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GH3536 alloy is one of the high-temperature nickel-based alloys and widely applied in aviation and aerospace
industries. In this study, a combination of experiment and simulation is proposed to study the effect of
processing parameters on the selective laser melting (SLM) of GH3536 powder. It is concluded that the

relationship between density and laser input energy during SLM complies with a quadratic function and

presents an inverted U-shaped distribution. By fitting density and input power to a quadratic polynomial, the
optimal laser input energy during SLM of GH3536 alloy can be obtained. The result shows that using 275 W
laser power and 960 mm/s scanning speed, the SLM GH3536 specimens can reach the maximum density. This
experimental result is consistent with the simulation result obtained by analyzing molten pool dimension.
Furthermore, a full process energy prediction diagram for SLM GH3536 alloy based on the simulated molten
pool depth and width is proposed. The result shows that it provides an innovative and efficient method for the

selection of processing parameters during SLM of GH3536 powder.

GH3536 alloy, is one of the high-temperature nickel-based
alloys, has excellent anti-oxidation, hot corrosion resistance,
and superior mechanical performance. Besides, it also possesses
satisfactory hot and cold processing formability and can
maintain moderate creep strength under 900 °C [1]. Based
on these good properties, GH3536 alloy has drawn extensive
attention for practical applications in aviation and aerospace
industries, for instance, it is suitable to make aviation engine
combustion chamber components and other high-temperature
parts. Nevertheless, with the rapid development of industrial
technology, traditional manufacturing technique for GH3536
components is increasingly incapable of meeting the demand

for complex construction design.
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In recent decades, selective laser melting (SLM), is one of
the major additive manufacturing processes, provides a prom-
ising perspective for designing and production of complex
components with near net shape [2, 3, 4, 5, 6]. Compared with
traditional subtractive manufacturing, SLM technology pro-
vides several noticeable advantages, such as decrease in the
production procedures, a high level of flexibility, a high
material utilization rate, near-net forming, and manufactur-
ing precision parts without the restriction of shapes and
materials [7, 8].

So far, a lot of experimental researches have been done,
which are related to the process optimization in SLM. Chen
et al. [9] designed a set of experiments to investigate the effect

of processing parameters (laser power, laser scanning speed,
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and hatching space) on the density of the AISilOMg parts
manufactured by SLM. To analyze the SLM process integrally,
laser energy density was introduced, which is a combination of
the above dominant parameters. The experimental results
indicated that a high density was obtained by SLM at an
optimal laser energy density of 3.5-5.5 J/mm®. Song et al. [10]
used SLM technique to manufacture a series of Ti6Al4V parts
with various processing parameters. It was found that the
densification and mechanical property of Ti6Al4V parts were
a strong function of processing parameters. An excellent
Ti6Al4V part could be manufactured by SLM using laser
power 110 W and scanning speed 0.4 m/s. Bai et al. [11]
manufactured 18Ni-300 maraging steel parts by SLM to
investigate the influence of processing parameters on density
of these parts. They pointed out that the relative density
increased first and then decreased with the laser power,
scanning speed, and scanning space. And the maximum
relative density was obtained under the optimal processing
parameters: laser power of 160 W, scanning speed of 400 mm/s,
and scanning space of 0.07 mm.

There are many finite element simulation researches about
the SLM technology, as well. Yu et al. [12] established a 3D
mesoscopic model to investigate the process of powder-to-solid
transition under different processing parameters during the
SLM of AlSil0OMg powder. Their results demonstrated that
both high and low laser power led to a rough surface quality
and the optimal processing parameters were laser power of
250 W, scanning speed of 400 mm/s, and powder layer
thickness of 50 pm. Luo et al. [13] proposed a 3D nonlinear
transient finite element model to analyze the temperature
distribution during the SLM process of thermoelectric SnTe.
The calculated results indicated that the molten pool size, the
maximum temperature, and the cooling rate increased linearly
as the laser power is increased from 8 to 14 W. An opposite
trend was observed when the scanning speed is increased from
100 to 400 mm/s. Li et al. [14] developed a 3D finite element
model to study the effects of laser power and scanning speed on
the thermal behavior during the SLM process of aluminum
alloy. It showed that the molten pool size slightly increased as
the laser power increased from 150 to 300 W but decreased as
the scanning speed increased from 100 to 400 mm/s. The
proper molten pool width and depth were 111.4 um and
67.5 pm, respectively, with the corresponding laser power of
250 W and scanning speed of 200 mm/s.

