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Abstract: The performance of the selective electron beam melting (SEBM) products depends
on the SEBM-induced temperature and stress. Here, the thermomechanical finite element
simulations are conducted to investigate the dynamic evolution of temperature and the
thermal stress of melt pool during the SEBM process of Ti6Al4V alloys under various pro-
cessing parameters and scanning strategies. The results show that the melt pool undergoes
three stages of preheating, melting, and remelting under the influence of adjacent scanning
tracks. This complex thermal history drives significant changes in thermal stress within
the melt pool. After adjusting the processing parameters, it is found that a low scanning
speed and high electron beam energy result in a high temperature gradient and stress in
the molten pool. Compared to the electron beam energy, the scanning speed has a more
significant impact on temperature and residual stress. For the dual-electron-beam scanning
strategy, the coupling thermal effect between electron beams can reduce the temperature
gradient of the melt pool, thereby suppressing the formation of columnar crystals. The elec-
tron beam energy of 300 W and the scanning speed of 1.5 m/s can be selected under various
scanning strategies, which are expected to suppress the formation of coarse and columnar
β grains and achieve relatively low residual stress. These results contribute to providing a
theoretical basis for selecting optimized process parameters and scanning strategies.

Keywords: selective electron beam melting; finite element models; temperature field;
residual stress; scanning strategy

1. Introduction
Additive manufacturing (AM) technology, which employs the layer-by layer design

strategy to fabricate alloy components, provides the benefits of convenient composition
adjustment, flexible structural design, and the conservation of raw materials [1–3]. Thus,
it has garnered extensive research and attention in the field of materials manufacturing.
Among various AM techniques, selective electron beam melting (SEBM) utilizes a high-
energy electron beam as the energy source, demonstrating advantages such as high energy
density and high energy absorption efficiency, as well as rapid scanning speeds. These
features make it widely applicable in the fabrication of metals with high melting points,
high activity, and high brittleness [4,5]. Under the in situ heat treatment effect generated by
SEBM preheating, nickel-based alloys exhibit significant gradient structures. The formation
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and transformation mechanisms of these structure have been studied [6]. In the dual phase
AlCoCuFeNi high-entropy alloy (HEA) prepared by SEBM, the electron beam remelting
process results in grain refinement and the formation of phases with a face-centered cu-
bic (FCC) structure, which lead to excellent compressive strength and plasticity in the
material [7].

Due to the strong sensitivity of the temperature field inside the melt pool to processing
parameters, this affects the microstructure and properties of the material. Ni-based alloys
are successfully prepared using SEBM technology, and reasonable processing windows and
defect-free criteria are proposed by adjusting the scanning speed and energy density [8].
The significant influence of different scanning speeds on the microstructure and mechanical
properties of WMoTaNbTi RHEAs fabricated by SEBM has been revealed, and it has been
found that reducing the scanning speed can improve the local plasticity of RHEAs [9].
The density of the alloy fabricated by SEBM is highly sensitive to the electron beam
energy. As the energy density increases, the density of Al2024 alloy first increases and then
decreases [10]. By optimizing the scanning speed and focal shift during the preparation
of 316 L stainless steel using SEBM, the formation of precipitates at grain boundaries is
significantly suppressed, leading to improved tensile properties [11].

In addition, the scanning pattern is a key influencing factor on the temperature his-
tory, residual stress distribution, and deformation of metals fabricated by AM [12,13].
For example, the scanning strategy significantly affects several characteristics of Ti6Al4V
samples, such as relative density, surface morphology, microstructure, and mechanical
properties [13]. In the process of multi-channel and multi-layer scanning, a layer-wise inter-
lace scan strategy is more conducive to reducing the porosity in the AM product compared
to layer-wise rotated scan strategies [14]. An interstitial-strengthened HEA is fabricated by
AM with stripe and checkerboard scanning paths, respectively. Under the stripe scanning
strategy, it is easier to form an uneven grain morphology and texture, which leads to more
severe mechanical anisotropy [15]. In addition, the Laves phase in Ni-based alloy also
exhibits the differences in size and distribution under different scanning strategies [16].

