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Abstract: A 3D finite element model was established to investigate the temperature and stress fields during the
selective laser melting process of AlI-Mg—Sc—Zr alloy. By considering the powder—solid transformation, temperature-
dependent thermal properties, latent heat of phase transformations and molten pool convection, the effects of laser
power, point distance and hatch spacing on the temperature distribution, molten pool dimensions and residual stress
distribution were investigated. Then, the effects of laser power, point distance and hatch spacing on the microstructure,
density and hardness of the alloy were studied by the experimental method. The results show that the molten pool size
gradually increases as the laser power increases and the point distance and hatch spacing decrease. The residual stress
mainly concentrates in the middle of the first scanning track and the beginning and end of each scanning track.
Experimental results demonstrate the accuracy of the model. The density of the samples tends to increase and then
decrease with increasing laser power and decreasing point distance and hatch spacing. The optimum process parameters
are laser power of 325-375 W, point distance of 80—100 um and hatch spacing of 80 pm.
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weldability. SPIERINGS et al [10,11] reported that

1 Introduction

Selective laser melting (SLM), one of the
three-dimensional (3D) printing technologies, has
been extensively used in the fabrication of Ti-based
alloys [1-3], Fe-based alloys [4,5], and Al
alloys [6—9] due to obvious advantages such as low
tooling cost, short design and production period,
and unlimited design freedom, especially for the
complex shape components. So far, selective laser
melted Al-Mg alloys have attracted extensive
interest of many researchers owing to their high
strength, excellent corrosion resistance, and good

the tensile strength of the selective laser melted
Al-Mg—Sc—Zr alloy reaches 530 MPa because of
the precipitation of Al;(Sc,Zr) particles and fine
grain structure of the alloy. ZHANG et al [12]
studied the evolution of Al;(Sc,Zr) particles of the
selective laser melted Al-Mg—Sc—Zr alloy under
different scanning speeds and reported that some
spherical ~ Al3(Sc,Zr) particles were mainly
embedded at the bottom of the molten pool at a low
scanning speed. MA et al [13] studied the effect of
heat treatment on the microstructure and
precipitates evolutions of selective laser melted
Al-Mg—Sc—Zr alloy and found that the bimodal
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microstructure and grain size of the alloy do not
change significantly during the heat treatment
process due to the Al;(Sc,Zr) and AlgMn particles
along the grain boundaries preventing grain growth.

In the selective laser melting process, the
metal powders are melted and solidified
instantaneously, and the cooling rate reaches
10°-10® °C/s [14]. Such a high cooling rate leads to
a high thermal stress, resulting in the occurrence of
defects such as cracks, warpage and deformation.
These defects are detrimental to the microstructure
and mechanical properties of the alloy. In essence,
these defects are related to the evolution of the
temperature and stress fields in the molten pool
during the selective laser melting process. Thus, it
is important to study the evolution of temperature
and stress fields, which, in turn, helps to optimize
the processing parameters. In addition, a
combination of numerical simulation and
experiment will greatly improve the efficiency of
process parameter optimization and become an
important trend in the future for the additive
manufacturing industry.

Many numerical calculation models have been
proposed to study the powder spreading,
temperature, stress and flow fields in the selective
laser melting process. CHEN et al [15,16]
investigated the packing quality of powder layer in
additive manufacturing by experiments and
numerical simulations. ILIN et al [17] studied the
effect of laser power and scanning speed on 316L
stainless steel fabricated by selective laser melting
using a 2D finite element model, and found that the
simulation results were basically consistent with the
experimental data. Excessively low scanning speed
will lead to an unstable molten pool size.
WEINGARTEN et al [18] analyzed the quasi-
stationary temperature field for a single track of
selective laser melted AlSilOMg alloy, and found
that the laser spot diameter had the greatest effect
on the maximum temperature of the molten pool.
However, current simulation research on Al alloys
is mainly focused on Al-Si alloys, and there are
few literatures on the 3D finite element simulation
of selective laser melted AI-Mg alloys. In addition,
the effects of thermal properties of the materials
varying with temperature on the temperature field
are not considered in most of the finite element
models. Therefore, it is necessary to study the finite
element simulation of selective laser melted AlI-Mg

alloy.

In this work, a 3D finite element model was
established using the ANSYS APDL software
program to simulate the temperature and stress
fields during the selective laser melting process of
Al-4.0Mg—0.7Sc-0.4Zr—0.5Mn  (Al-Mg—Sc—Zr)
alloy. The powder—solid transformation, temperature-
dependent thermal properties, latent heat of phase
transformations and molten pool convection were
taken into account. Based on the model, the effects
of laser power, point distance and hatch spacing on
the temperature distribution, molten pool size,
overlapping rate and residual stress distribution
investigated. Furthermore, corresponding
experiments were performed to confirm the
reliability of the simulation results and optimize the
process parameters.