Both experimental and simulated researches help us to
optimize the processing parameters of SLM and reveal the
internal mechanism of SLM. On the one hand, the lack of
researches about the parameters optimization of GH3536 alloy
limits its exemplary application. On the other hand, the
systematically predictive ability of process optimization of
GH3536 alloy has not yet been developed, because the
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systematic researches on the processing parameters, tempera-
ture distribution, molten pool size, and density are scarce,
especially both using experimental study and numerical
simulation.

In this research, the influence of processing parameters on
the thermal field and density in SLM GH3536 parts is in-
vestigated systematically by the combination of experimental
study and numerical simulation. The relationship between laser
input energy and density of SLM GH3536 part is revealed by
experimental study, and the optimal input energy is obtained.
In addition, an effective 3D finite element model is proposed to
forecast the molten pool dimensions under various processing
parameters. The theoretical value of optimal laser energy is
acquired via analyzing molten pool dimensions. The simulated
result is validated using the experimental results. At last, based
on both experimental and simulation results, a full process
energy prediction diagram for SLM GH3536 powder is pro-
posed and discussed, which provides an efficient method for

selection of process parameters during SLM of GH3536 alloy.

The microstructure of SLM part and the molten
pool shape

The microstructure of GH3536 parts manufactured by SLM
with different parameters (laser power and hatching space) is
illustrated in Figs. 1-3. When the laser power is less than
100 W or greater 345 W, the sample shows more porosity. This
can be attributed to that low input laser power cannot melt
powder completely and high laser power may result in the
balling effect. Incomplete fusion and balling effect will have
a detrimental influence on the density of SLM part. In addition,
it is worth noting that when the hatching space is set to
100 um, pores are usually less than in the case of 70 and
130 um hatching space. This result is reasonable because the
hatching space of GH3536 alloy is often set to 110 um in some
commercial SLM process for Ni-based alloys.

It is also worth noting that the molten pool presents
a narrow-long shape in the high laser power cases, as shown
in Figs. 1(d)-3(d). This phenomenon seems to conflict with the
previous conclusion that the higher the laser power is, the
larger the melt pool is. This can be ascribed to the fact that in
the high laser power case, the molten pool is large indeed,
meanwhile the overlap area between the molten pools is great
as well, thus resulting in a narrow-long shape in the final SLM
samples. This phenomenon is clearly illustrated in Fig. 4.
Moreover, as the hatching space increases, the narrow degree
of molten pool in the high laser power decreases. This is
because that the overlap area of the molten pool decreases with

the increase in the hatching space.
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(c)

(d)

Figure 1: Optical micrographs of SLM-produced GH3536 parts with 70 um hatching space using different laser power: (a) P = 100 W, (b) P = 200 W, () P = 285 W,

and (d) P = 345 W.

