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Abstract: A new heat source combination, consisting of a uniform body heat source and a tilted
double ellipsoidal heat source, has been developed for cold metal transfer (CMT) wire-arc additive
manufacturing of Mg-Gd-Y-Zn-Zr alloy. Simulations were conducted to analyze the temperature
field and stress distribution during the process. The optimal combination of feeding speed and
welding speed was found to be 8 m/min and 8 mm/s, respectively, resulting in the lowest thermal
accumulation and residual stress. Z-axis residual stress was identified as the main component of
residual stress. Electron Backscatter Diffraction (EBSD) testing showed weak texture strength, and
Kernel Average Misorientation (KAM) analysis revealed that the 1st layer had the highest residual
stress, while the 11th layer had higher residual stress than the 6th layer. Microhardness in the 1st,
11th, and 6th layers varies due to residual stress impacts on dislocation density. Higher residual stress
increases dislocation density, raising microhardness in components. The experimental results were
highly consistent with the simulated results.

Keywords: simulation; residual stress; cold metal transfer; combined heat source; magnesium
rare earth

1. Introduction

Cold metal transfer welding (CMT) is an extremely promising manufacturing technol-
ogy. It precisely controls the metal transfer by accurately controlling the delivery process of
the welding wire. At the same time, it avoids unnecessary heat input through alternating
cooling and heating with high current and low voltage. Through the above methods,
efficient, spatter-free, and low-heat-input additive manufacturing is achieved [1–3]. Due
to its high additive efficiency and low residual stress characteristics, it has shown a wide
range of application prospects in the aerospace and automotive industries. Hu [4] and
others successfully used CMT to manufacture AZ31 magnesium alloy by adjusting the
process parameters. Wang [5] and others investigated the influence of voltage and current
on the morphology of CMT wire-arc additive AZ31 magnesium alloy. The study found that
the strong pulsing CMT heat input process can deposit wide and shallow welds, which is
suitable for the parameters of CMT wire-arc additive AZ31 magnesium alloy.

Magnesium alloys have the significant effect of reducing weight in the automotive and
aerospace industries due to their low density and high specific strength [6–13]. In recent
years, rare earth magnesium alloys have received increasing attention due to their high
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performance at both room and high temperatures [14–17]. Li et al. [18] used computer-
aided cooling curve analysis technology to study the solidification pathways and structures
of Mg-Gd-Y-Zr alloys with different Gd and Y concentrations. The results showed that
the structure of the alloy was mainly composed of α-Mg matrix and Mg24RE5 phase.
Meier et al. [19] obtained the phase diagram of Mg-10Gd-xY-yZn alloys with different
Y and Zn ratios through experiments and CALPHAD phase diagram calculations and
determined the phases and fractions produced after casting and solid solution treatment.
The results showed that the phases found at different Y and Zn concentrations were mainly
Mg matrix and 14H (LPSO) phase. The volume fraction of the LPSO phase was significantly
increased after solid solution treatment.

Due to the high thermal expansion coefficient of magnesium alloy and the extremely
high heat input frequency of CMT wire-arc additive, the additive region is susceptible to
high residual stress after experiencing extremely complex thermal cycles [20]. The high
residual stress can cause cracking and even geometric failure of the workpiece. Therefore,
the study of the effect of process parameters on the residual stress of CMT wire-arc additive
magnesium alloy is crucial for promoting the widespread application of CMT wire-arc
additive manufacturing.

Finite element analysis is an increasingly accurate predictive means used to determine
the thermal behavior of welding and additive manufacturing processes and to determine
stress–strain in additive manufacturing processes [21,22]. Zhao et al. [21] studied the
influence of deposition direction on residual stress in single-bead multi-layer additive man-
ufacturing processes using finite element models. The study found that reverse deposition
had the best effect. Li et al. [20] established a combined heat source to simulate the impact
of path strategies on residual stress in a laser-CMT hybrid additive manufacturing process.
The study found that the Segmental Reciprocating Motion (SRM) strategy resulted in the
smallest distortion during the additive manufacturing process.

In the past, most of the stress field simulations in additive manufacturing focused on
residual stress simulations of single-bead and multi-layer without overlap [23–28]. The
influence of overlap on temperature and stress fields is rarely considered. The morphology
of the weld has a great influence on the simulation results of temperature and stress fields.
Simple geometric models cannot reveal the complex thermal stress evolution process in the
additive region. Especially in wire-arc additive manufacturing, the weld size and the size
of overlapping areas that have been heavily remelted are large, and this area has undergone
extremely complex thermal cycles, which has a great impact on the simulation results.
Therefore, it is necessary to establish a numerical simulation model that is closer to the real
weld morphology, which is of great significance to improve the simulation accuracy [29–32].

In the past, most simulation models for wire-arc additive manufacturing used double
ellipsoidal heat sources. However, due to the inherent defects of double ellipsoidal heat
sources, it is difficult to completely melt the arc-shaped weld during the simulation process,
and it is also impossible to accurately simulate the morphology of the melt pool. This will
cause a large deviation between the simulation results of the temperature and stress fields
and the actual production. Therefore, it is necessary to establish a new heat source model
for wire-arc additive manufacturing. This paper will establish a new combined heat source
composed of a uniform body heat source and an inclined double ellipsoidal body heat
source and use this heat source to simulate the temperature and stress fields of rare earth
magnesium alloy during the CMT wire-arc additive manufacturing process under different
process parameters. By comparing the simulation results, suitable process parameters can
be found and used to add magnesium alloy.

2. Experimental Procedure

The wire-arc additive equipment used in this experiment is the Fronius monolithic
welding machine. The CMT (1101) MnE21 magnesium welding parameter combination
is used. The welding speed is 6–8mm/s, the wire feeding speed is 8–10 m/min, and the
interlayer cooling time is 100 s. The working parameters corresponding to different wire
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feeding speeds are shown in Table 1. The substrate and the wire used for welding are
Mg-Gd-Y-Zn-Zr alloys, and their material composition proportions are shown in Table 2.
The wire diameter used for wire-arc additive manufacturing is 1.2 mm, and the substrate
size is 200 mm × 50 mm × 40 mm. A unidirectional scanning path is used during the
additive process.

Table 1. CMT operating parameters with different wire feeding speeds.

Wire Feeding Speed (m/min) Voltage (V) Current (A)

8 11.3 87
9 11.7 93
10 12 100

Table 2. Proportions of each element in rare earth magnesium alloy.