WeEre

2 Finite element theories and model
descriptions

The selective laser melting process contains a
variety of physical phenomena, such as the
interaction between the laser and the powders, the
phase transformation, and the thermal conduction,
convection and radiation. In order to simplify the
model and improve the calculation efficiency, some
factors in the finite element model need to be
simplified.

2.1 Finite element model

The 3D finite element model for three layers
and five tracks was developed for the temperature
fields simulation in ANSYS APDL 19.0. The
schematic simulation model and laser scanning
strategy are shown in Fig. 1. By considering the
accuracy and efficiency of simulation and referring
to the literatures [19,20], the finite element model
consists of 6061 substrate and Al-Mg—Sc—Zr
powder bed with dimensions of 1.2 mm x 0.72 mm x
02mm and 1.0mm X 0.52mm x 0.09 mm,
respectively. The powder layer thickness is 30 pm.
The moving direction of the laser beam is along the
x-axis and the building direction is along the z-axis.
The hexahedral SOLID 70 element and mapping
method were used to mesh the model. Considering
the accuracy and efficiency of the numerical
simulation, a 0.01 mm % 0.01 mm x 0.01 mm mesh
and a relatively large mesh were applied to the
powder bed and the substrate, respectively. The
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total number of meshes in the model is 95024, and
the total number of nodes is 99447. Considering the
computational efficiency, a mode for one layer and
five tracks was used in the stress fields simulation.
The dimension of powder bed was changed to
1.0 mm X% 0.52 mm x 0.03 mm. The total number of
meshes and nodes in the model are 74224 and
78035, respectively.

Powder bed
0.8x0.6x0.09

Substrate

1.0x0.8%0.1 (a)

Laser scanning area

3rd layer C"

2nd [ayer \ ﬁ’é
Ist IM

Fig. 1 Finite element model (a) and laser scanning

strategy diagram (b) (Unit: mm)

2.2 Thermal modelling
2.2.1 Governing equations of heat transfer

The moving laser beam is used as the heat
source in selective laser melting, and the
temperature of powder bed changes with the laser
spot moving. Therefore, selective laser melting is a
typical nonlinear transient heat conduction process.
According to the law of conservation of energy, the
heat conduction equation is as follows [21,22]:

=2, Dy L, Iy L, T
81‘ ox

R )+
ox" oy Toy oz Z@z) Q

6]
where 7 is the temperature; k is the thermal
conductivity; x, y, and z are the coordinates; Q is
the unit volume heat generated per volume within
the powder bed; p is the powder density; ¢ is the
specific heat capacity; ¢ is the time.

Before the selective laser melting process (=0),

the temperatures of the powder bed, substrate and
environment are defined as
T(x,yaz’t)|t=0=%(x,yazER) (2)

where Ty is taken as 25 °C.

In the selective laser melting process, the
molten pool is produced by pulsing heat of the
moving laser beam. The heat within the molten pool
is mainly lost by thermal convection and radiation,
which are regarded as boundary conditions in the
finite element model.

The thermal convection between the outer
surface of the finite element model and the
environment is defined as [20]

A, o _ WT-T,) (3)
" on

where /. is the effective thermal conductivity of the
powder; n is the vector along the normal direction
of the top of the powder bed; / is the convective
heat transfer coefficient; 7T, is the environment
temperature.

The thermal radiation is defined as [20]

—AGZ—Z:JSBE(TZ +T)T+T )T =T,) = Bo(T = T,)

“)
where ogg 1s the Stefan—Boltzman constant taken as
5.67x10°* W/(m*-K*), ¢ is the emissivity of the
material, and f, is the radiative heat transfer
coefficient. Considering the convective heat transfer
and radiation heat transfer comprehensively, the
two heat transfer boundary conditions can be
defined as [20]

—zgz—ﬂa‘r) )

where f is the equivalent heat transfer coefficient.
2.2.2 Gaussian heat source modelling

The Nd:YAG fiber laser, which has high laser
energy density and strong penetrability, was used in
the selective laser melting process. The laser energy
was loaded on the top surface of the powder bed in
the form of heat flux. The laser energy density
approximately meets the Gaussian distribution. The
Gaussian heat source (q) can be defined as [19]

24P
€
TR,

2r?

q= xp( Rf) (6)
where A is the laser absorptivity of the powder; P
is the laser power; Ry is the laser spot radius; r
is the radial distance between the node (x, y) and
the laser spot center. Based on the reports of
BEIRANVAND et al [23], 4 is taken as 0.18 in
this work.
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2.2.3 Thermophysical properties of materials

