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Abstract
In order to improve the efficiency of residual stress simulation in laser powder feeding additive manufacturing, a finite ele-
ment modeling method that only requires to solve the stress field is proposed and established in this paper. First, the analytical 
solution of the heat conduction equation is simplified, and a new temperature field model is developed, which can be directly 
input into the stress field model for calculation, thereby eliminating the calculation of the temperature field in the thermal–
mechanical coupling simulation process and improving the simulation efficiency of residual stress in additive manufacturing. 
On this basis, the effectiveness of the method is verified by a single-pass single-layer cladding simulation. Meanwhile, the 
residual stress of single-pass multi-layer cladding is calculated and compared with the measured results, and the distribution 
characteristics of residual stress in additive manufacturing are studied. It is demonstrated that the result of the established 
model is closed to that of thermal–mechanical coupled finite element method. The established model can reflect the residual 
stress of laser powder feeding additive manufacturing process. Compared with the traditional thermal–mechanical coupled 
finite element method, the computational efficiency of the model established in this study is greatly improved.

Keywords  Temperature field model · Residual stress · Laser powder feeding additive manufacturing · Calculation 
efficiency

1  Introduction

Selective laser melting (SLM) is an additive manufactur-
ing (AM) method based on laser sintering metal powders to 
produce metal parts with complex topologies by depositing 
material layer by layer. During the forming process, layer-
by-layer cladding of material results in temperature gradients 
and changes in cooling rates, which induce residual stresses. 
These stresses may lead to deformation of components, 
crack growth and reduction of fatigue life, thereby affecting 
the reliability and service life of components. The deforma-
tion and residual stress of additively manufactured parts are 

the main challenges for the large-scale application of AM 
[1–6]. Rapid and accurate prediction of the residual stress 
in the SLM process will help to reduce the deformation of 
components, and a deep understanding of the mechanism of 
component cracking is of great significance to the applica-
tion of SLM [7, 8].

Thermal–mechanical coupling analysis using finite ele-
ment method is one of the ways to predict residual stress 
in additive manufacturing. At present, there are two main 
research directions in the residual stress simulation of addi-
tive manufacturing. The first is to further consider various 
physical and metallurgical phenomena in the actual forming 
process to make the predicted residual stress more accu-
rate. In order to improve the accuracy of calculation, Chen, 
Weisz-Patrault, and Ahn et al. [9–11] developed finite ele-
ment models including thermal strain caused by tempera-
ture gradient change, phase transition stress caused by solid 
phase transition, and residual stress caused by mechanical 
constraints, respectively. Mirkoohi et al. [12] incorporated 
dynamic recrystallization and grain size into the finite ele-
ment model, and the established model can predict the effect 
of grain refinement on residual stress. Mukherjee et al. [13], 
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Falla et al. [14], Walker et al. [15] and Wolff et al. [16] 
considered the molten pool convection in the residual stress 
model and the effect of molten pool convection on residual 
stress is studied. However, the more complex the physical 
process considered, the lower the solution efficiency of the 
model will be, and even some large-scale AM components 
may be impossible to solve. Therefore, improving the com-
putational efficiency of the model is also one of the research 
priorities.

In order to reduce the simulation calculation time, schol-
ars have proposed various calculation models to speed up 
calculation efficiency. The intrinsic strain method [17, 18] 
is a widely used physics-based method for fast prediction of 
part deformation and residual stress. However, it can nei-
ther capture the accumulation of thermal strain during heat-
ing, nor the layer-by-layer differential shrinkage of different 
layers. Accordingly, Liang et al. [2] improved the intrin-
sic strain method so that it can capture the accumulation 
of thermal strain during the heating process and improve 
the prediction accuracy of residual deformation. However, 
further research is needed to investigate the effect of com-
plex forming trajectories and part geometries on the intrinsic 
strain method [2]. Adaptive grid technology is another way 
to improve computational efficiency. Li et al. [19] conducted 
weakly coupled thermo-mechanical simulations using an 
adaptive grid based on an octree coarse-graining technique, 
and the prediction accuracy was greater than 95%. Denlinger 
et al. [20] developed a hybrid approach combining a quiet 
inactive approach with adaptive mesh coarsening for large 
additively manufactured parts, predicting the deformation 
of a 3180-mm-long part with a maximum error of 29%. 
The third method is to use parallel computing. The iterative 
substructure method proposed by Murakawa [21] is proven 
to be 5–10 times faster than commercial software such as 
Abaqus. Huang et al. [1] developed an explicit finite ele-
ment simulation method for wire arc additive manufacturing 
(WAAM) based on a graphics processing unit (GPU). They 