Thus, it is crucial to understand the impact of processing parameters and scanning
strategies during the AM process before constructing the final structure. The finite element
method (FEM) is widely used to reveal the temperature and thermal stress field [17–20].
The temperature field and stress field are obtained under a novel S pattern [17]. The
temperature gradient and cooling rate are discussed under several heat source models by
the FEM [20]. It is worth noting that, considering the complexity of raw materials and
processes, there are numerous factors that affect the performance of AM alloys. It is still
difficult to conduct a comprehensive evaluation of these factors.

Ti alloys are widely used for their excellent comprehensive performance [21,22]. In
many works, the microstructure-forming and mechanical properties of Ti alloys fabricated
by AM have been studied [22,23]. However, the influence of different process parameters
and processing strategies of AM technology on the temperature field and thermal stress
field of Ti alloys has not been clearly revealed. Thus, in the present work, by considering
heat transfer and solid mechanics models, the dynamic evolution of temperature and stress
of Ti6Al4V during the SEBM process is revealed, and the effects of different processing
parameters and scanning strategies on the thermal and stress history are investigated.

2. Method
2.1. Finite Element Model

In order to investigate the effect of processing parameters and scanning strategies on
temperature and stress histories in the Ti6Al4V alloy fabricated by SEBM, a 3D FEM model
of single-layer multi-channel electron beam scanning is established using the finite element
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software COMSOL 6.2, as shown in Figure 1. The model consists of a substrate with a
size of 4 mm × 3 mm × 0.5 mm and a powder layer with size of 3 mm × 2 mm × 0.1 mm.
Considering that the powder size range is about 50–200 µm, with an average size of
approximately 100 µm in previous experiments [24,25], the powder layer thickness is
set to 0.1 mm here. In order to simplify the model, the powder layer is assumed to
be a continuous and uniform metal, and the heat transfer of gas between the gaps in
powder is ignored. In addition, the model does not account for the complexity of thermal
reactions between the powder alloy and the substrate material during the SEBM process,
and it sets the substrate as a Ti6Al4V alloy as well. To ensure calculation accuracy, fine
elements with sizes of 25 µm × 20 µm × 25 µm are adopted in the region of the powder
layer. The process parameters are listed in Table 1. The radius of the electron beam is
200 µm. The hatch spacing is set to 200 µm. According to previous studies, in order to
promote the decomposition of the acicular α′ martensite phase, a preheating temperature
of at least 500 K is required during the preparation of Ti alloy using the powder bed fusion
technology [26–28]. Therefore, the substrate and powder layer are set to the preheating
temperatures of 500 K and 700 K, respectively. The electron beam energy and scanning
speed are selected as processing parameter variables due to them being the main influencing
factor [29]. In our model, scanning speeds of 1 m/s, 1.5 m/s and 2 m/s are selected. The
electron beam power is 300 W, 400 W, and 500 W, respectively. In addition, according to the
difference in the scanning path of the electron beam, the three scanning patterns, including
zigzag pattern, raster pattern, and dual-electron beam pattern, are considered, as shown
in Figure 2. Furthermore, the thermal conduction model and a solid mechanics model
are coupled to simulate the forming process of Ti6Al4V alloy. In the current model, the
influence of fluid convection in the melt pool is not taken into account. The influence of
material state changes on the temperature and stress inside the melt pool during the melting
and solidification process is represented by the variation in material thermal properties
with temperature [30]. Detailed explanations are presented in the following sections.
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Figure 1. (a) Finite element model of powder bed. (b) Top and side views of the powder bed, colored 
by element size. 

 

Figure 2. The schematic diagram of scanning paĴern: (a) zigzag paĴern, (b) raster paĴern, (c) dual-
electron paĴern, where arrows indicate the direction of electron beam scanning. The red and blue 
arrows represent the paths of the two electron beams, respectively 
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Figure 1. (a) Finite element model of powder bed. (b) Top and side views of the powder bed, colored
by element size.

Table 1. The process parameters of SEBM.

Parameter Value

Heat source power P (W) 300, 400, 500

Scanning speed v (m/s) 1, 1.5, 2

Beam radius R (µm) 200

Preheat temperature Tp (K) 500 for substrate; 700 for powder

Hatch space hs (µm) 200
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Figure 2. The schematic diagram of scanning pattern: (a) zigzag pattern, (b) raster pattern, (c) dual-
electron pattern, where arrows indicate the direction of electron beam scanning. The red and blue
arrows represent the paths of the two electron beams, respectively.