The model includes three materials:
Al-Mg—Sc—Zr powder, Al-Mg—Sc—Zr solid and
6061 alloy substrate. The densities, thermal
conductivities, and specific heats of the solid and
substrate at different temperatures were calculated
using JMatPro software. When the temperature
exceeds the melting point of the powder (635 °C),
the heat conduction will be accelerated due to the
Marangoni convection within the molten pool, so
the thermal conductivity coefficients were
introduced in the simulation, and the thermal
conductivities of the liquid are defined as

kg=wk, k,=wk,, k,=wk, (7)

XX

where ky, k, and k., are the thermal conductivities
of the liquid, respectively; w,, w, and w. are the
thermal conductivity coefficients in x, y and z
direction, respectively. In this work, the thermal
conductivity coefficients are set to be w.=4, v,~4,
and w,=5, respectively.

The density of the powder is given as [19]

Py =9p, +(1—-9)p, (3

where p,, ps and p, are the densities of powder, solid
and argon shielding gas, respectively, and ¢ is the
porosity of the powder bed and it is defined as [24]
Ps — P
p=—"- )
Ps
here, ps and p, are set to be 1.420 and 2.658 g/em’,
respectively.
The thermal conductivity of the powder is
given as [24]

kp:ks(1_¢) (10)

where k, and k, are the thermal conductivities of
powder and solid, respectively.

In the selective laser melting process, the
phase transformation process of the alloy will
absorb or release heat, which is called latent heat of
phase transformations. The latent heat of phase
transformations has an important influence on the
numerical simulation of the temperature field.
Generally, the latent heat of phase transformations
is expressed in the form of enthalpy H, which is
defined as [19]

T
H:jTOpcpdT (11)

where ¢, is the specific heat capacity.

The temperature-dependent thermophysical
properties of powder, solid and substrate are
illustrated in Fig. 2.
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Fig. 2 Density (a), thermal conductivity (b) and specific
heat capacity (c) of materials

The simulation cases under different laser
powers, hatch spacings and point distances are
listed in Table 1. Hatch spacing refers to the
distance between two adjacent scanning tracks, and
point distance refers to the distance of two adjacent
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laser spots on the same scanning track [20]. The
range of laser power is 200—400 W when the hatch
spacing and point distance are fixed at 80 and
80 pm, respectively. The range of hatch spacing is
40—120 pm when the laser power and point
distance are fixed at 350W and 80 pum,
respectively. The range of point distance is
30—130 um when the laser power and hatch spacing
are fixed at 350 W and 80 um, respectively. The
time step in the simulation is 2 us.

Table 1 Process parameters used in simulation

Value

Parameter

Laser power, P/W 200, 250, 300, 350, 400
40, 60, 80, 100, 120

30, 55, 80, 105, 130

Hatch spacing, S/pm

Point distance, F/um

Laser diameter, D/um 70
Laying powder time, #/s 10
Exposure time, 5/us 60
Powder layer thickness, d/pm 30

2.2.4 Birth and death technology

In the finite element simulation process, the
model of three layers and five tracks is established
once in the modeling stage. However, 3D solid
parts are prepared by a layer-by-layer method in the
actual selective laser melting process. To solve this
problem, birth and death technology [20] was used
in the simulation. During the calculation of the first
layer, all the elements of the subsequent processing
layers (that is, the second and third layer) are
"killed" to ensure that the temperature field
simulation results of the first layer will not affect
the subsequent processing layer. When the
simulation calculation of the first layer is completed,
the second layer is reactivated for calculation. This
procedure is repeated until all the calculation has
been completed.

2.3 Stress analysis
2.3.1 Governing equations of stress analysis

For isotropic materials, the relationship
between stress and strain follows the thermal
elastic—plastic theory and can be defined in
Cartesian coordinates as [25]

X

1
€ =E[O'xv(0'y +0.)+0aAT | (12)

1

e, :E[ayv(ax +0.)+0AT | (13)
1

£, :EI:O'ZV(O'X +0,) +0cAT] (14)

where E is the elastic modulus, v is the Poisson’s
ratio, and « is the thermal expansion coefficient.
The initial stress o at =0 s is defined as

0l=0 (15)
During the simulation of the stress field,

displacement constraints in different directions
were imposed at the substrate, which are defined as

2
S =0, ul,=0 (16)
o%v
o2 0 ;,=0 (17)
*w
?LO: , wl,=0 (18)

where z, represents the substrate.