Effect of laser power on the relative density

The relative density is defined as the ratio of measured density
to theoretical density. In this study, the theoretical density of
GH3536 alloy is 8.358 g/cm’ [taken from Refs. 15 and 16].
Figure 5 shows the effect of laser power on the relative density
of the GH3536 samples fabricated by SLM with a constant
scanning speed v = 960 mm/s using different powder layer
thickness: (a) d = 40 um, (b) d = 70 um, and (c) d = 100 pm.
The relative density of the fabricated part varies depending on
the input laser power and presents an inverted U-shaped
distribution in all cases: the relative density increases with
increasing the input laser energy, while this is a slight decrease
in the high power range. The maximum relative density can be
obtained by fitting these dependencies to quadratic polyno-
mials and corresponding power is about 275 W in all cases.
This phenomenon can be explained by using following two
possible reasons. On the one hand, when the input laser power
is below 275 W, the relative density of part is mainly affected by
the flow ability of the melt, which is proportional to input laser
power and the overlap of melting pool. Very low laser energy
results in lack of fusion during SLM, which influences the
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relative density. On the other hand, when the input power
exceeds 275 W, there is a tendency of the balling phenomenon
in the SLM process, which is a typical metallurgical defect and
will produce a detrimental impact on the relative density of
part. Owing to the balling effect, the relative density of part
decreases with increasing power in the high power range.

In addition, it also can be found that the relative density of
GH3536 parts increases with increasing the hatching space,
especially when the applied power is below 200 W. As
mentioned above, the overlap of melting pool during SLM is
a key factor that affects the relative density. When the hatching
space is too small, a large percentage of solidified alloy might be
undergo a re-melting procedure, which is caused by nearby
laser scanning path. This re-melting procedure might result to
the pores formation, especially when the laser power is too low
to fully re-melt the solid alloy.

Simulation investigation and discussions

Molten pool dimension plays a crucial role in the SLM process.
It significantly affects the metallurgical bonding between the
adjacent trajectories and layers during the SLM process. Laser
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(c)

line energy density, pi, is a key factor affecting the metallur-
gical characteristics of products, which can be defined as the
ratio of the laser power P to scanning velocity V as follows:

Pe=P/V . (1)

It is reported that laser line energy density determines the size
of molten pool and other thermal behaviors. Insufficient energy
density results in poor metallurgical bonding, thus large amounts
of pores are formed. Excessive energy density may lead to balls
forming on the surface, which will affect the density as well. If the
molten pool size is appropriate, the defect of SLM parts caused by
improper thermal input parameter can be avoided, as discussed in
the Effect of laser power on the relative density section. Hence, it
is indispensable to investigate the molten pool dimension. In this
research, an finite element method (FEM) model is used to reveal
the effect of different thermal input parameter on melt pool
dimension. This model was used in our previous works [17] and
validated by the experimental results.

To understand the effect of thermal input parameter on the
molten pool dimension systematically, several combinations of
laser power (100, 150, 200, 255, 285, 315, 350, 400 W) and

© Materials Research Society 2019

(d)
Figure 2: Optical micrographs of SLM-produced GH3536 parts with 100 pm hatching space using different laser power: (a) P = 100 W, (b) P = 200 W, (c) P = 285 W,
and (d) P = 345 W.

scanning speed (660, 860, 960, 1060, 1260, 1560 mm/s), which
represent different line energy density, were used.

Figure 6(a) is a summary of all studied cases in the
model. As shown in Fig. 6(a), the relationship between
laser line energy density and molten pool dimension can be
fitted satisfactorily to an exponential function with R
values of 0.9868 for molten pool width and 0.9829 for
molten pool depth:

y=yo+ Ale_"/’l + Aze_x/t2 s (2)

where for molten pool width, the yo, A;, t;, Ay, and ¢, are
parameters evaluated from our numerical simulation at 366.03,
—117.70, 0.07, —341.35, and 1.14, respectively. And for molten
pool depth, the yo, Ay, t;, Ay, and ¢, are obtained at 101.92,
—83.77, 0.32, —82.28, and 0.05, respectively. In general, both
width and depth of molten pool increase with increasing the
laser line energy density.

In addition, we also investigated the effect of laser energy
density, E (J/mm’), on the molten pool size, which is a measure
for the averaged applied energy per volume of material during
the scanning of a layer:
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(c)

(b)

Figure 3: Optical micrographs of SLM-produced GH3536 parts with 130 pm hatching space using different laser power: (a) P = 100 W, (b) P = 200 W, (c) P = 285 W,

and (d) P = 345 W.

