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Abstract: Laser beam powder bed fusion (PBF-LB) additive manufacturing (AM) is an advanced
manufacturing technology that manufactures metal components in a layer-by-layer manner. The
thermal residual stress (RS) induced by the repeated heating–melting–cooling–solidification processes
of AM is considered to limit the wider uptake of PBF-LB. A dual-laser beam PBF-LB strategy, with
an additional auxiliary laser and reduced power, working in the same powder bed simultaneously,
was recently proposed to lower RS within the manufactured components. To provide insights into
the optimum PBF-LB AM configurations and process parameters for dual-laser PBF-LB, this study
proposed three different coordinated heating strategies (i.e., parallel heating, post-heating, and
preheating) of the auxiliary heat source. The temperature fields and RS of dual-laser beam PBF-LB,
for Ti-6Al-4V with different process parameters, were computationally investigated and optimized
by the thermo-mechanically coupled 3D models. Compared with the single beam PBF-LB, parallel
heating, post-heating, and post-heating strategies were proved as effective approaches to reduce RS.
Among these, the preheating scanning is predicted to be more effective in mitigating RS, i.e., up to
a 10.41% RS reduction, compared with the single laser scanning. This work could be beneficial for
mitigating RS and improve the mechanical properties of additively manufactured metal components.

Keywords: powder bed fusion; residual stress; preheating; post-heating; process modelling;
dual-laser beam

1. Introduction

Laser beam powder bed fusion (PBF-LB) is one of the most commonly used addi-
tive manufacturing (AM) technologies for bespoke component (e.g., orthopedic implant)
manufacturing in industry [1–3]. PBF-LB manufactures components in a layer-by-layer
manner and a moving heat source scans the predefined 2D cross section within each
individual thin layer (e.g., in the order of micron). The repeated heating–melting–cooling–
solidification processes during PBF-LB induce intricate thermal residual stress (RS) within
additively manufactured components. RS can cause distortion and delamination of PBF-LB
manufactured components and it is, therefore, necessary to reduce RS [4].

A variety of strategies have been widely investigated to reduce RS, such as process
parameters [4,5], base plate preheating [6,7], and structure optimization [8]. For better
control of the thermal history, microstructure, and mitigation of the RS [9], a novel dual-
laser beam PBF-LB was recently presented as a promising technique [10], where a laser
beam (which works as a main melting laser) with enough power to melt the powders and a
secondary laser (which acts as an auxiliary heat source) with reduced power to slow the
cooling process during PBF-LB. With dual-laser beams working simultaneously on the
same powder bed, the total energy input and cooling rate could be significantly changed in
dual-laser PBF-LB, compared to that of the single laser PBF-LB. Heeling et al. [11] noted
that the secondary beam could heat the regions surrounding the melt pool, thus decreasing
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the cooling speed during PBF-LB. The modifications in the temperature history can further
influence the temperature gradient and, thus, the final RS.

Finite element modelling provides capabilities to fully understand the RS formation
mechanisms during PBF-LB. Lu et al. [6] computationally investigated approaches to
mitigate the RS and warpage of Ti-6Al-4V components in PBF-LB, and the results indicated
shortening the scanning vector and preheating the base plate could effectively reduce RS by
85.2% [12]. Cheng et al. [13] numerically studied the influences of eight different scanning
strategies on temperature, RS, and deformation by a moving Gaussian heat source method,
and the results showed that island scanning produced the maximum peak temperature, due
to the residual heat effect within the short scanning path, and the 45◦ line scanning resulted
the lowest build direction deformation and RS, compared with other scanning strategies.

Significant advances have been made in multi-laser beam PBF-LB. Masoomi et al. [14]
investigated the influences of the laser beam number (1, 2, and 4) on the temperature
and properties of the manufactured parts and concluded that the production times, cool-
ing rates, and RS magnitudes decreased when increasing the number of laser beams.
Zhang et al. [15] examined the effects of scanning strategies on temperature, RS, and deflec-
tion, and the results indicated that multi-laser beam PBF-LB could mitigate the maximum
RS by 16.5%, compared with that of the single laser PBF-LB. Heeling et al. [16] investigated
the melt pool characteristic of multi-beam PBF-LB by using a high speed camera, and the
addition of a preheating laser was proved to effectively reduce the spatter phenomenon.

The build process parameters, such as energy beam power and moving speed, influ-
ence the RS within additively manufactured components and have been widely investigated
in the single laser beam PBF-LB [5,17]. Upon examining the current literature, however,
there was no study that was focused on the optimization of the process parameters in
multi-laser PBF-LB to mitigate RS. In order to provide insights into the optimum process
parameters and configurations, a detailed understanding of the dual-laser PBF-LB process
is required to obtain the RS information and inform AM designers and operators of the
optimum setup during the physical dual-laser PBF-LB printing.