2.2. Thermal Model

According to Fourier’s law of heat conduction [31], the spatiotemporal distribution of
temperature field conforms to the following equation:

∂

∂x

(
kx

∂T
∂x

)
+

∂

∂y

(
ky

∂T
∂y

)
+

∂

∂z

(
kz

∂T
∂z

)
+ Q = ρC

∂T
∂t

(1)

where T is the transient temperature distribution of the model, ρ and C are the density
and specific heat capacity of the powder material, respectively, t respects the time of heat
source action, and kx, ky, and kz are the thermal conductivity of the powder layer in each
direction, respectively. Due to the powder layer being assumed to be isotropic, the thermal
conductivity can be expressed uniformly as k. Meanwhile, assuming that the powder
material is uniformly distributed, the thermal conductivity in all locations is the same. Q
is the heat source density. Considering the large penetration depth of electron beam heat
sources, the volumetric heat source is adopted [32]. The moving Gaussian distribution heat
source [20,33] is widely used, where the energy is maximum at the center of the spot and
extends outward while decreasing.

Q(x, y, z, t) = 2εPIxy Iz (2)

where ε is the energy absorption efficiency of the powder material. According to previous
studies, compared with the selective melting technology, the energy utilization efficiency is
significantly improved during the SEBM process [30]. P is the electron beam energy, Ixy

represents the energy intensity distribution on the xy plane, and Iz is the energy intensity
distribution along the depth direction.

Ixy =
1

πR2 exp

(
−2

(x − xs)
2 + (y − ys)

2

R2

)
(3)

where xs, ys is the coordinate of the energy center, R is the radius of the electron beam, and
z represents the depth coordinates of the energy influence.

The attenuation of energy with depth is expressed as

Iz =
1
η

exp
(
−|z|

η

)
(4)

where η is the depth of penetration of the electron beam, which is assumed to be the
thickness of the powder layer. Before simulating the process of the electron beam scanning,
considering the typical process characteristics of SEBM, the substrate and powder layer are
preheated to 500 K and 700 K, respectively.
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In addition, the heat transfer between the model and the environment is manifested
in two forms: convection and radiation of heat between the surface and the environ-
ment [19,23].

−k
∂T
∂z

∣∣∣∣
z=z0

= λς(T4
amb − T4) + h(Tamb − T) (5)

Here, only the heat transfer between the top surface of the model with z = z0 and
the environment is considered. The first term on the right side of the equation represents
the thermal radiation of the powder layer to the environment, and the second term is the
thermal convection. λ, ς, and h are the radiation coefficient, Stephen Boltzmann constant,
and heat transfer coefficient, respectively. Tamb represents the environment temperature.

2.3. Mechanical Model

In order to obtain the residual stress in the Ti6Al4V alloy fabricated by SEBM, the
relationship between the stress and strain in the model is calculated. The material is
considered to be an ideal linear elastic material. According to Hooke’s law, stress can be
expressed as

σ = C : εe (6)

where σ is the stress tensor, C is the elastic matrix, and εe is the elastic strain tensor. The total
deformation of the model includes three parts: elastic deformation, plastic deformation,
and thermal deformation [19,34].

ε = εe + εp + εt (7)

where εp and εt represent the plastic strain tensor and the thermal strain tensor. The total
strain tensor can be expanded into

εx = 1
E
[
σx − υ(σy + σz)

]
+ ε

p
x + εt

εy = 1
E
[
σy − υ(σx + σz)
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+ ε

p
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+ ε

p
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γxy =
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2µ + γ

p
xy; γyz =
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2µ + γ

p
yz; γxz =

τxz
2µ + γ

p
xz

(8)

where E, υ, µ represent the elastic modulus, Poisson’s ratio, and shear modulus, respectively.
The form of thermal deformation is thermal expansion [19].

εt = αe(T − Tre f ) (9)

where αe is the coefficient of thermal expansion and Tre f is the reference temperature.
The parameters in the thermal and mechanical models are listed in Table 2.

The temperature-dependent material parameters are derived from previous research
(Figure 3) [23].

Table 2. The parameters of the thermal and mechanical models. Adapted from Refs. [23,35].