(b)
Figure 4: Schematic diagram of molten pool shape at (a) low laser power and
(b) high laser power.

s P
T Vehet

3)

where P is the laser power, V is the scanning velocity, h is the
hatch spacing, and ¢ is the layer thickness. The effect of energy
density on the molten pool size is similar to line energy density,
as shown in Fig. 6.

As discussed in the microstructure of SLM part and the
molten pool shape section, a proper overlap area between
adjacent trajectories and layers is beneficial to avoid the
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formation of pores during SLM. We can assume that a combi-
nation of melt pool width and hatching space is mainly to
control the overlap area between adjacent trajectories in the
same layer, while a combination of melt pool depth and
powder layer thickness is mainly to control the overlap area
between vertical trajectories in different layers. Keeping this
assumption in mind, it is interesting to draw a full process
energy prediction diagram for SLM GH3536 alloy based on the
simulated melt pool dimension, as shown in Fig. 7.

In Fig. 7(a), the powder layer thickness is set to constant
40 um, the data points represent the simulated melt pool width
under the different laser scanning speed and laser power.
Several contour lines can be drawn, which represent the same
level of melt pool width, such as blue lines in Fig. 7(a). These
blue lines represent 70 pm melt pool width and 105 pm melt
pool width. Based on this diagram, an efficient method for
hatching space selection can be proposed. For instance, if
a scanning speed of 960 mm/s and a laser power of 280 W are
used, the corresponding melt pool width is about 105 pm, the
best hatching space will be about 70 pm to overlap 1/2 melt

pool to reach a good metallurgical bonding. This prediction is

cambridge.org/JMR

www.mrs.org/jmr

Issue 8 © Apr 29, 2019

Journal of Materials Research = Volume 34

—
>
o
©



Ym

1.00
0.95 4
=
2090+
o
=
=
=
0.85 4
= 70 pm hatch spacing
* 100 pm hatch spacing
4 130 pm hatch spacing
0.80 . portng

T T T T
100 150 200 250 300 350 400
(b)

Power (W)

70 pum hatch spacing
* 100 pm hatch spacing
4 130 pm hatch spacing

Journal of
MATERIALS RESEARCH
1.00
0.95 4
Fnl
2 0.904
m
=
=
<
0.854
® 70 pm hatch spacing
. * 100 pm hatch spacing
4 130 pm hatch spacing
0.80 T T T L T
(a) 100 150 200 250 300 350 400
Power (W)
1.00
0.954
Z
£ 090
o
o=
0.854
0.80 T T T
100 150 200
(c)

250 300 350 400

Power (W)

Figure 5: Effect of laser power on density of GH3536 SLM parts under different powder layer thickness (v = 960 mm/s): (a) d = 40 um, (b) d = 70 um,

and (c) d = 100 pm.
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Figure 6: Effect of (a) laser line energy density and (b) energy density on the simulated melting pool in this research.

in good agreement with our experimental results, as shown in
Fig. 5(a). This method also can be used for selection of laser
scanning speed and laser power in a similar way.

Similarly, if the hatching space is set to constant 70 pm,
a full process energy prediction diagram for SLM GH3536 alloy
powder layer thickness can be drawn, as shown in Fig. 7(b).
The data points here represent the simulated melt pool depth
under the different laser scanning speed and laser power.
Several contour lines can be drawn, which represent the same
level of melt pool depth, such as blue lines in Fig. 7(b). These
blue lines represent 40 pm powder layer thickness and 60 pm
powder layer thickness. Based on this diagram, for instance, if
a scanning speed 960 mm/s and a laser power 240 W are used,
the corresponding melt pool depth is about 60 pm, the best
powder layer will be about 40 um to overlap 1/2 melt pool in

© Materials Research Society 2019

vertical direction to reach a good metallurgical bonding
between layers. This prediction can be confirmed by the
experimental result in Fig. 5(a).