show that the GPU-based approach is effective in reduc-
ing the computational time. The fourth method is to apply 
the semi-analytical solution of the heat conduction equation 
under specific conditions to the stress field model, reducing 
the number of model solution steps and improving compu-
tational efficiency. Yang and Ayas [22] developed such a 
model and performed calculations for Ti6-Al4-V. In order 
to solve the problem of low solution efficiency caused by 
the small diameter of the heat source and the large number 
of layers, Hodge et al. [23] proposed an equivalent method 
to combine 20 physical layers into one finite element mesh 
layer while maintaining the ratio of laser size to powder 
layer height unchanged. Each of these methods has its own 
characteristics, but none of them has been verified on a large 
scale, and further verification is needed.

Based on the above research background, this paper sim-
plifies the analytical solution of the heat conduction equation 
and develops a new temperature field model for the calcula-
tion of residual stress in AM. By removing the temperature 
field calculation in the thermal–mechanical coupling simu-
lation process, the efficiency of additive manufacturing is 
improved. On this basis, the residual stress of the single-pass 
multi-layer cladding model was calculated and compared 
with the measured results, and the distribution characteris-
tics of the residual stress in AM were studied.

2 � Numerical calculation model

2.1 � Solution process

The solution process of the method used in this study is shown 
in Fig. 1. The traditional AM residual simulation adopts 
sequentially coupled thermo-mechanical finite element method 
(SC-TM-FEM) or fully coupled thermo-mechanical finite ele-
ment method (FC-TM-FEM). First, a geometric model needs 
to be established. Afterwards, preprocessing is performed on 

Fig. 1   Schematic diagram of the 
solution process
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the temperature field calculation, including defining the ther-
mophysical properties of the material, defining the element 
type, applying the heat source model, applying boundary con-
ditions and initial conditions, and solving the temperature field 
to obtain the node temperature. Afterwards, the stress field 
model is pre-processed, including defining the thermophysical 
properties of the material, defining the element type and apply-
ing boundary conditions and initial conditions (temperature 
load). The solution efficiency is reduced and the difficulty of 
residual stress evaluation of large components manufactured 
by additive manufacturing is increased, since the model needs 
to be solved twice for the temperature field and the stress field. 
In this paper, we use the analytical solution of the temperature 
field of the semi-infinite body in [22] as a template to establish 
a simplified temperature field model. This temperature field is 
directly applied to the stress field model, and only the stress 
field model is solved to directly obtain the residual stress of 
additive manufacturing. Compared with the traditional method, 
the solution efficiency is improved with little loss of accuracy.

2.2 � Temperature field model

Suppose there is a three-dimensional cube, and a laser is 
placed on top of it. The powder feeding nozzle attached to 
the laser feeds the powder into the upper surface of the cube, 
and the laser heats and melts the powder and part of the sub-
strate. The lateral and bottom surfaces of the substrate are in 
contact with air. At time t = 0, the laser starts to move over 
the substrate along the cladding path, and the substrate and 
powder start to be heated, as shown in Fig. 2.

Under the assumptions of incompressibility, negligible vis-
cosity and dissipation, linear relationship between heat flux 
and temperature gradient (Fourier’s law), and no melt flow 
during solidification, the energy balance of each region of the 
substrate is governed by the classical energy balance equation.

(1)�cp
�T

�t
= ∇(k∇T) + Qv, in V

where T is the temperature; Qv is the volumetric heat genera-
tion rate; ρ, cp, and k are the density, specific heat capacity 
at constant pressure, and thermal conductivity coefficient, 
respectively. During the SLM process, the temperature of 
the base plate is usually kept at a constant value. The bottom 
surface is therefore set to a fixed temperature.

If the material parameters ρ, cp, and k are assumed to 
be independent of temperature, Eq. (1) becomes a linear 
heat conduction equation which can be solved using the 
superposition principle. Jaeger and Carslaw [24] gave the 
analytical solution for a single-point heat source in a semi-
infinite space as

where Q represents the energy associated with the heat 
source, and the determination of the absorption rate A is 
detailed in [25]. α = k/ρcp represents the thermal diffusiv-
ity. t0 represents the initial time of heat source activation, 
and tr = rl/8α is used to eliminate the singularity at t = t0. 
The expression tr indicates that the point heat source has 
spread over a distance rl. R represents the distance from the 
point heat source to the material point xi. If the number of 
point heat sources representing a scan line is large enough, 
the energy Q given in Eq. (2) can be expressed by Q = PΔt, 
where P is the laser power and Δt is the time step. It can be 
seen that the laser heat source is Gaussian distributed in the 
spatial domain.