The Von Mises yield criterion was used in this
model. The equivalent stress, which is also known
as Von Mises stress, is used to evaluate the residual
stress, and is defined as [20]

Ezg\/(01 _0'2)2 +(02 _03)2 +(O-3 _0-1)2 (19)

where o), 0, and o3 are the first, second and third
principal stresses, respectively.
2.3.2 Material properties analysis

The elastic modulus, Poisson’s ratio and
thermal expansion coefficient were calculated using
JMatPro software. The yield strength and plastic
tangent modulus were measured using a tensile test.
The temperature-dependent material properties in
the stress analysis are listed in Table 2.

Table 2 Mechanical properties of AlI-Mg—Sc—Zr alloy at
different temperatures

Elastic  Yield .,  Lhermal

Temperature/ modulus/ streneth/ Poisson’s  expansion
°C GPa Mfga ratio  coefficient/
(10*6 OC’I)

25 74.8 360 0.33 20.3

100 72.4 270 0.34 21.2

200 68.8 220 0.35 22.1

300 54.4 170 0.36 229

400 433 100 0.37 23.0
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3 Experimental

The powder with a nominal composition of
Al-4.0Mg—0.7S¢—0.4Zr—0.5Mn was prepared for
selective laser melting. Details on the powder
properties were reported in Ref. [26]. Based on the
simulation results, the narrowed process parameters
used in the experiment are listed in Table 3. The
range of laser power is 300—400 W when the hatch
spacing and point distance are fixed at 80 and
80 um, respectively. The range of hatch spacing is
60—100 um when the laser power and point
fixed at 350W and 80 pum,
respectively. The range of point distance is 40—
120 um when the laser power and hatch spacing are
fixed at 350 W and 80 pm, respectively. Other
process parameters are consistent with the finite
element simulation. The samples with dimensions
of 10 mm x 10 mm % 10 mm were fabricated by a
Renishaw AM400 instrument. The selective laser
melting process was performed under an Ar
atmosphere with less than 0.1% oxygen content.

distance are

Table 3 Process parameters used in experiment
Value
300, 325, 350, 375, 400
60, 70, 80, 90, 100
40, 60, 80, 100, 120

Parameter

Lase power, P/W
Hatch spacing, S/pm

Point distance, F/um

The samples were ground with SiC sand paper,
polished with 0.5 um diamond suspension and
etched using Keller’s reagent. The microstructure
was then observed using optical microscopy (OM,
MAI100L, Nikon) and field emission scanning
electron microscopy (SEM, SIRION200, FEI). The
density of the samples was measured by the
Archimedes method. The hardness was measured
with a Shimadzu HMV—2T microhardness meter.

4 Results and discussion

4.1 Temperature field simulation

4.1.1 Temperature field distribution characteristics
In the selective laser melting process, the

temperature distribution of the powder bed changes

rapidly with the high-speed movement of the laser

beam. The simulation results under laser power

350 W, point distance 80 pm, and hatch spacing

80 um are taken as the example to study the
temperature field. Figure 3 shows the top and
cross-sectional views of the simulated transient
temperature distribution as the laser beam moves to
P1, P2 and P3 (the middle of the third scanning
track of the first, second and third layer,
respectively), respectively. The black dashed line
indicates the liquidus of the Al-Mg—Sc—Zr alloy,
and the region surrounded by the black dashed line
represents the molten pool. As can be seen, the
shape of the molten pool is comet tail profile.
Compared with the rear side, the distribution of
isotherms on the forepart side of the molten pool is
denser, indicating a higher temperature gradient.
This phenomenon is attributed to the higher thermal
conductivity of the formed solid than that of the
powder. When the laser beam moves from P1 to P2,
the width and depth of the molten pool decrease
from 132 to 125pm and from 60 to 59 um,
respectively. The reason for the decrease in molten
pool size is caused by the lower thermal
conductivity of the melted powder than that of the
substrate. When the laser beam continues to move
to P3, the width and depth of the molten pool are
125 and 59 pum, respectively. Compared with P2 in
the second layer, the molten pool size at P3 is
basically stabilized. The calculation results show
that the length of the molten pool (134—146 pum) is
larger than the point distance (80 um), the width of
the molten pool (125—132 pm) is larger than the
hatch spacing (80 um), and the depth of the molten
pool (59—60 um) is larger than the powder layer
thickness (30 um). Therefore, the adjacent molten
pool overlaps each other, which ensures a good
metallurgical bonding in the alloy.