In summary, the proposed process energy prediction dia-
gram in this research provides an innovative and efficient
method for the selection of thermal parameters during SLM
process of GH3536 alloy.

In this research, the influence of processing parameters on the
thermal field and density in SLM GH3536 parts is investigated
systematically by the combination of experimental study and
numerical simulation. First, the microstructure and density of
GH3536 components are studied by experimental method.
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Figure 7: A full process energy prediction diagram for SLM GH3536 alloy based on the simulated (a) melt pool width and (b) melt pool depth. The blue lines from
left to right represent 70 um and 105 pum melt pool width in (a) and 40 pm and 60 pm melt pool depth in (b). The red data points indicate the simulated melt pool

width under the different laser scanning speed and laser power.

Second, a three-dimensional finite model of the SLM process is
proposed to further study the effect of thermal parameters on
the thermal behavior and melt pool dimension during SLM. In
addition, a full process energy prediction diagram for SLM
GH3536 alloy based on the simulated melt pool depth and
width is proposed. The following conclusions can be drawn in
this research.

(1) The density increases with increasing the input laser
energy, while this is a slight decrease in the high power
range. The maximum density can be obtained using
275 W laser power and 960 mm/s scanning speed. This
is due to lack of fusion under the low laser energy and
balling effect under high laser power range.

(2

~

The relationship between laser line energy density and

molten pool dimension obeys the exponential function.
In general, both width and depth of molten pool increase
with increasing the laser line energy density.

3

~

Although the proposed process energy prediction
diagram in this research is based on the simulated
results, it provides an innovative and efficient method
for the selection of thermal parameters during SLM
process of GH3536 alloy.

The samples used in this research were fabricated using an EOS
M290 SLM machine (EOS, Munich, Germany). The size of
samples was 1 X 1 x 1 cm. The raw material is Ni-based
GH3536 alloy spherical powders, which is in the range of
15-53 m. The chemical composition of GH3536 powder is
listed as follows (mass fraction %): 0.45 Si, 21.45 Cr, 18.99 Fe,
4.03 V, 8.73 Mo, 0.45 Mn, 0.99 Co, 0.52 W, and balance Ni.

© Materials Research Society 2019

TABLE I: The parameters of SLM used in this research.

Parameter Value

Powder layer thickness, d
Hatching space, s
Laser power, P

40, 70, and 100 um
70, 100, and 130 pum
100, 150, 200, 255, 285, 315, 345, and 370 W

The EOS M290 SLM machine used in this research consists
of a fiber laser beam with a maximum power of 400 W and
a spot diameter of 80-150 pm. During SLM processing, the
stainless steel substrate is preheated to 200 °C, and the scanning
speed is fixed at 960 mm/s in all experimental studied cases.
That is attributed to that 960 mm/s is not only the typical
operation scanning speed in the SLM GH3536 powder but also
ensures the stable formation of GH3536 powder. The powder
layer thickness, deposition hatching space and laser power are
varied in experimental research and are listed in Table L

After fabrication, the density of samples is measured using
an automatic density meter, which is based on Archimedes
principle. All SLM samples are ground and polished first, then
slightly eroded with an aqua regia (nitric acid:hydrochloric
acid = 1:3) according to a standard metallographic pro-
cedure. The cross-sectional microstructure of the eroded part

is examined using an optical microscope.

Thermal modeling

Considering the laser penetration and the transient thermal
transportation phenomenon in the SLM process, a modified
Gaussian body heat source distribution is used in this research,
as suggested in many researches [18, 19, 20, 21] and our
previous works [17]:
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n-6v30 3x2 3y 37
q(x,y,z) = Wexp _____ YR ) (4)

where q(x, y, z) is the heat flux density of point (x, y, z) in the
coordinate system, Q is the laser power, 1 is laser absorptivity
of powder, r represents the radius of Gaussian laser beam, and
h is the depth of Gaussian heat flux. The laser scanning
direction and magnitude of heat source are controlled using
a self-developed FORTRAN program.