Material Mg Gd Y Zn Zr

Content
(wt%) Bal. 9.2 3.2 2 0.4

All microstructure characterization was carried out parallel to the YOZ plane because
this direction contains the fish-scale-like morphology of the melt pool. For the EBSD sample
preparation, the sample was mechanically polished and then etched for 15 s in a solution of
nitric acid and ethanol (5 g nitric acid, 95 g ethanol) (Linyi Lugang Chemical Group Co.,
Ltd., Linyi, China). EBSD experiments were conducted on a Sigma300 scanning electron
microscope (Zeiss, Jena, Germany) with a scanning step of 0.25 µm and a magnification
of 500×. The XRD equipment used is the Rigaku SmartLab (Rigaku Corporation, Tokyo,
Japan). Hardness tests were performed five times in each region, and the average value
was taken. The hardness testing equipment used is the HVS-1000 (Shanghai Yanrun
Optomechanical Technology Co., Ltd., Shanghai, China). Compression performance tests
were conducted three times in each region, and the best performance curve was selected
for use. The compression test was performed using an Instron 3382 (Instron, Norwood,
MA, USA).

3. Establishment of Simulation Model
3.1. Finite Element Model

The dimensions of the model are shown in Figure 1. The model was created using
Creo 8.0 and then imported into ANSYS 2022 for modification.

The model was meshed using ANSYS. Sparse mesh cannot guarantee the accuracy of
the calculation, and overly dense mesh greatly increases the computation [33]. The mesh
size was set between 1 and 3 mm, which corresponds to different welding speeds. To better
depict the morphology of the additive zone and obtain more precise results, the Solid186
element was used for the mesh, as shown in Figure 2a. To reduce computational workload,
denser mesh was used near the additive region to increase computation accuracy, while
coarser mesh was used away from the additive region to reduce computational workload,
as shown in Figure 2c. Figure 2a shows the scanning strategy of the model [21]. The
additive region is divided into 12 layers, each layer with two paths, and the researched
point and sampling position are both located at x = 100 mm. Figure 2b shows the extraction
route of residual stress simulation data. Figure 2d displays the selected positions of samples
for the 1st, 6th, and 11th layers. The birth and death element technique was used to simulate
the additive process of each layer.
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Figure 2. Schematic diagram of model establishment: (a) schematic diagram of CMT process;
(b) schematic diagram of stress field data extracted along the path; (c) details of finite element
meshing; (d) schematic diagram of sampling position.

3.2. Combined Heat Source Model

Due to the consideration of the heat distribution inside the molten pool, the double
ellipsoid heat source makes the simulation results close to reality and is widely used in
additive manufacturing simulation [34]. However, when the traditional double ellipsoid



Materials 2024, 17, 1199 5 of 22

heat source is loaded on the arc bead, the heat source is not fully loaded, as shown in
Figure 3a. The AB region of the heat source is not applied to the additive region, and the
CD part of the additive region is not loaded with a heat source. Therefore, the heating of
the CD region can only rely on heat conduction, resulting in the region not being heated
to the melting temperature. If the traditional heat source is used for CMT arc additive
manufacturing simulation, the results of the temperature field and stress field will deviate
far from reality. To resolve the aforementioned issues, this paper combines a uniform
heat source with an inclined double ellipsoidal heat source, as shown in Figure 3b. The
homogeneous body heat source is applied to the upper part of the additive area. Since the
homogeneous body heat source can be loaded in any shape of the entity, it can be loaded in
the CD area. Under the uniform heat source is the inclined double ellipsoid heat source.
On the one hand, it can better simulate the depth of the molten pool. On the other hand, it
can make the temperature in the molten pool close to the Gaussian distribution to make up
for the deficiency of the uniform body heat source so that the temperature field simulation
is more accurate. The two heat sources are loaded at the same time but need to be set
separately because of different energies and shapes. Figure 3d displays the morphology
of the melt pool created by the novel combined heat source at the top and that formed by
the double ellipsoid heat source at the bottom. It is evident from the figure that there is
a significant difference in the melt pool morphology under the same process parameters
and identical double ellipsoid dimensions. The traditional double ellipsoid heat source,
due to its inability to be fully applied across the entire weld track, results in a melt pool
morphology that deviates significantly from reality. This discrepancy can lead to severe
errors in the simulation of temperature and stress fields.
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Figure 3. Heat source diagram: (a) double ellipsoid heat source loading diagram in arc weld bead;
(b) combined heat source loading diagram in arc weld bead; (c) traditional double ellipsoid heat
source diagram; (d) comparison of the melt pool morphology between the novel heat source and the
double ellipsoid heat source under the same process parameters.
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Since two heat sources are considered in this paper, the total arc power will consist of
two parts:

P = ηUI = Pa + Pb (1)

In the formula, η is the arc thermal efficiency, U and I are the voltage and current of the
arc, respectively. Pa represents the power of the homogeneous body heat source, and Pb
represents the power of the double ellipsoid heat source. The heat flux density of the
homogeneous heat source can be expressed as follows:

qa =
Pa

Va
(2)

where Va is the volume of the activation unit above the double ellipsoid heat source in a
time step increment ∆T, as shown in Figure 3b.

The traditional double ellipsoid heat source model is divided into two parts, and the
model is shown in Figure 3c. The heat flux density expression of a double ellipsoid heat
source is as follows [35]:

qb1 =
6
√

3 f1Pb

πabc1
√

π
exp

(
−3

x2

c2
1

)
exp

(
−3

y2

a2

)
exp

(
−3

z2

b2

)
(3)

qb2 =
6
√

3 f2Pb

πabc2
√

π
exp

(
−3

x2

c2
2

)
exp

(
−3

y2

a2

)
exp

(
−3

z2

b2

)
(4)

f1 + f2 = 2 (5)

where f1 and f2 are the heat source distribution coefficients of the first half and the second
half of the heat source. a, b, c1, and c2 are the size of the double ellipsoid heat source.

Because the double ellipsoid heat source used in this paper tilts a certain angle around
the y-axis, a local coordinate system with a certain tilt angle relative to the global coordinate
system is defined in Ansys Parametric Design Language (APDL), and the heat flux of each
node in the double ellipsoid heat source is calculated in the local coordinate system so as to
achieve the purpose of tilting the heat source.

3.3. Thermodynamic Analysis

The transient energy equation used to describe the overall volume heat transfer process
in the wire-arc additive process is as follows:

.
H = −∇ · q +

.
Q +

.
Dmech (6)

In the formula,
.

H is the enthalpy rate, q is the heat flux,
.

Q is the heat source, and
.