The overlapping rate has an important effect
on selective laser melting characteristics such as
surface quality and forming defects [27]. When the
overlapping rate is too low, there will be obvious
depression between the adjacent molten pools,
resulting in poor surface roughness of the alloy, and
the unmelted powder in the discontinuity zone can
lead to defects such as pores and cracks; when the
overlapping rate is too high, the overlapping area is
elevated, which is detrimental to the forming
process. The overlapping rate between the adjacent
tracks, denoted by R, is expressed as

R:W_S

x100% (20)

where W is the molten pool width.
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Fig. 3 Top (a, c, e) and cross-sectional (b, d, f) views of molten pool temperature fields under laser power of 350 W,
point distance of 80 um, and hatch spacing of 80 pm with laser moving to P1 (a, b), P2 (c, d), and P3 (e, f) (P1, P2 and
P3 are located in the middle of the third scanning track of the first, second and third layers, respectively)

For pulse laser selective melting, it is also
necessary to study the overlapping rate between the
adjacent molten pools (R') in a single scanning track,
which is expressed as

_L=F 00%

R (21)

where L is the molten pool length.

According to the Refs. [28,29], when the
overlapping rate is 30%—50%, good metallurgical
bonding can ensure better forming quality. The
overlapping rates R and R’ at P1, P2 and P3 are
calculated to be 39.4%, 36.0%, 36.0% and 45.2%,
40.3%, 40.3%, respectively, which meet the
overlapping rate requirements for aluminum alloys.
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Figure 4 shows the transient temperature and
cooling rate curves as a function of time at P1, P2,
and P3. The dotted line represents the melting point
of the alloy. As can be seen, there are generally five
obvious peaks in each wavy curve during each layer
scanning process, where each peak represents a
laser scanning. As the laser beam approaches and
moves away, the temperature rapidly increases and
then rapidly decreases. As shown in Fig. 4(a), the
maximum temperatures at P1, P2 and P3 are 1835.3,
1791.4 and 1792.6 °C, respectively. It can be seen
that as the scanning layer increases, the temperature
field becomes basically stable. When the laser
moves to P2, the temperature at P1 increases above
the melting point, indicating the remelting of the
alloy at P1. Since two molten pools at P1 and P2
overlap, a good metallurgical bonding between the
adjacent layers is ensured. The cooling rates at P1,
P2, and P3 near the melting point are calculated to
be 1.2x10°, 2.3x10°, and 2.6x10° °C/s, respectively
(see Fig. 4(b)). The cooling rate of selective laser
melting is much higher than that of the cast, which
is helpful for the preparation of fine grain alloys.

2000
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Liquidus
1000 ¢

Transient temperature/°C

g AN AN

0" 0.0025 10.0035 10.0062

20.0088 20.0112

Time/s
3
(b)
2r n °
n

s | °
s 1 l
O - [
9  —
002 e :-:;i;'.__-—-l
T 1
s
on
£
=)
S P3
O _

3 i | |

[ ]
—4 L L | | L
0.0018 0.0020 10.0057 10.0058 20.0095 20.0097
Time/s

Fig. 4 Transient temperature (a) and cooling rate (b)
versus time at P1, P2, and P3 in model

What’s more, such a high cooling rate is also

conducive to the solid solution of alloying elements

such as Mg in the Al matrix to obtain high-

performance alloy.

4.1.2 Thermal behavior with different process
parameters

Process parameters have an important effect on
the temperature field. The appropriate process
parameters can effectively avoid the defects and
improve the quality of the alloy parts. Therefore, it
is necessary to study the effect of process
parameters on the temperature field.

Figure 5 shows the effects of laser power on
the temperature—time curve, maximum temperature,
cooling rate, molten pool size and overlapping rate
at P2 (the middle of the third scanning track of the
second layer) with point distance 80 pm and hatch
spacing 80 um. As the laser power increases from
200 to 400 W, the maximum temperature and liquid
lifetime increase sharply from 1221.5 to 1981.8 °C
and from 70 to 133 ps, respectively. Relatively
longer liquid lifetime is helpful for a larger molten
pool. However, excessive temperature and liquid
lifetime can result in strong thermal agitation and
decrease liquid viscosity, leading to instability of
the liquid in the molten pool. Thus, the liquid is
easier to spatter from the molten pool, which is
detrimental to the forming quality. Additionally, the
cooling rate near the melting point decreases from
10.1x10° to 1.13x10° °C/s with the increase of laser
power. The molten pool size and overlapping rate
increase almost linearly as the laser power increases
(see Fig. 5(c, d)). When the laser power increases
from 200 to 400 W, the width of the molten pool
increases from 89 to 135 um, the depth increases
from 34 to 64 um, and the overlapping rate R and R’
increase from 10.1% to 40.7% and from 10.1% and
46.3%, respectively. LI and GU [30] studied the
effect of laser power on the selective laser melted
AlSilOMg and also found the same results. The
overlapping rate at the laser power of 200 and
250 W is actually lower than 30%. This degrades
the quality of the formed layer due to poor
metallurgical bonding between adjacent scanning
tracks. Therefore, the laser power should be
300—400 W to ensure better forming quality.