In order to simplify the model and improve calculation 
efficiency, we simplify the temperature field around the 
heat source into the following formula,

(2)Tp
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Fig. 2   Schematic diagram of 
SLM process
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where, a, b, cf  and cr are heat source parameters respec-
tively, and Ti represents the peak temperature in the molten 
pool. Assuming that the laser energy acts on the inside of the 
molten pool, the relationship between Ti and the total laser 
energy Q satisfies the following formula:

where η is the energy coefficient entering the substrate; S is 
the cross-sectional area of the molten pool; υ is the welding 
speed; ρ is the density of the substrate; cp is the specific heat 
capacity of the substrate at constant pressure; ΔHm is the 
specific heat of melting of the clad melt; and Tm is the tem-
perature of the substrate. Assuming that the energy absorbed 
by the substrate tends to be uniformly distributed to the 
interior of the printed part during the subsequent cooling 
process, after a certain time (t), the relationship between Tm 
and the total laser energy Q satisfies the following formula:

where t0 is the laser action time, and Tm0 is the initial tem-
perature of the substrate.

2.3 � Stress field model

The stress–strain field of AM is formed under the action of 
the laser heat source, the internal stress caused by the uneven 
heating of the workpiece and the external stress introduced by 
the fixture. A high-energy–density laser melts powder and a 
portion of the base metal to form a molten pool. The thermal 
expansion of the unmelted base metal adjacent to the molten 
pool is different under the unevenly distributed temperature 
field, thus forming compressive internal stress. During the 
cooling process, the shrinkage of each part near the molten 
pool is different, and at the same time, it is limited by the sur-
rounding materials and is in a state of tension. After cooling 
to room temperature, residual stress is formed [26].

Since the thermal stress generated during the AM process is 
generally greater than the yield stress of the material, the ther-
moelastic-plastic theory is used to calculate the residual stress 
and deformation during the additive manufacturing process. This 
method associates the temperature change with the deformation 
of the object, so that the stress and strain of the object due to the 
local temperature gradient can be obtained through the tempera-
ture change. Geometry and material non-linearity are involved 
in the stress–strain calculation of AM. It is very difficult to solve 
these non-linear problems. In order to simplify the calculation, 
it is regarded as a material and geometric non-linear transient 
problem and the following assumptions are made [27]:

1.	 The viscosity and creep phenomena of the material are 
not considered.

2.	 All materials comply with the von Mises yield criterion.

(4)Q� = S��(cp
(
Ti − Tm

)
+ ΔHm)

(5)Q�t0 − h
(
Tm − Tm0

)
t = �VCp

(
Tm − Tm0

)

3.	 The elasticity, plasticity, and temperature strain of mate-
rials during heating and cooling are inseparable.

4.	 After the material yields, the flow behavior conforms to 
the isotropic strengthening criterion.

5.	 Stress, strain, and thermal energy are linear in the solu-
tion time interval.

SLM welding seam and heat-affected zone will produce 
elasticity, plastic deformation, and volume change under 
the action of high-density heat. When solving by the finite 
element method, the displacement increment of the nodes 
needs to be calculated first, and then the stress increment 
is calculated according to the constitutive equation. The 
stress–strain relationship and element balance equation of 
the material in the elastic and plastic stages are shown in 
Eqs. (6) and (7) [28]:

where dσ represents stress increment (MPa); dε represents 
strain increment; dT represents temperature increment; D 
represents elastic or plastic stiffness matrix; C represents 
temperature-related vector; dFe represents node external 
force increment; dRe represents the increment of the equiva-
lent nodal force of the initial strain element; Ke represents 
the element stiffness matrix; and d�e represents the nodal 
displacement increment.

2.4 � Calibration and verification of model 
parameters

During the test, AM900 nickel-based superalloy powder was 
used for SLM. The actual cladding process (with param-
eters listed in Table 1) was carried out on an industrial robot 
with a fiber laser, as shown in Fig. 3 (a). First, a single-pass 
single-layer cladding test (Fig. 3 (b)) was carried out, and 
the molten pool profile was obtained, as shown in Fig. 3 
(c). Afterwards, a single-pass multi-layer cladding test was 
carried out, and the molten pool profile was obtained, as 
shown in Fig. 3 (d).