According to the first law of thermodynamics, the thermal
energy balance equation in the thermal model can be described

as follows:

QL = ch + ch + Qr 3 (5)

where Qp, Q.4 Quy» and Q, represent the total input energy, the
energy transferred to powder layer, heat loss by convection,
and radiant heat, respectively [22].

Combining the Fourier law and taking into account the
local heating in the SLM process, the three-dimensional heat
conduction equation with isotropic thermal properties used in

the model can be written as follows:

0 k (0% 0? &
j - J + J + J , (6)
Ot pCp \Ox* 0Oy* 07

where k is thermal conductivity coefficient in three directions,
p is the powder bulk density, Cp is the specific heat, and g is the
heat flux.

In the process of SLM simulation, the initial temperature of

powder bed is assumed to be:

T(XJ:Z),:O = TO 5 (7)

where Ty is set to 25 °C, which means the initial temperature of
powder bed is consistent with ambient temperature.

During SLM process, considering the convection effect and
heat radiation of material surface, the natural boundary con-
ditions for heat transfer are characterized using a temperature-

dependent comprehensive thermal parameters [23].

0<T<500°C

_ [ 0.0668T
A= { T>500°C ’ ®)

0.2317 —82.1

whe{/s the unit of comprehensive thermal parameters (A)

is

m? K

Material properties

In the finite element model of SLM process, the input thermal
physical parameters of material has a great influence on the
calculation accuracy; thus, temperature-dependent material

properties are applied in this study and listed in Table II.
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TABLE II: Thermal physical properties of GH3536 alloy used in the thermal
model.

Density Specific heat Conductivity
Temperature (°C) (g/cm®) [J/(g K] [W/(m K)]
25 8.34 0.422 12.61
300 8.25 0.473 17.00
600 8.13 0.641 21.63
900 7.98 0.638 25.60
1200 7.82 0.665 30.10
1500 7.44 0.744 91.38

In addition, due to the particularity of powder bed, the
thermal conductivity of powder bed is assumed to be one
percent of the solid phase. To simulate the intense convective
heat transfer effect located in the molten pool, the thermal
conductivity of liquid phase is regarded as three times that of
the solid phase. Many researchers have proven that the density
of powder was supposed to be 40-60% of the solid phase, and
the density of powder bed utilized in this study can be
mathematically described as follows [24, 25]:

T
T 9
Pm=cPs )

where ps is the density of solid phase.

Finally, to attain sufficient simulation accuracy, the
material state of the powder-to-solid transition is considered
and realized through a self-developed FORTRAN program. In
this thermal model, when the temperature of powder bed
exceeds solid phase line under the effect of laser scanning, the
powder material will be automatically updated with solid
thermal properties and then keep solidification material state
in the cooling process, thereby realizing the transformation
between powder material and solidification alloy during

SLM process.

Finite element model configuration

Finite element simulations are conducted to investigate the
thermal field and molten pool dimension in the SLM of
GH3536 alloy. A 3D finite element model used in this research
is shown in Fig. 8. The model consists of a stainless steel
substrate with a dimension of 1.40 x 0.80 x 0.20 mm and
a powder bed of GH3536 with a dimension of 0.80 x 0.40 x
0.08 mm. The powder bed is divided into two layers and each
layer is 40/70/100 um thick. The bottom layer is used to
eliminate the influence of substrate on thermal behavior and
the top layer is applied to simulate SLM process. The laser
scanning path is shown in Fig. 8 as well. To decrease simulation
time and retain sufficient calculation accuracy, the powder
layer is finely meshed with a 3D heat transfer element, whose
dimension is equal to 0.0125 x 0.0125 x 0.0125 mm, while

substrate applies coarser mesh, whose size is set to gradual
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Figure 8: 3D finite element model for the SLM of GH3536 powder.

increase with the distance away from the scanning domain
[26]. As a result, the three-dimensional simulation model in
this research is meshed into 34,881 nodes and 30,296 elements
in total.
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