Dmech
represents the heat engine dissipation. The heat flux q can be calculated by the Fourier law:

q = −k∇t (7)

where k is the thermal conductivity of the material at different temperatures and ∇t is the
variation in temperature.

3.4. Stress Analysis

The momentum balance equation of quasi-static mechanical analysis includes residual
stress and deformation, which can be written as follows:

ρ
..
u + div(σ) + b = 0 (8)



Materials 2024, 17, 1199 7 of 22

In the formula, ρ is the density of the material, σ is the Cauchy stress tensor, u is the
displacement vector,

..
u is the second derivative of time, and b is the volume force vector of

the model. According to Hooke’s law, the stress tensor is related to the elastic strain:

σ = D : εe (9)

where D is the elastic stiffness matrix determined by Young’s modulus (E) and Poisson’s
ratio (v).

The total strain increment can be composed of the following parts:

∆ε = ∆εe + ∆εp + ∆εt + ∆εv (10)

In the formula, εe, εp, and εt are elastic strain, plastic strain, and thermal strain, respectively.
εv is the volume strain caused by phase transformation and creep, which is not considered
in this model. The calculation formula of thermal strain ∆εt is as follows:

∆εt = A∆T (11)

AT = β[111000] (12)

where ∆T is the temperature increment and β is the temperature-dependent thermal
expansion coefficient, as shown in Figure 4.
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The elastic strain increment component ∆εe
ij can be described by the stress

component σij.

∆εe
ij =

1 + v
E

∆σij −
v
E

∆σkkδij (13)

In the formula, δij is Kronecker δ. Plastic strain is caused by yield and strain hardening, σij
is deviatoric stress, and σkk is hydrostatic pressure. In this model, assuming that the plastic
zone is isotropic hardening, the plastic strain increment according to the normality rule can
be calculated as follows:

∆εp =
1
3

∆εp I + ∆εqn (14)
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where n is the flow direction and I is the unit matrix. p and q are two mutually perpendicu-
lar directions. εp and εq can be calculated by the following equations:

ϕ(p, q, Hα) = 0 (15)

∆εp
∂ϕ

∂q
+ ∆εq

∂ϕ

∂p
= 0 (16)

In the formula, Hα is a set of hardening parameters, and p, q, and Hα are defined by the
following equations [36,37]:

p = pel + K∆εP (17)

q = qel + 3G∆εP (18)

∆Hα = hα
(

∆εp, ∆εq, p, q, Hβ
)

(19)

where Hβ is the hardening modulus and G and K are the shear modulus and bulk modulus.

3.5. The Initial and Boundary Conditions of Simulation

The initial conditions in the simulation can be described as follows:

T (x, y, z, t)|t=0 = T0 (20)

where T0 is the ambient temperature, and the ambient temperature is 25 ◦C.
The boundary conditions in the simulation can be defined as follows:

k
∂T
∂n

= qS − qconv − qradi (21)

where n is the normal vector, qS is the input heat flux, qconv is the thermal convection, and
qradi is the thermal radiation. Thermal convection and thermal radiation can be obtained by
the following equations:

qconv = h(T − T0) (22)

qradi = σε
(

T4 − T4
0

)
(23)

where h is the convective heat transfer coefficient, σ is the Stefan–Boltzmann constant,
which is 5.67 × 10−8 W/m2 K4, and ε is the emissivity.

3.6. Thermal Physical Parameters of Materials

The thermal physical parameters of the materials in this paper are calculated by
JmatPro 7.0 software. JMatPro can simulate the phase diagram and physical properties
of alloy materials. The substrate and wire used in this paper are Mg-9.2Gd-3.2Y-2Zn-
0.4Zr. The thermal physical parameters of the material required for the simulation of the
temperature field and stress field are shown in Figure 4, and the stress–strain curve of the
material is referred to [38].

In the course of this work, the following assumptions are made:

1. The thermophysical properties of the additive area and the substrate are isotropic;
2. There is no spatter during the forming process;
3. The metal does not evaporate during the forming process;
4. The size of the additive area remains constant at the same wire feeding speed;
5. Under different process parameters, the height of the additive area is consistent, and

the thickness of each layer is identical.

Based on existing reports, the microstructure of cast and additive-manufactured
rare earth magnesium alloys is fully equiaxed, and thus, this paper does not consider
the influence of material property anisotropy. In the CMT forming process, due to the
extremely low heat input, occurrences of spattering are rare; consequently, the variations
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in heat input caused by spattering and changes in deposited volume are negligible. Since
data extraction for simulation requires path tracking, the changes in the model size must
not be excessive, as this would complicate the comparison of simulation data. Overall, the
model has been partially simplified for the sake of simulation efficiency and to facilitate
subsequent comparisons. While this may affect the precision of the simulation to some
extent, it does not alter the trend of the conclusions. The experiments later in the text also
validate the accuracy of the simulation.

4. Simulation Conclusions and Experimental Results
4.1. Temperature History

Firstly, the heat source was calibrated and tested. Then, after depositing two layers
with two passes using a rare earth magnesium alloy, the specimen was etched for 15 s in a
nitric acid ethanol solution (10 g nitric acid mixed with 80 g ethanol). The heat source is
calibrated by comparing the actual weld pool size with the simulated weld pool size, as
shown in Figure 5. Upon employing a novel heat source, the morphology and dimensions
of the melt pool can be precisely predicted, and the simulation of the remelted region also
achieves a high degree of accuracy. It is proved that the new combined heat source is very
suitable for CMT wire-arc additive manufacturing simulation.
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The thermal history of the midpoints of the 1st, 6th, and 11th layers was extracted
for analysis, and the thermal behavior of different layers of additive manufacturing was
studied. Figure 6a–c shows the simulated thermal history of different layer midpoints at
different wire feeding speeds and welding speeds. Figure 6d reflects heat accumulation
through the history of minimum temperature during the additive process. Different colors
in the figure represent different temperature ranges, and the projection of each color in
the X-axis direction represents the duration of the temperature range. In Figure 6a–c, the
temperature of 650 ◦C and above is set to red, indicating that the point is completely melted.
It can be seen from the diagram that with the increase in welding speed, the liquid phase
existence time of the molten pool gradually decreases, the cooling speed of the additive
region increases, and the heat accumulation degree gradually decreases.
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represent wire feeding speeds, and within the parentheses of A, B, and C are the welding speeds:
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of the second weld track, respectively; (d) denotes the minimum temperature during the additive
manufacturing process.