2. Computational Modelling Methods
2.1. Model Configurations

For computational efficiency and the convenience of the computational modelling
in this study, the PBF-LB AM model for the dual-laser beam PBF-LB is simplified to
include a 1.5 × 1.5 × 0.12 mm3 Ti-6Al-4V sample that is deposited on a 3 × 3 × 1 mm3

base plate (Figure 1). The initial temperature of the whole system was set as 293 K.
The coupled thermo-mechanical modelling was performed on the general-purpose finite
element analysis software ABAQUS (Dassault Systèmes, Providence, RI, USA, 2019). To
simulate the layer-by-layer manufacturing process of the physical PBF-LB, a PYTHON
script was programmed to slice the 3D geometry into individual layers [15,18]. The ’model
change’ function in ABAQUS was employed to simulate the gradual deposition of a layer.
The converged mesh size of 20 × 20 × 20 µm3 for the sample [15,19] and coupled thermo-
mechanical element type of C3D8T in ABAQUS were used for the computational model.

The three different types of dual-laser beam PBF-LB were originally from references [9,16]:
parallel heating (Figure 2a), post-heating (Figure 2b), and preheating (Figure 2c). For the
dual-laser beam PBF-LB, two laser beams are employed to scan the same powder bed with
a specified offset distance. For the parallel heating mode, the offset is perpendicular to
the scanning direction. The secondary laser follows the first laser with a time delay for
the post-heating models, and, in preheating, the auxiliary laser scans prior to the melting
laser. The offset of the auxiliary laser beam spot center to the melting laser center, along
the x direction, is defined as ∆x, and ∆y indicates a distance of the two laser beams along
the y direction. To simulate the localised moving heat source, a FORTRAN subroutine
for a Gaussian distributed heat profile in ABAQUS was programmed and employed. The
“S” scanning strategy was employed in PBF-LB process modelling and rotated 90◦ for the



Metals 2022, 12, 420 3 of 12

subsequent layer (Figure 3). The cooling rate (CR) at the centre of the top layer (P1 shown
Figure 1) was investigated.
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2.2. Thermal Transfer and Mechanical Mechanisms

The thermal transfer mechanisms during PBF-LB process modelling include conduc-
tion to the previously solidified material and base plate, conduction from the solidified
layers to the surrounding loose powders [20], and convection and radiation from the top
surface of the active layer (which refers to the newly added layer of material) to the sur-
rounding atmosphere. Details of the heat transfer mechanisms are shown in the authors’
previous publications [18,20].
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The energy equation that is employed in the fully coupled thermo-mechanical process
modelling for the PBF-LB process is [18,21–23]:

.
H +∇·q = Q +

.
Dmech (1)

where
.

H is the rate of enthalpy change (per unit volume), q for the heat flux, Q for the
power density of laser beam heating, and

.
Dmech for the thermal-stress dissipation rate

caused by the plastic deformation [18,24,25]. The enthalpy rate can be stated as:

.
H = ρsCp

dT
dt

+ ρs
d( f L)

dt
(2)

where ρs for density of solid material, Cp for specific heat capacity, T for temperature, t for
time, and L for latent heat of fusion. The liquid fraction f is assumed to be a linear function
of temperature as [26]:

f =


0 T < TS

T−TS
TL−TS

TS ≤ T ≤ TL

1 T > TL

(3)

where TS and TL are the solidus and liquidus temperature, respectively.
The volumetric Gaussian distributed power density can be formulated as:

Q =
4
√

2AP
π
√

πR3 e
−2r2

R2 (4)

where A is heat source absorption coefficient, P is laser beam power, R is laser spot radius,
and r is the distance to the laser beam centre. The single laser beam PBF-LB and three
different modes of coordinated Gaussian-distributed heat sources for the dual-laser beam
PBF-LB are shown in Figure 4.

The heat flux due to conduction can be expressed as [27]:

qcond = −ks∇T (5)

where ks is the temperature-dependent thermal conductivity of the solid material. The
radiation heat loss from the top surface of the active layer to the surrounding atmosphere
can be defined by Stefan–Boltzmann’s law before the next layer is added [18]:

qrad = εσS

(
Tsur

4 − Tr
4
)

(6)
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where qrad is the heat flux due to active layer radiation, ε is the emissivity, σS is the Stefan–
Boltzmann constant, Tsur is the surface temperature of the computational model, and Tr is
the build chamber temperature [28].