Figure 6 shows the effects of point distance on
the temperature—time curve, maximum temperature,
cooling rate, molten pool size and overlapping rate
at P2 with laser power 350 W and hatch spacing
80 um. When the point distance increases from 30
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to 130 um, the maximum temperature decreases
from 1931.7 to 1749.9 °C, and the cooling rate
increases from 0.43x10° to 6.58x10°°C/s. At the
same time, the molten pool size and overlapping
rate gradually decrease as the point distance
increases. As the point distance increases, the laser
energy density decreases, resulting in a decrease in
molten pool size. When the point distance is
130 um, the overlapping rate R’ is negative (—9.2%),
indicating that some powders are unmelted and
there is no metallurgical bonding between adjacent
molten pools, which will lead to failure of the alloy
forming. Considering the cooling rate and
overlapping rate, the optimal point distance is
80 um.

Figure 7 shows the effects of hatch spacing on
the temperature—time curve, maximum temperature,
cooling rate, molten pool size and overlapping rate
at P2 with laser power 350 W and point distance
80 um. As can be seen, as the hatch spacing
increases from 40 to 120 um, the maximum
temperature gradually decreases from 1790.2 to
1782.2 °C, and the length, width, and depth of
molten pool decrease slightly from 133, 125 and
60 um to 130, 123 and 58 um, respectively. The
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results show that the hatch spacing has little effect
on the maximum temperature and molten pool size.
This is because that the hatch spacing does not
affect the laser energy input and laser action time of
each individual molten pool. However, the hatch
spacing has a great effect on the overlapping rate R.
The overlapping rate R decreases sharply from 68%
to 2.4% with the increasing hatch spacing.
According to Eq. (20), the overlapping rate R is
inversely proportional to the hatch spacing.
Therefore, in the case of small changes in the
molten pool size, the overlapping rate R decreases
sharply as the hatch spacing increases. Considering
the cooling rate and overlapping rate, the optimal
hatch spacing ranges from 60 to 100 um to ensure
good forming quality.

4.2 Stress field simulation
4.2.1 Thermal stress evolution and residual stress
distribution

During the selective laser melting process, the
stress field of the powder bed is constantly
changing due to the constant movement of the laser.
In order to study the evolution of thermal stress in
the powder bed, the stress fields at different time
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Fig. 7 Temperature—time curves (a), maximum temperature and cooling rate (b), molten pool size (c), and overlapping
rate (d) at P2 with different hatch spacings under laser power of 350 W and point distance of 80 pm
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under laser power 350 W, point distance 80 um and
hatch spacing 80 um were analyzed, and the results
are shown in Fig. 8. As can be seen in Figs. 8(a,b),
the maximum equivalent stress on the formed solid
increases from 209 to 238 MPa as the laser beam
moves from the middle to the end of the first track.
It can also be found that there is no thermal stress in
the liquid molten pool and the maximum equivalent
stress is located at the junction of the formed solid
and the powders, where the alloy cooled sufficiently
and is more susceptible to shrinkage. When the
laser beam moves to the end of the second track in
the opposite direction, the equivalent stress of the
formed solid of the first track near the molten pool
decreases due to heat transfer from the heat source.
The highest equivalent stress is located at the end of
the first track (Fig. 8(c)).

Stress/Pa

465ES5 931ES 140E6 186E6
233ES 698ES 116E6 163E6 2

09E6

Stress/Pa

529E5 106E6 159E6 212E6
265ES 794E5 132E6 185E6 238E6

Stress/Pa

492E5 965E5 148E6 197E6
246E5 739E5 123E6 172E6 222E6

Fig. 8 Equivalent stress diagram at different time
under laser power of 350 W, point distance of 80 um and
hatch spacing of 80 um: (a) =420 us; (b) =770 ps;
(c) =1540 ps

When the powder bed cools down to room
temperature, high residual stresses are inevitably
present in the formed alloy due to dimensional
shrinkage [31], and excessive residual stresses can
affect the mechanical properties of the alloy.
Figure 9 depicts the residual stress distribution in
varying directions when the model cools down to
room temperature with laser power 350 W, point
80 um and hatch spacing 80 pum.
Obviously, the residual stresses in the alloy are
mainly tensile stresses (the stress value is positive),
and they are always higher than the compressive
stresses. It is also noted that the maximum tensile
stress is mainly distributed in the scanning direction
with a maximum value of 358 MPa, which would
result in microcracks being more likely to form and
propagate along the direction perpendicular to the
scanning direction. This is consistent with the
results reported in most of the literature. On the
contrary, the tensile stresses in the y- and z-
directions are mainly concentrated at the edges of
the formed alloy (Figs. 9(b, ¢)), which is the main
reason for the warping of the formed parts.
4.2.2 Residual stress with different