First, a single-channel single-layer accumulation experi-
ment is carried out, and the penetration depth (a) and half-
melt width (b) in formula (3) are obtained by metallographic 
analysis method, assuming that cr is the half-melt width, 
and cf  is 4 times the half-melt width. According to the 
welding process parameters and the material properties of 
AM900 alloy, as shown in Fig. 4, Ti is calculated by for-
mula (4), and Tm is calculated by formula (5). The obtained 
temperature field model is input into the stress field model 
as a load. In the stress field model, the elastic behavior of 
materials is simulated by isotropic Hooke’s law. The effect 

(6)d� = Dd� − CdT

(7)dFe + dRe = Ked�e
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of temperature on the mechanical behavior is taken into 
account through the coefficient of thermal expansion. For 
plastic behavior, a rate-independent plasticity model is used. 
The von Mises yield criterion is used to simulate the mate-
rial yielding, and the isotropic hardening model is used to 
simulate the flow behavior of the material after yielding. 
By setting the plastic strain of the material above the melt-
ing temperature to zero, the hardening history is cleared to 
more accurately simulate the residual stress in the molten 
pool [29].

Table 1   Laser cladding process parameters

Parameter Value

Laser power 700 (W)
Scanning speed 0.01 (m/s)
The powder feeding rate 7.8 (g/s)
The focal length of the laser 20 (mm)
Protection gas (Ar) 15 (L/min)
The powder feeding gas (Ar) 7 (L/min)
Laser spot diameter 2.4 (mm)

Fig. 3   Experimental process: a 
cladding process; b single-pass 
single-layer cladding layer; c the 
molten pool profile of single-
pass single-layer cladding; d the 
molten pool profile of single-
pass multi-layer cladding

Fig. 4   Material properties of AM900 changing with temperature: a thermal physical properties; b mechanical properties
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In this study, the traditional thermal–mechanical fully 
coupled finite element calculation was first performed on 
the SLM single-pass single-layer cladding to calculate 
residual stress, and then the simplified method was used. 
The calculation accuracy and efficiency of the two methods 
were compared. Afterwards, the simplified method is used 
to calculate the single-pass multi-layer residual stress and 
compare it with the measured residual stress.

The contour method was first proposed by Prime, a 
research engineer at Los Alamos National Laboratory 
(LANL), in 2000 at the Sixth International Residual Stress 
Conference [30]. This method has the advantages of sim-
ple theory, simple test process, and high test accuracy, and 
has been widely used in stress tests of industrial structural 
parts such as aviation, aerospace, and nuclear power. The 
contour method has been widely used in the residual stress 
test of various materials after more than 10 years of devel-
opment and improvement, and it is currently the most accu-
rate destructive testing technology. In this study, the contour 

method was used to measure the residual stress distribution 
of single-pass multi-layer samples.

3 � Results and discussion

3.1 � Comparison with the traditional 
thermodynamic fully coupled model

In order to illustrate the effectiveness of this model in simu-
lating the AM residual stress, firstly, this model and the tra-
ditional thermal–mechanical coupling finite element method 
are used to model the SLM single-pass single-layer cladding 
on a 200 × 50 × 4-mm plate, and the obtained temperature 
field is shown in Fig. 5. It can be seen from the figure that 
the temperature distribution and maximum temperature of 
the two models are relatively similar. However, the tempera-
ture drop behind the molten pool in this model is faster than 
that of the traditional thermal–mechanical coupling finite 

Fig. 5   Comparison of temperature field: a the method used in this study; b the traditional thermal–mechanical coupling finite element method

Fig. 6   Comparison of trans-
verse residual stress: a the 
method used in this study; b the 
traditional thermal–mechanical 
coupling finite element method
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element method. This is mainly because the time term is not 
considered in the applied temperature field (formula 3), so 
the model cannot account for the energy transport, convec-
tion and radiation increasing with time, so the temperature 
is lower behind the molten pool.

Next, the transverse residual stresses (perpendicular to 
the welding direction) of the models were compared, and 
the results are shown in Fig. 6. It can be seen from the figure 
that the distribution laws of the transverse residual stress 
of the two models are the same. The maximum value of 

transverse residual stress predicted by the method adopted in 
this study is reduced by 13% compared with the traditional 
thermal–mechanical coupling finite element method.

Figure  7 compares the longitudinal residual stresses 
(parallel to welding direction) of the models. It can be seen 
from the figure that the distribution laws of the longitudinal 
residual stress of the two models are also the same. The 
maximum value of longitudinal residual stress predicted 
by the method adopted in this study is reduced by 5.98% 
compared with the traditional thermal–mechanical coupling 
finite element method.