From the B and C processes in Figure 6b, it can be seen that the faster the welding
speed is, the fewer times the sixth layer of the additive region is remelted, which means
that the faster the welding speed is, the shallower the molten pool depth is. With the
increase in wire feeding speed, the existence time of the molten pool liquid phase increases,
the cooling rate of the additive region decreases, and the degree of heat accumulation
gradually increases.

From Figure 6b, it can be seen that with the increase in wire feeding speed, the number
of times that the sixth layer of the additive region is remelted increases, which means that
the faster the wire feeding speed, the deeper the molten pool depth. With the increase in
the number of additive layers, the time of liquid phase existence gradually increases, the
cooling rate of the additive region decreases, and the heat accumulation degree increases.

Compared with Figure 6a,b, it can be seen that with the increase in wire feeding speed,
the number of remelting in the additive region increases. Comparing the thermal history
of different layers, it can be seen that the sixth layer is remelted more times than the first
layer, which means that the depth of the molten pool increases with the increase in the
number of layers. At the same time, the higher the number of additive layers, the longer
the liquid phase life, the lower the cooling rate in the additive region, and the higher the
heat accumulation degree. Fundamentally, variations in thermal history attributable to
disparate processing parameters stem from differential levels of heat accumulation. An
uptick in heat retention prompts an expansion in the dimensions of the molten pool, a
reduction in the rate at which it cools, and a lessened temperature gradient, given a steady
power input. These factors collectively give rise to the previously described occurrences.

Figure 6d illustrates the thermal history of the lowest temperature in the system dur-
ing the additive manufacturing process under various process parameters. The minimum
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temperature of the system at the commencement of the formation of a new layer is re-
garded as an indicator of thermal accumulation. The thermal input during the additive
manufacturing process results in an increase in the part’s temperature, and due to the brief
interlayer cooling period, it is unable to cool down to room temperature. Consequently,
this leads to an elevated initial temperature of the part when depositing a subsequent layer
compared to the initial temperature of the previous layer, thereby resulting in thermal
accumulation. It is found that the degree of heat accumulation increases with the increase
in feeding speed. With the increase in welding speed, the degree of heat accumulation
decreases. Heat accumulation increases first, then decreases, and finally, the region is stable
in the process of additive manufacturing. Heat accumulation will reduce the cooling rate
of the molten pool, resulting in coarse grains, thereby reducing the strength of the parts
after additive manufacturing. Therefore, in order to obtain a refined structure, a wire
feeding speed of 8 m/min and a welding speed of 8 mm/s with the lowest degree of heat
accumulation should be selected to form rare earth magnesium alloy parts.

From the perspective of heat input, the voltage and current are constant at the same
wire feeding speed, so the lower the welding speed, the higher the total heat input, resulting
in an increase in heat accumulation. As the wire feeding speed increases, the voltage
current increases, so the total heat input during the welding process increases, resulting in
an increase in heat accumulation. Therefore, in the range of the above process parameters,
the total heat input of the process parameters with a wire feeding speed of 8 m/min and a
welding speed of 8 mm/s is the lowest, and the total heat input of the process parameters
with a wire feeding speed of 10 m/min and a welding speed of 6 mm/s is the largest.
Figure 7 illustrates the temperature field distribution on the longitudinal sections of the 1st,
6th, and 11th layers under process parameters with the highest and lowest total heat input.
The comparison reveals that with the increase in the additive manufacturing layers, there
is an increase in heat accumulation, which consequently leads to a greater depth of the
molten pool and an expansion of the mushy zone. The higher the heat input, the deeper
the molten pool, the deeper the mushy zone, and the larger the heat-affected zone.
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4.2. Residual Stress Distribution

Figure 8 shows the residual stress distribution along the AB line under different process
parameters. It is found that the faster the wire feeding speed, the higher the residual stress,
and the faster the welding speed, the lower the residual stress. At the same time, the
closer to the initial arc point, the higher the residual stress is. This is because the substrate
temperature is lower at the beginning of the additive manufacturing, and the cooling rate
of the molten pool is faster, so the residual stress is higher. As the welding proceeds, the
substrate is heated, which reduces the cooling rate of the molten pool and reduces the
stress. The stress at the arc-extinguishing point is significantly increased because the arc-
extinguishing point is only heated and melted once, without experiencing stress unloading
after remelting. The closer to the arc starting point, the greater the stress fluctuation is. This
is because, during the CMT wire-arc additive manufacturing process, the discontinuity of
the heat source loading leads to the discontinuity of the molten pool, as shown in Figure 8d,
which makes the residual stress fluctuate. As the first layer of additive continues, the lower
substrate is heated, resulting in an increase in the size of the molten pool and an increase in
the continuity of the molten pool, resulting in a decrease in the degree of stress fluctuation.
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Figure 9 shows the residual stress distribution along the CD line under different
process parameters. By comparison, it can be found that the residual stress increases with
the increase in wire feeding speed and decreases with the increase in welding speed. The
residual stress of the first layer is the largest because the first layer has almost no heat
accumulation, and the higher cooling rate leads to higher residual stress. The residual
stress value fluctuates between layers. This is because, except for the last layer, each layer
of the additive region has experienced the remelting of the upper pass. When these beads
are remelted for the last time, the molten pool cannot completely melt the pass. Therefore,
the degree of stress release in the same pass is different, which leads to the fluctuation of
residual stress along the CD line. From the figure, the residual stress between the layers
does not decrease with the remelting, but the residual stress of the last two layers decreases
significantly. This will be explained below.
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Figure 9. Distribution of residual stress along path C, D under different process parameters:
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Figure 10 shows the residual stress distribution along the EF line under different
process parameters. By comparison, it can be found that the residual stress increases with
the increase in wire feeding speed. With the increase in welding speed, the residual stress
decreases. The stress value is larger at the edge of the beads and the substrate connection.
This is because the strain caused by the shrinkage of the Y direction during the cooling of
the additive region accumulates to the edge of the additive, resulting in a larger residual
stress. The stress near the lap area of the second pass is significantly reduced, which is due
to the second pass remelting the edge of the first pass and the connection of the substrate,
resulting in stress unloading.
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Through the stress field simulation, it is found that the lower the wire feeding
speed, the lower the residual stress, and the lower the welding speed, the higher the
residual stress. As a rule, reduced heat input correlates with diminished residual stress.
Therefore, when using 1.2 mm diameter Mg-9Gd-3Y-2.2Zn-0.5Zr wire, within the above
process parameters, when CMT wire-arc additive manufacturing is performed on the
same material substrate, the residual stress is the lowest at an 8 m/min wire feeding
speed and an 8 mm/s welding speed. Therefore, from the perspective of reducing
residual stress, this process parameter should be used for additive manufacturing.