parameters

Figure 10 shows the equivalent residual stress
distribution along the x-direction on the first track
at different process parameters. It can be seen that
the residual stresses are concentrated in the middle
of the scanning track and show periodic fluctuations.
For each molten pool, the highest residual stress is
located in the overlapping area, where the alloy is
most constrained by the formed alloy. Away from
the overlapping area, the alloy is less constrained by
the formed alloy and therefore it has a low residual
stress. This difference of the residual stress in
different parts of the molten pool is responsible for
the periodic fluctuations. As can be seen in
Fig. 10(a), as the laser power increases, the
fluctuation amplitude of the stress gradually
decreases. This is mainly due to the fact that the
higher the laser power, the larger the molten pool
size and the smaller the temperature gradients in
different parts of the molten pool. When the point
distance is lower than 130 pum, as the point distance
increases, the maximum residual stress gradually
increases and the minimum residual stress gradually
decreases (Fig. 10(b)). This is consistent with the
results reported by WANG et al [32]. When the
point distance is 130 um, the low overlapping rate

distance

process
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Fig. 9 Residual stress distributions with whole model cooling down to room temperature under laser power of 350 W,

point distance of 80 um and hatch spacing of 80 um: (a) x-component of stress; (b) y-component of stress;

(c) z-component of stress; (d) von Mises stress

results in unmelted powders along the x-axis, which
leads to a significant reduction of the residual stress.
It can also be seen in Fig. 10(c) that as the hatch
spacing increases, the residual stress does not
change much. Based on the previous temperature
field analysis, the hatch spacing has little effect on
the maximum temperature and cooling rate, and
therefore its effect on the stress field is also small.

4.3 Experimental investigation and simulation

validation

Figure 11 shows the relative density and
hardness of the samples under different laser
powers. As the laser power increases, the density of
the alloy increases and then decreases. When the
laser power is 375 W, the highest density of 99.5%
is obtained. In addition, the hardness of the
selective laser melted Al-Mg—Sc—Zr alloy
decreases from HB 1142 to HB 104.5 with
increasing laser power. The hardness depends not
only on the density, but also on the crystal structure,
grain size and supersaturation of the alloy. The
higher the density of the alloy, the smaller the grain
size, and the higher the hardness of the alloy. Based

on the previous simulation results, it is known that
the higher the laser power, the longer the liquid
lifetime of the molten pool. On one hand,
excessively long liquid lifetime causes Mg to
precipitate more easily from the Al matrix,
weakening the solid solution strengthening effect.
On the other hand, too long liquid lifetime causes
the alloy grains to grow up more easily, thus
weakening the grain strengthening effect. Therefore,
as the laser power increases, the hardness value of
the alloy decreases. Considering the relative density
and hardness, the optimal laser power ranges from
325t0 375 W.

Metallographic photographs of the x—z surface
of the selective laser melted AI-Mg—Sc—Zr samples
under different laser powers are shown in Fig. 12.
The fish molten pool is composed of columnar
grain regions (bright regions) and fine equiaxed
grain regions (dark regions). Details on the alloy
microstructure were reported in Refs. [13,26]. This
is obviously different from the microstructure of
traditional as-cast samples. Selective laser melted
AlISi10Mg alloy [14], Inconel 718 alloy [33,34]
and Ti—6A1-7Nb alloy [35] also have similar
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microstructure. It can also be seen that there are
obvious differences in the geometric size of the
molten pool under different powers. The higher the
laser power, the larger the molten pool size.

In order to verify the accuracy of the
simulation results, the molten pool sizes under
different parameters were measured based on the
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Fig. 11 Relative density and hardness of samples under

different laser powers

molten pools on the top layer of the metallographic
photographs referring to Ref. [36], and the results
are shown in Fig. 13. As can be seen, simulation
results have a good agreement with the
experimental data. The main reasons for the error in
the experimental results and simultaneous data are
as follows.

(1) The FEM simulation ignores the effects of
the recoil pressure generated by the evaporation on
the heat transfer in the molten pool.

(2) The physical property parameters used in
the simulation are different from the actual values.

(3) The finite element model for three layers
and five tracks is too small to fully simulate the
actual situation.

(4) The molten pool sizes at different positions
in the alloy are different, and there is a certain error
in the actual measurement process.