Fig. 7   Comparison of longi-
tudinal residual stress: a the 
method used in this study; b the 
traditional thermal–mechanical 
coupled finite element method

Fig. 8   Comparison of maximum 
principal plastic strain: a the 
method used in this study; b the 
traditional thermal–mechanical 
coupling finite element method

Fig. 9   Residual stress along the scanning direction of single-pass 
multi-layer cladding Fig. 10   Residual stress along the printing height direction of single-

pass multi-layer cladding
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Figure 8 compares the maximum principal plastic strains 
of the models. It can be seen from the figure that the distri-
bution law of the maximum principal plastic strain of the 
two models is also the same. However, the plastic strain 
calculated by the method used in this study is small and the 
distribution is narrow.

Although the model developed in this study has a lower 
temperature behind the weld pool compared to the traditional 
thermal–mechanical coupled finite element method, it does 
not affect its ability to predict post-weld residual stress. This is 
mainly because, for materials that have not undergone a solid-
state phase transition, the coefficient of thermal expansion is 
an approximately linear function, and the residual stress upon 
cooling to room temperature is only related to the highest 
temperature experienced without considering external con-
straints. Through the above analysis, it can be concluded that 
the model established in this study can reflect the residual 
stress of laser powder feeding single-layer single-pass clad-
ding, and a more accurate model can be obtained through 
verification with experiments and finite element models. The 
biggest advantage of this model is the calculation efficiency. 
By comparing with the traditional thermal–mechanical cou-
pled finite element method, the method used in this study 
needs 2.8 h to complete the calculation, while the traditional 
thermal–mechanical coupled finite element method needs 
18.467 h to complete the calculation when using the same 
hardware for calculation. The method employed in this study 
is 5.6 times faster than the conventional thermomechanical 
coupled finite element method. By observing the calculation 
results, it is found that the traditional thermal–mechanical 

coupling finite element method has poor convergence and 
requires more solution steps. Therefore, a method to improve 
the efficiency of finite element simulation for SLM is pro-
posed. First, the method used in this study was corrected by 
using the traditional finite element method for single-pass 
single-layer simulation, while measuring the thermal cycle 
curve and residual stress during the test. Then, the method of 
this study is used to simulate the residual stress of multi-pass 
multi-layer SLM.

3.2 � Single‑pass multi‑layer residual stress 
distribution

A single-pass multi-layer cladding was modeled using the 
method described above, and a total of 20 layers were depos-
ited. The obtained residual stress along the scanning direc-
tion is shown in Fig. 9. It can be seen from the figure that 
the position with the largest residual stress appears at the 
end of the uppermost layer of the sample. At the same time, 
the position where the printed body is combined with the 
substrate is the position where the stress concentration is 
relatively serious. The middle position on the upper surface 
of the substrate shows compressive stress.

Figure 10 shows the deposited participating stress along 
the printing height direction. At this time, the inside of the 
sample shows compressive stress and the two sides show 
tensile stress, and the value of the tensile stress is relatively 
high. The distribution law of the residual stress is similar to 
the distribution law of the low carbon steel sample measured 
by neutron diffraction in the literature [31].

Fig. 11   Comparison of simula-
tion and test: a residual stress 
along the scanning direction 
measured by the contour 
method; b residual stress along 
the scanning direction simulated 
by finite element method; c 
residual stress along the path 
direction
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3.3 � Model validation

The residual stress of the sample is measured by the contour 
method, as shown in Fig. 11 (a), and the residual stress of the finite 
element simulation is shown in Fig. 11 (b). The residual stress 
on the path of the black arrow shown in Fig. 11 (b) is plotted, 
and the obtained results are shown in Fig. 11 (c). It can be seen 
from the figure that the simulated results are basically consistent 
with the measured results, indicating the correctness of the model. 
Although the model can capture the trend of residual stress distri-
bution, there is still a certain gap in the value of residual stress at 
the position where the printed body contacts the substrate.

4 � Conclusion

In this paper, the analytical solution of the heat conduction 
equation is simplified, and a new temperature field model 
for the calculation of residual stress in additive manufac-
turing is developed, which simplifies the calculation of 
the temperature field in the thermal–mechanical coupling 
simulation process, thereby improving the efficiency of addi-
tive manufacturing. On this basis, the residual stress of the 
single-pass multi-layer cladding model was calculated and 
compared with the measured results, and the distribution 
characteristics of the residual stress in SLM were studied. 
The following conclusions were obtained:

1.	 The established model is closed to the result of thermal–
mechanical coupling finite element method.

2.	 The established model can reflect the residual stress of 
the SLM process.

3.	 Compared with the traditional thermal–mechanical cou-
pling finite element method, the calculation efficiency of 
the model established in this study is greatly improved.
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