In order to explore the distribution law of residual stress after additive manufac-
turing, the simulation results of the longitudinal section stress field under the lowest
residual stress process parameters are shown in Figure 11. Figure 11a shows the equiv-
alent stress distribution of the longitudinal section, and the residual stress is mainly
concentrated at the edge of the additive region and near the lap area. The residual stress
in the central area of each bead is low, and the residual stress increases with the increase
in the layer height. The first layer has the highest residual stress because it has the fastest
cooling rate.

Figure 11b shows the residual stress distribution in the X direction. It can be seen
from the figure that the upper part of the beads of each layer mainly bears tensile stress,
and the lower part mainly bears compressive stress. This is because the upper additive
region remelts a part of the lower layer during the additive process. The remelted area
generates tensile stress in the X direction during the solidification shrinkage process, so
the lower part of the remelted area is subjected to compressive stress in the X direction.
When the additive is completed, the cooling rate of the top layer of the additive region is
lower than that of the bottom layer due to the influence of heat accumulation. Therefore,
the bottom layer shrinks before the top layer, resulting in more tensile stress on the
bottom layer and more compressive stress on the top layer. Therefore, the tensile stress
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decreases with the increase in the number of layers, and the compressive stress increases
with the increase in the number of layers.
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Figure 11c shows the residual stress distribution in the Y direction. It can be seen from
the figure that the tensile stress and compressive stress interval distribution in the additive
region are similar to the above. The residual stress of the first layer is mainly compressive
stress. This is because the size of the substrate in the Y direction is much larger than that of
the additive region, so greater deformation occurs during the cooling shrinkage process,
resulting in greater compressive stress in the first layer of the additive region. The residual
stress distribution of the other layers does not change with the layer height, which is due to
the consistent size of each layer in the Y direction.

Figure 11d shows the residual stress distribution in the Z direction. It can be seen
from the figure that the central part of the additive region is mainly subjected to tensile
stress, and the edge of the additive region is mainly subjected to compressive stress. The
tensile stress is mainly concentrated near the lap area, and the compressive stress is mainly
concentrated on the surface near the additive region. Since the heat is mainly dissipated
from the outer surface of the additive region in the form of radiation and convection during
cooling, the cooling rate of the outer surface of the additive region is higher than that of the
center of the additive region. During cooling, the outer surface first cools and shrinks, while
the central region does not shrink due to cooling because the temperature is higher than the
outer surface, so the outer surface is subjected to tensile stress. The center of the additive
area is subjected to compressive stress, and plastic deformation occurs. Subsequently, the
center of the additive region is cooled and contracted, and its internal stress is changed
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from compressive stress to tensile stress. At the same time, the tensile stress near the outer
surface is changed from tensile stress to compressive stress. This process is repeated until
cooled to room temperature. The reason why the tensile stress in the Z direction is mainly
concentrated in the overlapping area of the additive center is that the position is located
at the center of the additive region, and the longer the above process, the more the tensile
stress is concentrated here. The outer surface of the additive region also undergoes more of
the above process, leading to compressive stress concentration.

By analyzing the residual stress distribution in different directions of the section, it
can be seen that the residual stress near the outer surface of the additive region and the
center of the additive region is mainly the compressive stress in the Z direction. Therefore,
the wider the additive region, the greater the residual stress in the Z direction. This also
explains that the residual stress along the CD above does not change significantly with the
change in layer height because the residual stress in the Z direction is related to the distance
from the outer surface, while the CD line is on the outer surface, so the residual stress does
not change with the layer height. The lower residual stress in the central region of each
layer of the section is caused by the lower residual stress in the X and Y directions. With
the increase in layer height, the residual stress in the central area of each layer increases,
which is caused by the increase in compressive stress in the X direction.

Through the stress field analysis, it is found that the residual stress in the Z direction
is dominant. Figure 7 reveals that the higher the heat input, the deeper the molten pool in
the Z direction, the larger the mushy area, and the larger the heat-affected area. As a result,
in the process of solidification and cooling, the degree of shrinkage deformation in the Z
direction of the additive region is greater, which leads to an increase in residual stress in
the Z direction and, finally, increases the overall residual stress.

4.3. Experimental Result

Using the best process parameters, a 12-layer rare earth magnesium alloy part was
fabricated. Samples were taken from the 1st, 6th, and 11th layers for EBSD (Electron
Backscatter Diffraction) analysis. Additionally, the residual stresses at the center of the
weld beads for each layer were measured using X-ray diffraction and compared with
simulated data. Figure 12 uses the Kernel Average Misorientation (KAM) diagram to
represent the average orientation difference between two adjacent points [39–41]. The
KAM diagram shows that the residual stress of the 1st layer is the largest, and the residual
stress of the 11th layer is greater than that of the 6th layer. The residual stress in the
fine-grain zone of the 6th and 11th layers is greater than that in the coarse-grain zone. The
residual stress of the first layer is close to that of the substrate. The distribution of the mean
orientation difference in the grain and the scanning map show that the mean orientation
difference is larger at the grain boundary, which indicates that the residual stress causes the
dislocation to move to the grain boundary and be pinned by the second phase at the grain
boundary. Figure 12d compares the actual residual stresses measured by X-ray diffraction
with the simulated residual stress values. The numerical agreement is suitable, validating
the accuracy of the simulation. There is a slight discrepancy between the simulated data
and the actual measurements, which can be attributed to the fact that the residual stresses
measured by XRD represent an average over a plane, whereas the internal residual stress
distribution in the formed part is non-uniform and complex. Therefore, the measured
residual stress values may differ from the simulated results [42,43].