Figure 14 shows the relative density and
hardness of the samples under different point
distances and hatch spacings. As can be seen, with
the increase of the point distance and hatch spacing,
the relative density of the alloy increases and then
decreases. This phenomenon is related to the
overlapping rate, which has been discussed in
above sections. As the point distance increases,
the hardness of the alloy increases and then
decreases. The maximum hardness value of HB
114.2 is obtained at a point distance of 60 um. The
hardness of the alloy is the combined effect of the
density and the strengthening effect. As the hatch
spacing increases, the hardness of the sample is
in the range of HB 109—111. According to the
above analysis, the hatch spacing has little effect
on the temperature field of the molten pool, so the



Ru-long MA, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2922-2938

@)

(b)

(c)

(d)

(e)

;100 um

(Building direction)
z

o x

2935

Fig. 12 Metallographic photographs of x—z surface of selective laser melted samples under different laser powers:

(a) 300 W; (b) 325 W; (c) 350 W; (d) 375 W; (e) 400 W
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microstructure of the alloy is similar and the
hardness does not very much. Considering the
relative density and hardness, the optimal point

distance and hatch spacing are 80—100 pm and

80 um, respectively.

In order to evaluate the combined effects of the
process parameters, the volume energy density

(VED) is defined as
_ Py
FdS

Hardness (HB)

(22)

Volume energy density can provide the key

method and scientific mechanism for the control of
microstructure, metallurgical defects and properties
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of selective laser melted alloy [37].

Figure 15 shows the relationship between the
volumetric energy density and the relative density
of the AI-Mg—Sc—Zr alloy. When the hatch spacing
is 90 and 100 pm (within the dashed black line), the
low overlapping rate between adjacent scanning
tracks severely damage the stable state of the
selective laser melting, so the relative density of the
alloy mainly depends on the factors that destabilize
the forming process. After discarding the
destabilization data, it can be found that as the
volumetric energy density increases, the relative
density of the alloy tends to increase and then
decrease. Both too low and too high volumetric
energy densities can lead to an increase in defects in
the samples and a decrease in the density. When the
volumetric energy density is in the range of
100—160 J/mm’, the high relative density (>99%) of
the samples is conducive to obtaining high quality
alloy parts.
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Fig. 15 Relationship between volume energy density and

relative density

By considering the density and hardness of the
samples, the optimized process parameters for
selective laser melted AlI-Mg—Sc—Zr alloy are laser
power of 325-375 W, point distance of 80—100 pum,
hatch spacing of 80 um, and volume energy density
of 100-160 J/mm’. Details on the microstructure
and mechanical properties of the selective laser
melted AlI-Mg—Sc—Zr alloy under the optimized
parameters were reported in Ref. [26].

5 Conclusions
(1) The maximum temperature, molten pool

size, and overlapping rate increase approximately
linearly as the laser power increases from 200 to

400 W. An opposite trend is observed as the point
distance increases from 30 to 130 um. As the hatch
spacing increases from 40 to 120 um, the maximum
temperature and the molten pool size remain
essentially unchanged, but the overlapping rate
between the adjacent tracks drops sharply.

(2) When the powder bed cools down to room
temperature, the residual stresses are mainly tensile
stress with the x-component being the highest. The
residual stresses tend to concentrate in the first
scanning track and the beginning and end of each
scanning track.

(3) As the volume energy density increases
(laser power increases, point distance and hatch
spacing decrease), the relative density of the
samples tends to increase and then decrease. The
optimized process parameters are laser power
325-375 W, point distance 80—100 pm and hatch
spacing 80 um. The relative density of the alloy
are >99% under the optimized process conditions.
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T XA IE Al-Mg—Sc—Zr &&
mEIAFIN NIAERTIERL

Sk ', BAR, KEF, Zaw P, AWK, Tk, ¥4

1. FRIRZE MER2ES TR, Kb 410083;
2. FEIRY BRI ERAMAMRE SR E, Kb 410083;
3. Kb A B A R AR, Kb 410083

& E: NEX B Al-Mg—Sc—Zr & & IR RN /13y, BAL = AT BR T/ TR . 7825 Bk K — [
PREEAR . PPRL VIR I B S IR B AR . AHAR T B o R I AL b, B FEOGTh A A a) BE A4 4 A) B
TREE oA I RS MR AR R 13 73 A BN . SRS, SR SRIG IR O T ZE . R BRI 48 (A] BE 0 <2 4H.
2, AR FE AN L (2 o 25 SRR W] BEEWOGTIAIG R s () BRIk /N A 1B B (R 980/, s RS i 1 K
B N ) 2 AP AGAE S — MM TE R v 18] LA S — AN T R R AR 28 . SR 45 SRAUE WA BR e AUl A 2%
Yo BEAEBOCTIZEBG R AR/ 3 BRI, SRR BB LA M RN . R T 2 S 5X Ay
BOEIhEE 325~375 W silAIEE 80~100 pm FIAHEHEE 80 pm.
KHEIR: Al-Mg &4 Al-Mg-Sc—Zr &4 WXBOHN: AR BES: M
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