Parameter Value

Elastic modulus E (GPa) 125

Poisson’s ration υ 0.34

Material density ρ (Kg/m3) 443

Energy absorption efficiency ε 0.75
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Table 2. Cont.

Parameter Value

Radiation coefficient λ 0.75

Heat transfer coefficient h 10

Environment temperature Tamb (K) 300

Coefficient of thermal expansion αe 8 × 10−6

Reference temperature Tre f (K) 300
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3. Results and Discussion
3.1. Evolution of Melt Pool

Figure 4 compares the temperature curves obtained from experiments and simulations
along the scanning track. The experiment used a voltage of 60 KV and a current of 7.2 mA,
corresponding to the electron beam power of 432 W in the simulation. The scanning speed
is 0.75 m/s. The peak temperature corresponds to the center of the electron beam spot. The
simulated peak temperature is about 250 K higher than the experimental peak temperature.
This is because the solid pure thermal conduction model used in the present work ignores
the influence of fluid convection in the melt pool [36]. Nonetheless, it is evident that the
overall trends of the two temperature curves is qualitatively consistent. Both curves show
a high temperature gradient near the center of the heat source, and the temperature at
the tail of the scanning trajectory is gentle. In addition, the range above the melting point
on the temperature curve indicates that the length of the molten pool obtained from both
experiments and simulations is approximately the same. The same law is also proven in
previous studies [30,36], which further validates the accuracy of the current model.

In order to reveal the temperature field evolution during the multi-channel scanning
process, Figure 5a–c exhibit the temperature distribution of the powder bed at a heat source
power of 300 W and a scanning speed of 1.5 m/s when the source moves to the fourth, fifth,
and sixth track, respectively. The electron beam heat source completes a single-layer and
multi-channel scanning process in a zigzag pattern within the powder layer. The blue solid
line surrounds the molten pool area where the temperature is higher than the melting point
of 1923 K. It can be found that the tail of the molten pool always tills towards the scanned
area. The green point A is the midpoint of the fifth track. When the heat source passes
through the fourth track, it generates a preheating effect on point A of the neighboring
track, which is manifested by the obvious temperature gradient between point A and the
substrate. When the heat source scans the fifth track, point A reaches the melting point and
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completely melts. As the heat source moves to the sixth track, point A is heated again to
near the melting point.
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Figure 4. Comparison of simulated temperature curve obtained by the current model and the
experimental temperature curve along the scan track. Adapted from Refs. [30,36].

Furthermore, when the heat source moves to point A, the temperature field is analyzed
along the scanning direction and perpendicular to it (Figure 6). A long molten pool is
presented in Figure 6a. The temperature gradient gradually decreases from the head to
the tail of the molten pool. Due to the influence of hatch overlap regions, the temperature
field of the current scanning track shows a significant overlap with the temperature field
formed by the previous scanning track, which corresponds to the molten pool presented in
the experiment (Figure 6b) [37,38]. In addition, changes in the temperature field during the
scanning process result in differences in heat transfer efficiency between the scanned and
unscanned areas, causing the high-temperature center of the melt pool to deviate from the
preset heat source center.
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Figure 5. The temperature distribution of the Ti6Al4V alloy powder bed during the scanning process,
when the heat source passes through (a) the fourth track, (b) the fifth track, and (c) the six track.

