Figure 15b that the
deformation calculated using the Voce Model is larger. It is because the Voce Model is used
to describe the plastic flow of the ferrite. The martensite content increases when the welded
structure is subjected to cyclic loading. Martensite compresses the surrounding ferrite
matrix and creates new dislocation. Because the ferrite content of the welded structure
is larger than the martensite, the Voce Model has a more significant effect on low-cycle
fatigue residual stress and deformation than the Ludwik Model. In strain rate models
(Figure 15c,d), it can be seen that low-cycle fatigue residual stress considering the strain
rate influence, is lower than the results without considering the strain rate influence of
around 80 MPa near the weld zone. Low-cycle fatigue residual stress along the transversal
direction is found to increase by about 80 MPa in the weld center but almost the same at
the beginning and end of the path. The strain rate significantly affects low-cycle fatigue
residual stress, especially near the weld zone. Furthermore, low-cycle fatigue residual
stress along the longitudinal direction is higher on the two sides and lower in the weld
center in all models (Figure 15a,c). While laser welding residual stress is mainly caused by
thermal variation, low-cycle fatigue residual stress is produced by the plastic deformation
during cyclic loading [46]. When only one end of the welded structure is subjected to cyclic
loading, deformation on the two sides is larger than the weld center. The microstructure
changes and the crystal grains elongate along the direction of maximum deformation. Thus,
low-cycle fatigue residual stress is higher on the two sides and lower in the center. Let us
focus on the influence of temperature and strain rate on the plastic strain and yield strength
and how temperature and strain rate play essential roles in dictating residual stress. Plastic
strain is the result of the accumulation of dislocation motions in the crystal [47]. It is a
function of material responses to cyclic loading [48]. The yield strength of the material is
dependent on the change of temperature and strain rate as a temperature softening effect
and a strain rate hardening effect during laser welding and low-cycle fatigue. The higher the
temperature or the lower the strain rate, the lower the yield strength. In Equation (12), if the
temperature coefficient m is more than 1, the softening effect increases with temperature. If
0 < m < 1, the softening effect decreases with temperature [49]. When the material begins
plastic deformation, if the influence of temperature and strain rate change on the residual
stress is ignored, the simulation results will differ from the experimental data. The deviation
will rise as the temperature and strain rate changing range increases.

The evolution of residual stress after 1, 2, 100 and 500 cycles is shown in Figure 16. The
figure shows that residual stress relaxes in the weld and heat-affected zone. The relaxation
occurs immediately after the first cycle and its amount depends on the magnitude of
the cyclic loading. Then, the relaxation gradually remains stable. Using the Ludwik-
Voce Model, the Proposed Model, and the Modified Strain Rate Model as examples, the
relationship between laser welding and low-cycle fatigue residual stress can be analyzed.
Figure 17 shows the laser welding and low-cycle fatigue residual stress curves along the
longitudinal and transversal directions for three models. Redistribution of low-cycle fatigue
residual stress and local stress reduction is found in the weld and heat-affected zone. This
phenomenon is known as stress relaxation. The welded structure has cyclic loading applied
at one end. The cyclic responses inside the welded structure affect residual stress when the
loading superposes residual stress. Localized plastic deformation occurs when the stress
in the weld and the heat-affected zone exceeds the yield strength. The welded structure
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experiences secondary deformation when cyclic loading at the right end is removed. The
original deformation of the welded structure is released by plastic deformation. As a result,
residual stress redistributes and locally relaxes. The calculations of fatigue properties
without considering residual stress relaxation may lead to inaccurate results [50].
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Figure 18 shows the low-cycle fatigue residual stress curves along the longitudinal
and transversal directions of the base metal. It should be noted that the values are almost
the same. The average value of low-cycle fatigue residual stress is about 120 MPa. The
low-cycle fatigue residual stress of welded structure is higher than that of the base metal.
The welded structure first experiences residual stress due to the thermal effect. Although
the residual stress is reduced due to relaxation behaviour during the low-cycle fatigue,
there is still residual stress due to plastic deformation. Therefore, the residual stress of the
welded structure after low-cycle fatigue is higher than that of the base metal. Furthermore,
the phenomenon indicates that laser welding generates high residual stress and increases
low-cycle fatigue residual stress. It requires post-treatment after laser welding to eliminate
residual stress and reduce the adverse effects of residual stress.
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5.2. Comparison of Experiment and Simulation

An example is used to validate simulation results by comparing them with the ex-
perimental data. Figure 19 shows the low-cycle fatigue residual stress curves along the
longitudinal direction through simulation and experiment. All simulated process param-
eters and other conditions are identical to those in the experiment. The findings of the
simulation and experiment show a fair degree of agreement. Figure 20 shows the cyclic
stress-strain curves of the simulation and experiment. The stabilized stress and strain
values (black symbols) are almost identical.
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6. Conclusions

In this study, the sequential-coupled thermo-mechanical model and the direct cyclic
technique are used for laser welding and low-cycle fatigue simulations to analyze the
relationship between residual stress and fatigue properties of DP600. Different plastic
material constitutive models describing the strain hardening, temperature softening and
strain hardening effect are established. Through comparison with the experimental data of
the neutron diffraction method, constitutive models are proved to be useful in predicting
residual stress, and the laser welding residual stress has influences on the low-cycle fatigue
residual stress. The following conclusions can be drawn:
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(1) The conical heat source with Gaussian distribution heat source model and plastic
material constitutive models are used to simulate laser welding residual stress. The
laser welding residual stress varies under different constitutive models and reaches
the maximum in the heat-affected zone.

(2) The magnitude of laser welding residual stress significantly influences low-cycle
fatigue residual stress. The larger the laser welding residual stress is, the larger the
low-cycle fatigue residual stress is. In all models, low-cycle fatigue residual stress
along the longitudinal direction is higher on the two sides and lower in the center.

(3) Low-cycle fatigue residual stress of the welded structure is higher than that of the
base metal, indicating that laser welding residual stress increases low-cycle fatigue
residual stress. The structure requires post-treatment after laser welding to eliminate
residual stress and reduce the adverse effects of residual stress.

(4) Low-cycle fatigue residual stress of the welded structure redistributes and locally
relaxes in the weld and heat-affected zone after the first cycle and then gradually
remains stable.

(5) Comparing the residual stress obtained from simulation and experiment, it can be
inferred that the simulation results are close to the experimental data. In subsequent
studies, process parameters and models can be optimized to reduce errors better.
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