Figure 13 shows the pole figures and IPF figures of the (0001) plane, (10–10) plane, and
(11–20) plane in the 1st layer, the 6th layer, and the 11th layer. The additive region of the
alloy is composed of equiaxed crystals, and the crystals have no obvious orientation. The
texture strength of each layer is low, and its maximum value is only 5.11 in the first layer
(0001) plane. Therefore, the Mg-Gd-Y-Zn-Zr alloy manufactured by additive manufacturing
is uniform and isotropic. The different stress distribution of each layer has no significant
effect on the crystal orientation.
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Figure 14 illustrates the microhardness test results for the coarse- and fine-grain regions
in the 1st, 6th, and 11th layers of the specimens, as well as the geometrically necessary
dislocation (GND) results for each layer. Upon examination, the microhardness of the
fine-grain regions in all layers was found to be significantly higher than that of the coarse-
grain regions. Comparing the microhardness among the layers, the first layer exhibited the
highest microhardness, while the sixth layer showed the lowest. By combining the hardness
test results with stress field simulation outcomes, it was observed that regions with higher
residual stresses exhibit increased hardness. Comparing the dislocation densities among
the layers revealed that the 1st layer has a higher dislocation density than the 11th layer,
which is higher than the 6th layer. Layers with higher dislocation densities exhibit greater
microhardness. It is well known that the hardness of a crystal is closely related to its
dislocation density [44–46]. As a large number of dislocations exist within a crystal, they
interfere with each other, generating pinning and entanglement between dislocations,
which impedes dislocation slip and consequently augments the hardness of the crystal.
Therefore, it can be concluded that the residual stresses after the CMT wire-arc additive
manufacturing process significantly alter the hardness of Mg-Gd-Y-Zn-Zr alloy. Higher
residual stresses in a component lead to a larger dislocation density within the grains,
thereby increasing its microhardness.
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hardness values for the coarse-grained and fine-grained zones in each layer; (b–d) depict the GND
distribution for the first, sixth, and eleventh layers, respectively.

Figure 15 shows the compressive engineering stress–strain curves of each layer, where
the first layer had the highest yield strength and compressive strength, which was due
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to its largest residual stress and larger plastic deformation that caused the generation
of a large number of dislocations in the grains during the deformation process. In the
microstructure, grain size and dislocation pinning both have an impact on the material’s
physical properties. Although a larger grain size is disadvantageous for yield strength and
compressive strength, higher-density dislocation pinning can still enhance yield strength
and compressive strength [47,48]. This explains why the first layer has higher yield and
compressive strengths than other layers despite having a larger grain size; it is the result of
a trade-off between these two influencing factors. However, dislocation pinning cannot
improve the material’s plasticity, and the larger grain size makes it difficult for grains to
roll during deformation, which results in poorer plasticity in the first layer. The reason
why the 11th layer had higher yield strength and compressive strength than the 6th layer
was also related to the dislocation density. Therefore, higher residual stress can improve
the yield strength and compressive strength of Mg-Gd-Y-Zn-Zr alloy by producing larger
plastic deformation during the cooling process.
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5. Conclusions

In this paper, a new combined heat source is established to simulate the temperature
field and stress field of the CMT wire-arc additive manufacturing process. By comparing the
thermal history and residual stress under different process parameters, the most suitable
process parameters for wire-arc additive manufacturing of Mg-Gd-Y-Zn-Zr alloy were
found. The stress distribution was detected by EBSD after forming magnesium alloy
parts with the best process parameters. The simulation results are consistent with the
experimental results. The effects of different process parameters on thermal history and
residual stress were analyzed. At the same time, the thermal history and residual stress of
different layers with the same process parameters were analyzed. The main conclusions
are as follows:

(1) With the increase in heat input, heat accumulation increases. As a result, the liquid
phase life of the molten pool increases, the size of the molten pool increases, the
mushy area becomes larger, the heat-affected area becomes larger, and the cooling
rate decreases. The greater the wire feeding speed, the greater the heat input, and
the lower the welding speed, the lower the heat input. The process parameters with
the lowest heat input and the lowest heat accumulation are a wire feeding speed of 8
m/min and a welding speed of 8 mm/s.
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(2) The residual stress is mainly concentrated on the outer wall of the additive region and
the center of the additive region. The residual stress in the Z direction plays a major
role. The stress concentration at the arc-extinguishing point of the substrate is because
the number of thermal cycles at the arc-extinguishing point is less than that in other
areas, and there is no sufficient release stress to cause stress concentration. Through
simulation, it is found that the greater the wire feeding speed, the greater the residual
stress. The lower the welding speed, the greater the residual stress. The process
parameters with the lowest residual stress are a wire feeding speed of 8 m/min and a
welding speed of 8 mm/s.

(3) The grain texture of each layer after additive manufacturing is weak, and the residual
stress has no obvious effect on the grain orientation. KAM analysis shows that the
residual stress of the 1st layer is the highest, and the residual stress of the 11th layer is
higher than that of the 6th layer. This is consistent with the simulation results.

(4) The microhardness of the 1st layer was higher than that of the 11th layer and the
6th layer, which was attributed to the residual stress that affected the dislocation
density and, consequently, the microhardness of each layer. The higher dislocation
density also enhanced the yield strength and compressive strength of the material. The
larger residual stress led to the higher dislocation density, which eventually resulted
in the increased microhardness and mechanical properties of the part.

(5) The experimental results show that the new combined heat source is very suitable
for the simulation of the temperature field and stress field of Mg-Gd-Y-Zn-Zr alloy
fabricated by CMT wire-arc additive manufacturing.

Author Contributions: M.Z.: Conceptualization, Methodology, Software; Z.Z.: Writing—review and
editing, Visualization; W.D.: Data curation, Writing—original draft; P.B.: Supervision, Validation;
Z.H.: Investigation. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 52275389, 52075357), the Patent Transformation Special Plan Project of Shanxi (No. 202201004),
and the Natural Science Foundation of Shanxi Province (20210302123064).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors report there are no competing interests to declare.

References
1. Tomar, B.; Shiva, S. Cold Metal Transfer-Based Wire Arc Additive Manufacturing. J. Braz. Soc. Mech. Sci. Eng. 2023, 45, 157.

[CrossRef]
2. Rodríguez-González, P.; Ruiz-Navas, E.M.; Gordo, E. Wire Arc Additive Manufacturing (WAAM) for Aluminum-Lithium Alloys:

A Review. Materials 2023, 16, 1375. [CrossRef] [PubMed]
3. Derekar, K.S. A Review of Wire Arc Additive Manufacturing and Advances in Wire Arc Additive Manufacturing of Aluminium.