3.2. Effect of Processing Parameters

In order to investigate the effects of processing parameters on the formation of Ti6Al4V
alloy prepared by SEBM, the temperature and stress history are discussed under different
electron beam power and scanning speeds. Similarly, point A, as shown in Figure 2, is
selected to output temperature and stress in order to clearly describe the joint impact of the
current and adjacent scanning paths on the melt pool. The temperature cycling curves of
point A, as depicted in Figure 7, are obtained at a scanning speed of 1.5 m/s and power
settings of 300, 400, and 500 W, respectively. As the heat source moves, the temperature
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exhibits three distinct stages of increase. It is due to this that the temperature field within
the scanning trajectory is affected by the thermal effects of the previous and subsequent
scanning electron beams [35]. The selected point A is located on the center-line of fifth
track in the current simulation. Initially, as the heat source moves to the fourth track, the
temperature at node rises for the first time, exhibiting a brief plateau, which reflects the
preheating effect of the previous scanning track on the node. Subsequently, the electron
beam heats the fifth track, the temperature rapidly reaches its peak and exceeds the melting
point of Ti6Al4V, causing powder melting. The peak temperature of the molten pool is
directly proportional to the energy of the heat source and shows a clear linear relationship.
That is, as the energy increases by an equal difference, the temperature also exhibits a
similar law of equal difference increase. As the electron beam scans to the sixth track, the
temperature rises again. Immediately after, the heat source moves to next track without
causing an increase in the temperature of the designated node A. Under the effects of
thermal diffusion and radiation, the temperature gradually decreases. The cooling rate is
crucial for designing a solidification microstructure. The cooling rate is shown in Figure 7b.
The high cooling rate characteristic of AM technology is reflected, reaching 106 K/s, which
is consistent with the previous results [39]. It is evident that the heating rate of the molten
pool is significantly higher than that at 300 W when the electron beam power is 500 W.
After the temperature of the molten pool reaches its peak, the temperature decreases at a
high cooling rate due to the removal of the heat source and heat dissipation. As the energy
increases, the cooling rate slightly accelerates.
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Figure 6. The temperature field of the molten pool (a) along the scanning direction and (b) perpendic-
ular to scanning direction when the heat source moves to point A.

Metals 2025, 15, 83 9 of 19 
 

 

of the molten pool is significantly higher than that at 300 W when the electron beam power 
is 500 W. After the temperature of the molten pool reaches its peak, the temperature de-
creases at a high cooling rate due to the removal of the heat source and heat dissipation. 
As the energy increases, the cooling rate slightly accelerates. 

 

Figure 7. Time-dependent curve of temperature (a) and cooling rate (b) under different electron 
beam power. 

The temperature changes of point A at different scanning speeds of 1 m/s, 1.5 m/s, 
and 2 m/s, as well as a constant energy of 300 W, are represented in Figure 8. It is clearly 
visible that node A, located in the fifth track, undergoes three heating processes when the 
electron beam scans the fourth, fifth, and sixth tracks [23]. Obviously, as the scanning 
speed increases, the preheating and remelting temperature generated by adjacent tracks 
scanned by the heating source at point A decrease. 

In addition, as the scanning speed increases, the peak temperature decreases signifi-
cantly due to the decrease in energy input to the powder layer per unit time. The scanning 
speed increases at equal intervals, and the temperature change in the melt pool does not 
exhibit a linear relationship similar to that described in Figure 7a. Thus, the influence of 
scanning speed on the temperature changes is more remarkable than that of heating 
source energy [29,40]. The temperature change is more significant when the scanning 
speed increases from 1.5 m/s to 2 m/s compared to when it increases from 1 m/s to 1.5 m/s. 
The cooling rate is shown in Figure 8b. The slower the scanning speed, the wider the dis-
tance between the heating and cooling rate peaks. A high scanning speed corresponds to 
a high heating rate and low cooling rate. This phenomenon is completely different from 
that in Figure 7b for various electron beam power. In addition, compared to changes in 
energy, changes in scanning speed have a smaller impact on the amplitude of changes in 
maximum heating rate. In other words, changing the scanning speed has a more signifi-
cant impact on the temperature of the melt pool compared to changing the input power 
[41]. In addition, the cooling rate is significantly higher during the solidification stage of 
the molten pool when the scanning rate is 1 m/s. According to Eq.6, this is aĴributed to 
the high heat dissipation effect, which is caused by the significant temperature difference 
between the melt pool and the environment as well as the increase in thermal conductivity 
with increasing temperature [23,42]. Considering the relationship between the phase 
structure and temperature history in AM Ti alloys [43], the   phase is formed in the 
temperature range of 1923 K to 1268 K. During the further cooling process, the   phase 
transforms into a finer   phase. As shown in Figures 7a and 8a, when the power reaches 
400 W or the scanning speed is below 1 m/s, the higher peak temperature and remelting 
process result in a longer residence time in the   phase temperature region. Combined 

)a( )b(

Figure 7. Time-dependent curve of temperature (a) and cooling rate (b) under different electron
beam power.