The active layer convection heat dispersion between the top surface of the active layer
to the surrounding environment can be expressed by Newton’s law of cooling [18,20]:

qconv = h(Tsur − Tr) (7)

where h is the heat transfer coefficient.
The equilibrium for the finite element mechanical analysis is given by:

∇ · σ = 0 (8)

where σ is the stress tensor. The mechanical constitutive law for the elastic problem is
defined as:

σ = C : εe (9)

where C is the material stiffness tensor, and εe is the elastic strain tensor. The total strain
rate can be represented as:

.
εTotal =

.
εe +

.
εp +

.
εT (10)

where εTotal, εe, εp, and εT are the total, the elastic, plastic, and thermal strain, respectively.
The thermal strain component is given by:

∆εT = α∆T (11)

where α is the coefficient of thermal expansion of material. ∆T is the change of temperature.
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2.3. Process Parameters and Material Properties

The process parameters, such as laser spot diameter and scanning speed, applied in the
PBF-LB modelling is shown in Table 1. The temperature-dependent material properties of
Ti-6Al-4V were employed for both the sample and base plate [15]. To optimize the process
parameters during the dual-laser PBF-LB, a list of process parameters with variations
of laser beam power and distance between the secondary laser beam centre and main
melting laser spot centre for the three modes (Figure 2) were employed, as shown in Table 2.
The laser beams offset distance (∆x and ∆y, Figure 2) is designed based on the laser spot
diameter of 0.1 mm [11], e.g., the parallel scanning case (e) in Table 2 has a y offset of
0.2 mm, which is two times of the laser spot diameter. The applied process parameters in
Table 2 are expected to produce nearly fully dense Ti-6Al-4V samples [29].

Table 1. Process parameters used for computational PBF-LB process modelling (data from [15]).

Spot Diameter (mm) Scanning Speed
(m/s)

Hatch Spacing
(mm)

Layer Thickness
(µm)

0.1 1.2 0.1 40

Table 2. Process parameters applied for the single laser beam and different strategies of dual-laser
PBF-LB modelling.

Case Mode Melting Laser
Power (W)

Auxiliary Laser
Power (W)

x Distance
(∆x, mm)

y Distance
(∆y, mm)

a Single 120 - - -
b Parallel 120 30 0 0.1
c Parallel 120 60 0 0.1
d Parallel 120 90 0 0.1
e Parallel 120 60 0 0.2
f Preheating 120 30 0.1 0
g Preheating 120 60 0.1 0
h Preheating 120 90 0.1 0
i Preheating 120 60 0.2 0
j Post-heating 120 30 −0.1 0
k Post-heating 120 60 −0.1 0
l Post-heating 120 90 −0.1 0

m Post-heating 120 60 −0.2 0

3. Results and Discussions
3.1. Temperature Profiles

The computational modelling results of temperature contours by different build pa-
rameters (i.e., the cases listed on Table 2) and scanning models are shown in Figure 5. The
temperature contours, at half of the total time needed for a layer scanning of the top layer,
was plotted to show and compare the temperature fields of all the models [13,15]. The
peak temperature (i.e., maximum temperature during the entire manufacturing process)
for all scanning cases is demonstrated in Figure 6. Different scanning modes and process
parameters generated quite different temperature fields (Figure 5), which were induced
by the different scanning trajectories of laser beams. The similar temperature field of
single laser beam PBF-LB was found elsewhere [30], but the predicted peak temperature
of this study is higher than the reference, due to the addition of the secondary laser. The
single laser beam scanning (Figure 6a) produced a lower temperature than other cases
(Figure 6b–m), e.g., the preheating mode with a laser power of 60 W and an offset distance
of 100 µm (Figure 6c, 3138 K) generated a marginally 5.73% higher peak temperature than
that of the single laser beam (Figure 6a, 2968 K).
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Figure 5. Temperature contours (logarithmic scale) at half of the total time needed for a layer scanning
of the top layer for different scanning modes and process parameters using the 90◦ rotation scanning
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laser power of 90 W and a distance of 100 µm between two lasers; (e,i,m) with a laser power of 60 W
and an offset of 200 µm between two lasers. The base plate was involved in the modelling, but not
shown in this figure.
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Comparing all the modelling cases, the post-heating mode generally produced a
higher temperature than other models (preheating and parallel heating). This is because
of the high temperature of the regions in the vicinity of the melt pool when the secondary
laser beam scans, due to the short distance between the melting and secondary laser beam
(≤200 µm). For the post-heating models with post laser power of 60 W and 90 W and
laser beam offset of 100 µm (Figure 5k,l), the secondary laser beam produced a higher
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peak temperature than the first melting laser beam, even though the delayed laser was
with a reduced power compared with the melting laser. Note that several of the predicted
peak temperatures (Figure 6h,k–m) exceeded the boiling temperature (3133 K) of Ti-6Al-4V
material [31], which also occurred during physical manufacturing [32]. The predicted peak
temperature of the majority of the material was below the boiling temperature of material.