Mater. Sci. Technol. 2018, 34, 895–916. [CrossRef]
4. Hu, S.; Zhang, H.; Wang, Z.; Liang, Y.; Liu, Y. The Arc Characteristics of Cold Metal Transfer Welding with AZ31 Magnesium

Alloy Wire. J. Manuf. Process 2016, 24, 298–306. [CrossRef]
5. Wang, P.; Zhang, H.; Zhu, H.; Li, Q.; Feng, M. Wire-Arc Additive Manufacturing of AZ31 Magnesium Alloy Fabricated by Cold

Metal Transfer Heat Source: Processing, Microstructure, and Mechanical Behavior. J. Mater. Process Technol. 2021, 288, 116895.
[CrossRef]

6. Hong, L.; Wang, R.; Zhang, X. Effects of Nd on Microstructure and Mechanical Properties of As-Cast Mg-12Gd-2Zn-XNd-0.4Zr
Alloys with Stacking Faults. Int. J. Miner. Metall. Mater. 2022, 29, 1570–1577. [CrossRef]

7. Ishiguro, Y.; Huang, X.; Tsukada, Y.; Koyama, T.; Chino, Y. Effect of Bending and Tension Deformation on the Texture Evolution
and Stretch Formability of Mg-Zn-RE-Zr Alloy. Int. J. Miner. Metall. Mater. 2022, 29, 1334–1342. [CrossRef]

8. Yang, J.; Wang, X.; Cai, Y.; Yang, X. Corrosion Resistance and Electrical Conductivity of V/Ce Conversion Coating on Magnesium
Alloy AZ31B. Int. J. Miner. Metall. Mater. 2023, 30, 653–659. [CrossRef]

https://doi.org/10.1007/s40430-023-04084-2
https://doi.org/10.3390/ma16041375
https://www.ncbi.nlm.nih.gov/pubmed/36837006
https://doi.org/10.1080/02670836.2018.1455012
https://doi.org/10.1016/j.jmapro.2016.10.001
https://doi.org/10.1016/j.jmatprotec.2020.116895
https://doi.org/10.1007/s12613-021-2264-8
https://doi.org/10.1007/s12613-021-2398-8
https://doi.org/10.1007/s12613-022-2463-y


Materials 2024, 17, 1199 21 of 22

9. Mirzadeh, H. Surface Metal-Matrix Composites Based on AZ91 Magnesium Alloy via Friction Stir Processing: A Review. Int. J.
Miner. Metall. Mater. 2023, 30, 1278–1296. [CrossRef]

10. Li, X.; Yan, H.; Chen, R. Tailoring the Texture and Mechanical Anisotropy of Multi-Cross Rolled Mg–Zn–Gd Alloy by Annealing.
Acta Metall. Sin. (Engl. Lett.) 2023, 36, 251–265. [CrossRef]

11. Li, C.; Yan, H.; Chen, R. Microstructure and Texture Evolution of Mg-14Gd-0.5Zr Alloy during Rolling and Annealing under
Different Temperatures. Acta Metall. Sin. (Engl. Lett.) 2023, 36, 61–76. [CrossRef]

12. Hu, H.; Qin, J.; Zhu, Y.; Wang, J.; Li, X.; Jin, P. Hot Deformation Behavior and Microstructures Evolution of GNP-Reinforced
Fine-Grained Mg Composites. Acta Metall. Sin. (Engl. Lett.) 2023, 1–18. [CrossRef]

13. Jiang, Z.; Shi, D.; Zhang, J.; Li, T.; Lu, L. Effect of Zn and Y Additions on Grain Boundary Movement of Mg Binary Alloys During
Static Recrystallization. Acta Metall. Sin. (Engl. Lett.) 2023, 36, 179–191. [CrossRef]

14. Xu, C.; Zheng, M.Y.; Chi, Y.Q.; Chen, X.J.; Wu, K.; Wang, E.D.; Fan, G.H.; Yang, P.; Wang, G.J.; Lv, X.Y.; et al. Microstructure and
Mechanical Properties of the Mg-Gd-Y-Zn-Zr Alloy Fabricated by Semi-Continuous Casting. Mater. Sci. Eng. A-Struct. Mater.
Prop. Microstruct. Process. 2012, 549, 128–135. [CrossRef]

15. Zhou, X.; Liu, C.; Gao, Y.; Jiang, S.; Chen, Z. Mechanical Properties of the Mg-Gd-Y-Zn-Zr Alloys with Different Morphologies of
Long-Period Stacking Ordered Phases. J. Mater. Eng. Perform. 2018, 27, 6237–6245. [CrossRef]

16. Yang, Z.; Li, J.P.; Guo, Y.C.; Liu, T.; Xia, F.; Zeng, Z.W.; Liang, M.X. Precipitation Process and Effect on Mechanical Properties of
Mg-9Gd-3Y-0.6Zn-0.5Zr Alloy. Mater. Sci. Eng. A 2007, 454–455, 274–280. [CrossRef]

17. Xue, Z.; Ren, Y.; Luo, W.; Zheng, R.; Xu, C. Effect of Aging Treatment on the Precipitation Behavior and Mechanical Properties of
Mg-9Gd-3Y-1.5Zn-0.5Zr Alloy. J. Mater. Eng. Perform. 2017, 26, 5963–5972. [CrossRef]

18. Li, J.; Chen, R.; Ma, Y.; Ke, W. Computer-Aided Cooling Curve Thermal Analysis and Microstructural Characterization of
Mg-Gd-Y-Zr System Alloys. Thermochim. Acta 2014, 590, 232–241. [CrossRef]

19. Meier, J.M.; Miao, J.; Liang, S.M.; Zhu, J.; Zhang, C.; Caris, J.; Luo, A.A. Phase Equilibria and Microstructure Investigation of
Mg-Gd-Y-Zn Alloy System. J. Magnes. Alloys 2022, 10, 689–696. [CrossRef]

20. Li, R.; Wang, G.; Zhao, X.; Dai, F.; Huang, C.; Zhang, M.; Chen, X.; Song, H.; Zhang, H. Effect of Path Strategy on Residual Stress
and Distortion in Laser and Cold Metal Transfer Hybrid Additive Manufacturing. Addit. Manuf. 2021, 46, 102203. [CrossRef]

21. Zhao, H.; Zhang, G.; Yin, Z.; Wu, L. Three-Dimensional Finite Element Analysis of Thermal Stress in Single-Pass Multi-Layer
Weld-Based Rapid Prototyping. J. Mater. Process Technol. 2012, 212, 276–285. [CrossRef]

22. Hackenhaar, W.; Mazzaferro, J.A.E.; Montevecchi, F.; Campatelli, G. An Experimental-Numerical Study of Active Cooling in Wire
Arc Additive Manufacturing. J. Manuf. Process 2020, 52, 58–65. [CrossRef]

23. Khan, K.; Mohan, L.S.; De, A.; DebRoy, T. Rapid Calculation of Part Scale Residual Stresses in Powder Bed Additive Manufacturing.
Sci. Technol. Weld. Join. 2023, 28, 145–153. [CrossRef]