The temperature changes of point A at different scanning speeds of 1 m/s, 1.5 m/s,
and 2 m/s, as well as a constant energy of 300 W, are represented in Figure 8. It is clearly
visible that node A, located in the fifth track, undergoes three heating processes when the
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electron beam scans the fourth, fifth, and sixth tracks [23]. Obviously, as the scanning speed
increases, the preheating and remelting temperature generated by adjacent tracks scanned
by the heating source at point A decrease.

In addition, as the scanning speed increases, the peak temperature decreases signifi-
cantly due to the decrease in energy input to the powder layer per unit time. The scanning
speed increases at equal intervals, and the temperature change in the melt pool does not
exhibit a linear relationship similar to that described in Figure 7a. Thus, the influence
of scanning speed on the temperature changes is more remarkable than that of heating
source energy [29,40]. The temperature change is more significant when the scanning speed
increases from 1.5 m/s to 2 m/s compared to when it increases from 1 m/s to 1.5 m/s. The
cooling rate is shown in Figure 8b. The slower the scanning speed, the wider the distance
between the heating and cooling rate peaks. A high scanning speed corresponds to a high
heating rate and low cooling rate. This phenomenon is completely different from that in
Figure 7b for various electron beam power. In addition, compared to changes in energy,
changes in scanning speed have a smaller impact on the amplitude of changes in maximum
heating rate. In other words, changing the scanning speed has a more significant impact on
the temperature of the melt pool compared to changing the input power [41]. In addition,
the cooling rate is significantly higher during the solidification stage of the molten pool
when the scanning rate is 1 m/s. According to Equation (6), this is attributed to the high
heat dissipation effect, which is caused by the significant temperature difference between
the melt pool and the environment as well as the increase in thermal conductivity with
increasing temperature [23,42]. Considering the relationship between the phase structure
and temperature history in AM Ti alloys [43], the β phase is formed in the temperature
range of 1923 K to 1268 K. During the further cooling process, the β phase transforms
into a finer α phase. As shown in Figures 7a and 8a, when the power reaches 400 W or
the scanning speed is below 1 m/s, the higher peak temperature and remelting process
result in a longer residence time in the β phase temperature region. Combined with high
cooling rates, this may lead to the formation of columnar, coarse β phase regions, resulting
in anisotropic behavior in the alloys.
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Figure 8. Time-dependent curve of temperature (a) and cooling rate (b) under different scanning
speed.

Figure 9 depicts the temperature distribution and molten pool morphology on the
top surface under different powers of 300 W, 400 W, and 500 W when the electron beam
scans to point A. The solid orange line represents the isotherm at 1923 K, which is the melt
point of Ti6Al4V. The enclosed area corresponds to the molten state. During the multi-
channel scanning process, due to the inconsistent heat transfer conditions between the
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scanned and unscanned areas, the temperature field and molten pool exhibit asymmetric
distribution [17,23,42]. The scanned area has a large thermal impact range and a small
temperature gradient. Obviously, as the power of the heat source increases, the size of
the melt pool and the temperature at the center of the scanning track increases. Figure 10
describes the temperature field under different scanning speeds of 1 m/s, 1.5 m/s, and
2 m/s. Similarly to Figure 8, due to the influence of the adjacent scanning track, the scanned
area also exhibits a solidification delay. As the scanning speed increases, the molten area
shrinks. When the scanning speed is 2 m/s, the heat-affected zone at the tail of the electron
beam shrinks and the melting zone exhibits a conical shape.
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and (c) 2 m/s at powder of 300 W for zigzag pattern scanning path.