In order to enhance the visibility of the figure and compare temperature for different
models and process parameters more clearly, the temperature evolution between 20.05 and
20.06 s was collected, which is around half the time required to melt the top layer (Figure 7).
The temperature temporal evolutions for multi-laser PBF models (Figure 7b–m) are different
from that of the single laser scanning (Figure 7a). The temperature oscillates with the
moving of the laser beams and then starts to monotonically decrease when the laser beam
moves far away from the P1 position. When the power of the auxiliary laser is high, the
temperature of the parallel scanning could partially melt the material (Figure 7c–e): this
phenomenon also occurred for the preheating (Figure 7g–i). It is interesting to observe that,
for the post-heating, the followed laser beam produced a higher peak temperature than
the first laser beam (Figure 7l); this is because of the short offset (i.e., 100 µm) between
two laser beams, and the temperature of the material was still high, when the following
laser scanned.
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3.2. Cooling Rate

Figure 8 demonstrates that the CR at P1 (Figure 1) is in the order of magnitude of
105–106 K/s, which is calculated based on the time required for the temperature of material
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at P1 (Figure 1) to cool from the melting point of Ti-6Al-4V to the β-transus temperature of
1270 K [33]. It is close to the practically measured results of 105~106 K/s, in other PBF-LB
studies [34,35]. It can be seen, as shown in Figure 8, that the CR is highest for the single
laser scanning (Figure 8a), compared with other multi-laser manufacturing (Figure 8b–l),
which indicates the auxiliary laser beam is beneficial for reducing the RS. This indicates
that the auxiliary laser beam heats the material surrounding the melt pool, slowing down
the cooling process, which is consistent with reference [11]. With a constant distance
between two laser beams, the CR decreases with the increase of laser power. For instance,
the CR of the preheating model, with a laser power of 90 W (8.27 × 105 K/s, Figure 8h),
was 39.10% less than that of the 30 W (13.58 × 105 K/s, Figure 8g) case. This is because
the higher laser power caused higher energy density, which makes for a more uniformly
distributed temperature field of the powder bed.
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3.3. Residual Stress

The RS contours for different coordinated dual-laser beam scanning modes and process
parameters are shown in Figure 9. Similar RS distributions are formed for the different
computational models (Figure 9), but with different RS magnitudes (Figure 10). For all
the computational modelling cases (Figure 9), the largest von Mises RS occurs at the
bottom of part (i.e., the interface between the part and the build plate), which is also found
elsewhere [36]. This is because the shinkage of the part was constrained by the base plate at
the post manufacturing cooling process. Among all the prediction cases, the least maximum
RS of 1171 MPa (Figure 10l) was generated by the post-heating with a laser power of 90 W
and offset of 100 µm, which is reduced by 10.41%, compared to the single laser scanning
(1307 MPa, Figure 10a). The RS could be further reduced by increasing the number of laser
beams [15]. In addition, Figure 10 indicates that the higher the laser power applied, the
lower the RS induced, which is consistent with the computational modelling results of the
CR (Figure 8). This phenomenon is due to the uniformity of the powder bed, which causes
a lower temperature gradient and CR and is consistent with studies elsewhere [5,17,37].
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4. Conclusions

In this study, three different types of coordinated dual-laser PBF-LB were optimized
and compared with the single laser PBF-LB by full coupled thermo-mechanical modelling.
The effects of different types of a secondary heating source on thermal (temperature and
cooling rate) and mechanical behavior (RS) of Ti-6Al-4V were computationally investigated.
The key conclusions are:

1. Compared with the single laser scanning, an additional auxiliary laser with preheating,
post-heating, or parallel mode can mitigate RS.

2. The post-heating mode scanning can more effectively reduce RS than the preheating
and parallel heating strategies.

3. With the addition of the secondary laser beam in coordinated dual-laser PBF-LB, the
peak temperature increases, while the cooling rate and RS decrease.
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4. The maximum RS can be reduced by up to 10.41% when using the secondary laser
beam with reduced laser power, compared with the single laser beam scanning.

Further work will be focused on experimental RS validation on parts manufactured
by multi-laser beam AM and with different build parameters.
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