24. Han, Y. A Finite Element Study of Wire Arc Additive Manufacturing of Aluminum Alloy. Appl. Sci. 2024, 14, 810. [CrossRef]
25. Homami, R.M.; Ojo, O. Residual Stress Analysis through Numerical Simulation in Powder Bed Additive Manufacturing Using

the Representative Volume Approach. Int. J. Adv. Manuf. Technol. 2023, 129, 5581–5599. [CrossRef]
26. Singh, U.P.; Swaminathan, S.; Phanikumar, G. Thermo-Mechanical Approach to Study the Residual Stress Evolution in Part-Scale

Component during Laser Additive Manufacturing of Alloy 718. Mater. Des. 2022, 222, 111048. [CrossRef]
27. Han, Y.S. Wire Arc Additive Manufacturing: A Study of Process Parameters Using Multiphysics Simulations. Materials 2023,

16, 7267. [CrossRef]
28. Mishra, R.; Pillai, A.; Imam, M.; Chinthapenta, V.; Vineesh, K.P. Experimental and Numerical Investigation of Double Pass

Overlapping Beads by Twin-Wire Welding Additive Manufacturing Process. Trans. Indian Inst. Met. 2023, 76, 297–313. [CrossRef]
29. Jeong, S.G.; Ahn, S.Y.; Kim, E.S.; Karthik, G.M.; Baik, Y.; Seong, D.; Kim, Y.S.; Woo, W.; Kim, H.S. Effect of Substrate Yield Strength

and Grain Size on the Residual Stress of Direct Energy Deposition Additive Manufacturing Measured by Neutron Diffraction.
Mater. Sci. Eng. A-Struct. Mater. Prop. Microstruct. Process. 2022, 851, 143632. [CrossRef]

30. Liao, S.; Golgoon, A.; Mozaffar, M.; Cao, J. Efficient GPU-Accelerated Thermomechanical Solver for Residual Stress Prediction in
Additive Manufacturing. Comput. Mech. 2023, 71, 879–893. [CrossRef]

31. Lee, Y.; Feldhausen, T.; Fancher, C.M.; Nandwana, P.; Babu, S.S.; Simunovic, S.; Love, L.J. Prediction of Residual Strain/Stress
Validated with Neutron Diffraction Method for Wire-Feed Hybrid Additive/Subtractive Manufacturing. Addit. Manuf. 2024,
79, 103920. [CrossRef]

32. Mohajernia, B. Residual Stress in Metal Additive Manufacturing of Thin-Walled Components: Investigation and Development of
Prediction Models with Respect to Path Planning. Ph.D. Thesis, University of Windsor, Windsor, ON, Canada, 2023.

33. Apetre, N.A.; Michopoulos, J.G.; Steuben, J.C.; Birnbaum, A.J.; Iliopoulos, A.P. Analytical Thermoelastic Solutions for Additive
Manufacturing Processes. Addit. Manuf. 2022, 56, 102892. [CrossRef]

34. DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, J.W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang, W.
Additive Manufacturing of Metallic Components–Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112–224. [CrossRef]

35. Goldak, J.; Chakravarti, A.; Bibby, M. A New Finite Element Model for Welding Heat Sources. Metall. Trans. B 1984, 15, 299–305.
[CrossRef]

36. Jayanath, S.; Achuthan, A. A Computationally Efficient Finite Element Framework to Simulate Additive Manufacturing Processes.
J. Manuf. Sci. Eng. Trans. ASME 2018, 140, 041009. [CrossRef]

https://doi.org/10.1007/s12613-022-2589-y
https://doi.org/10.1007/s40195-022-01472-w
https://doi.org/10.1007/s40195-022-01447-x
https://doi.org/10.1007/s40195-023-01524-9
https://doi.org/10.1007/s40195-022-01511-6
https://doi.org/10.1016/j.msea.2012.04.018
https://doi.org/10.1007/s11665-018-3713-z
https://doi.org/10.1016/j.msea.2006.11.047
https://doi.org/10.1007/s11665-017-2755-y
https://doi.org/10.1016/j.tca.2014.07.004
https://doi.org/10.1016/j.jma.2021.09.019
https://doi.org/10.1016/j.addma.2021.102203
https://doi.org/10.1016/j.jmatprotec.2011.09.012
https://doi.org/10.1016/j.jmapro.2020.01.051
https://doi.org/10.1080/13621718.2022.2139446
https://doi.org/10.3390/app14020810
https://doi.org/10.1007/s00170-023-12634-0
https://doi.org/10.1016/j.matdes.2022.111048
https://doi.org/10.3390/ma16237267
https://doi.org/10.1007/s12666-022-02666-7
https://doi.org/10.1016/j.msea.2022.143632
https://doi.org/10.1007/s00466-023-02273-3
https://doi.org/10.1016/j.addma.2023.103920
https://doi.org/10.1016/j.addma.2022.102892
https://doi.org/10.1016/j.pmatsci.2017.10.001
https://doi.org/10.1007/BF02667333
https://doi.org/10.1115/1.4039092


Materials 2024, 17, 1199 22 of 22

37. Hoye, N.; Li, H.J.; Cuiuri, D.; Paradowska, A. Measurement of Residual Stresses in Titanium Aerospace Components Formed
via Additive Manufacturing. In Materials Science Forum; Trans Tech Publications Ltd.: Bäch, Switzerland, 2014; Volume 777,
pp. 124–129.

38. Yang, X.; Zhang, Z.; Meng, M.; Jia, J.; Zhang, H.; Lei, G.; Yu, J. Hot Tensile Deformation Behaviors and a Fracture Damage Model
of the Mg-Gd-Y-Zn-Zr Alloy. J. Mater. Res. Technol. 2022, 18, 255–267. [CrossRef]

39. Koblischka-Veneva, A.; Koblischka, M.R. Residual Stress/Strain Analysis of Bulk YBCO Superconductors Using EBSD. IEEE
Trans. Appl. Supercond. 2022, 32, 6800405. [CrossRef]

40. Ku, T.W. Numerical and Experimental Investigations on Residual Stress and Hardness within a Cold Forward Extruded Preform.
Materials 2023, 16, 2448. [CrossRef]

41. Oda, S.; Tanaka, S.I. Grain Boundaries with High Σ Value and Strain in Grain Matrix Induce Crack Initiation in Extruded
6000 Series Aluminium Alloys. Mater. Sci. Eng. A 2022, 834, 142630. [CrossRef]

42. Park, S.C.; Kim, I.Y.; Kim, Y.I.; Kim, D.K.; Oh, S.J.; Lee, K.A.; Lee, B. Residual Stress Analysis of Additive Manufactured A356.2
Aluminum Alloys Using X-Ray Diffraction Methods. J. Korean Inst. Met. Mater. 2023, 61, 534–544. [CrossRef]
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