Furthermore, the stress histories of point A represented by Von mises stress are
analyzed under different power and scanning speed as shown in Figure 11. As previously
reported, the residual stress of metals fabricated by additive manufacturing is related to the
thermal history of melt pool. Thus, the stress evolution is corresponding to the temperature
history shown in Figures 7a and 8a. From the curve of stress evolution over time, it can
be seen that the stress increases from the molten state to the solidified state, and then
gradually decreases during the cooling process. It is worth noting that higher stress values
are obtained at low scanning rates or high input power (Figure 11a,c), which is consistent
with the previous reports that high energy density increases the thermal shrinkage rate,
resulting in high residual stress. This is the fundamental reason for the generation of
thermal microcracks inside additive manufacturing components, and also the origin of high
density inside alloys [44]. Due to the assumption in our simulation that the powder layer is
a continuous and uniform metal layer, there is a high initial stress after preheating. Under
the preheat effect generated by scanning the previous track, the elastic modulus of Ti6Al4V
alloy decreases (Figure 3c), resulting in a significant decrease in stress. As the heat source
passes, the temperature exceeds the melting point and the powder enters a completely
melted state, causing the stress to approach 0 MPa. Thus, the attention need to be paid
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to the stress changes in the molten pool during the cooling stage after the heat source
leaves. The thermal expansion and contraction of the molten pool during the solidification
process can affect the microstructure growth state inside the molten pool. In the initial
solidification stage, a phase transition from liquid to solid occurs in the molten pool due to
the decrease in temperature. At this time, the thermal stress rapidly increases as shown
in Figure 11b,d. The changes in scanning speed and power have a significant impact on
the thermal stress in the molten pool. As the scanning speed increases, the rate of the
thermal stress rise increases. In addition, the increase in power slows down the rate of
stress increase. During the subsequent cooling process, thermal stress gradually releases.
The thermal stress evolution during solidification leads to thermal shrinkage and expansion
deformation, which will affect the grain morphology and dislocation distribution formed
in the melt pool [45,46]. According to the previous experimental studies, it was found that
the combination of complex thermal history and stress field promotes the generated of high
dislocation density, ultimately leading to the formation of dislocation cells [39].
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3.3. Effect of Scanning Strategy

As is well known, in addition to processing parameters, the scanning strategy also
has a significant impact on the temperature, stress field of melting pool, as well as the
formation of microstructure. In this section, the scanning path of single electron beam in
raster pattern is simulated to compare and analyze the effects of zigzag pattern and raster
pattern. Meanwhile, the influence of the dual-electron beam scanning strategy on thermal
and stress history is investigated.
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3.3.1. Effect of Scanning Path

In order to investigate the effect of the scanning path on temperature and stress
history, single-layer and multi-channel scanning processes in a raster pattern within the
powder layer are completed at the power of 300 W and various scanning speeds of 1 m/s,
1.5 m/s and 2 m/s. Figure 12 presents the temperature distribution and molten pool
morphology on the top surface. As the scanning speed increases, the melting zone shrinks
at current moment.

However, the melting zone enclosed by the orange solid line in scanning strategy of
raster pattern (Figure 12) are significantly different from that obtained from the zigzag
pattern scanning path (Figure 10). Due to the discontinuity of the electron beam scanning
path between the fourth track and the fifth track where point A is located, two separate
melting region appear at low scanning speed of 1 m/s. In addition, the unidirectional
movement mode of the electron beam causes the width of the molten pool to increase from
left to right, with clear directionality, which could cause warpage in the formed sample [47].
In contrast, due to the bidirectional movement mode of the electron beam of zigzag pattern,
the present track has the potential to compensate for the influence of the previous track.
The length of molten pool of raster pattern is smaller than that in zigzag pattern. Thus,
the state of the molten pool is greatly affected by the scanning path. The temperature field
obtained from the zigzag pattern is more stable than that obtained from the raster pattern.
In addition, the temperature and stress histories of point A are exhibited in the Figure 13.
The temperature and stress history of point A are almost unaffected under two different
scanning strategies [17,47,48]. From the temperature curves of the point A (Figures 8a and
13a), it can be seen that the peak temperature experienced by the melt pool is same in both
scanning pattern. Thus, compared with the zigzag pattern, the short molten pool presented
in raster pattern means a larger temperature gradient. Combining a longer temperature
range for forming the β phase at low scanning speeds makes it easier to promote the
formation of coarse and columnar β grains [39]. It is not conducive to the strengthen of
AM alloys. In addition, according to the heat transfer and solid mechanics models, thermal
stress is mainly affected by the thermal expansion deformation of the melt pool and the
elastic constant, which are mainly related to temperature. Therefore, the two scanning
modes exhibit almost the same stress conditions under the same temperature history.
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and (c) 2 m/s at powder of 300 W for raster pattern scanning path.

3.3.2. Effect of Dual-Electron Beam

The multi-laser powder bed fusion technology has been proven to significantly im-
prove the forming size and efficiency. Similarly, the scanning path with multi-electron beam
pattern has the potential to efficiency fabricate large-scale structures [23,49]. However, the
multi-electron beam powder bed fusion technology has not yet been fully developed. In this
section, the influence of different spatial and temporal effects generated by dual-electron
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beam on melting pool is analyzed. The movement paths of two sets of electron beam are
shown in Figure 2c. The temperature distribution is exhibited in Figure 14. There are
two melting region generated by dual-electron beam. By comparing the upper and lower
electron beam scanning areas, the lower electron beam scanning area is affected by the heat
of the scanned area of the upper electron beam, resulting in an increase in the length of
the melting zone. In addition, compared to the zigzag and raster pattern, the width and
the melt pool increases and temperature gradient is smaller for the dual-electron beam
pattern, which can be attributed to the preheat effect of the powder when the upper electron
beam passes through [50]. Temperature gradient is one of crucial thermodynamic factor
on microstructure forming during the process of AM [51–53]. According to the theory of
the constitutional undercooling and solidification, the formation of grain morphology is
mainly controlled by the temperature gradient (G) and the average growth rate (R). A high
G/R ratio promotes the formation of columnar dendrites in the melt pool, while low G/R
ratio favors the formation of a broad region of constitutional undercooling, resulting in
the generation of equiaxed crystals [53]. For the dual-electron beam pattern, the reduced
temperature gradient can effectively suppress columnar crystal growth [52,54].
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Figure 13. Time-dependent curve of temperature (a), cooling rate (b), and stress histories (c,d) under
different scanning speed for raster pattern scanning path.

The temperature and stress histories under different power for dual-electron pattern
are represented in Figure 15. From the temperature and cooling rate curve, it can be
seen that point A experiences a significant temperature platform before reaching its peak
temperature. The first temperature rise at point A is due to the thermal influence of the
upper electron beam scanning track 6 on track 5, which can be demonstrated by the distance
between the peaks of the cooling rate. Meanwhile, due to the temperature field influenced
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by the interaction between two electron beams, the stress state during the melting process
exhibits obvious differences from that of a single electron beam. There is clear phased
downward trend. Comparing Figure 15d with Figure 11d, the trend of stress decrease
during the solidification process is similar, indicating that changing only scanning strategy
without changing the processing parameters will not change the stress evolution during
the solidification process. Therefore, adopting a multi electron beam scanning strategy can
reduce the temperature gradient of the melt pool without affecting residual stress through
the mutual influence between each electron beam, thereby suppressing the formation of
columnar crystals and producing more equiaxed crystals. This can reduce the anisotropy
of material mechanical properties and improve forming efficiency [54,55].
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4. Conclusions
In current work, a FEM is established to investigate the temperature distribution and

residual stress evolution of Ti6Al4V during the SEBM process. The single-layer and multi-
channel scanning processes are simulation using a single electron beam as heat source. The
results indicate that during the SEBM process, the thermal effects of adjacent trajectories
are coupled in the melt pool, resulting in complex fluctuations in the temperature history
curve. The melt pool exhibits obvious preheating, melting, and remelting phenomena. The
stress in the molten pool during the solidification process rapidly increases in stages and
then steadily decreases in the later stage, reflecting the thermal expansion and contraction
process of the molten pool, which is a key factor affecting the formation of microstructures.
In addition, by adjusting the scanning speed and electron beam energy, it was found
that compared to electron beam energy, the adjustment of scanning speed has a more
significant impact on temperature and stress. At the same time, the scanning paths of
zigzag pattern and raster pattern are compared, and the results showed that the temperature
distribution is more stable for the zigzag scanning pattern. Meanwhile, single layer and
multi-channel scanning processes with dual-electron beam as heat source are investigated.
Due to the temperature field of mutual influence between the two electron beams, the
smaller temperature gradient of the melt pool compared to a single electron beam helps to
suppress the growth of columnar crystals. For different scanning strategies, an electron
beam energy of 300 W and a scanning speed of 1.5 m/s are considered as optimization
parameters to avoid prolonged high-temperature stages induced by high electron beam
energy and low scanning speed. These parameters are expected to suppress the formation
of columnar β crystals and promote the development of more uniform grains in AM
Ti alloys, while simultaneously achieving relatively low residual stress. Therefore, the
current work is helpful in providing guidance on the selection of processing parameters
and scanning strategies for SEBM.
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