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Abstract

Selective laser melting (SLM) is an additive manufacturing (AM) technique for producing arbitrary work pieces, in which a laser
beam is controlled to melt specific regions of a metal powder bed layer by layer so as to build up the required geometric form. In
the present study, a method is proposed for calibrating the measurements obtained by a pyrometer for the melting pool temper-
ature in the SLM of stainless steel 316L powder using the estimated values of the emissivity coefficients obtained from finite
element heat transfer simulation and experimental tests. The accuracy in temperature prediction by heat transfer simulation is also
confirmed by embedding a thermocouple into the powder bed. As a result, the calibration process is applicable to both one-color
and two-color pyrometry methods. It is shown that the average error between the temperature measurements obtained from the
calibrated pyrometer and the simulated temperature is just 1%. In other words, the feasibility of the proposed emissivity-based
calibration method is confirmed. In the author’s knowledge, this is the first proposed idea to calibrate the emissivity of the

pyrometer based upon the simulation model for accurately extracting the true melting pool temperature.
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1 Introduction

The physical phenomena associated with the SLM process is
extremely complex, and the quality of the final product de-
pends on many factors, including the laser power, the laser
spot size, the scan speed, the hatch distance, the melting pool
area, the melting pool temperature, and the powder size dis-
tribution [1, 2]. Among these various factors, the temperature
distribution of the melting pool has one of the most critical
effects on the SLM outcome. Hence, measuring the tempera-
ture of the melting pool using noncontact measurement
methods such as radiation thermometry or pyrometry is of
great practical concemn. For instance, the authors in literatures
[3, 4] employed an infrared camera to capture the radiant
temperature information during the SLM processing using
Inconel 718 powder. The width and length of the melt pool
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were extracted based on the process of identification of the
liquidus and solidus transition. Furthermore, studies in [5]
used a high-speed infrared camera to investigate the effect of
laser power and scanning speed on the temperature distribu-
tion, temperature gradients, and heating/cooling rates in and
around the melt pool during the SLM process. In addition, the
collected images from the infrared camera were used to cal-
culate the speed of ejection particles.

The application of pyrometry to laser additive manufactur-
ing was first reported around the year 2000 [6—8] and involved
the use of pyrometers to observe the melting pool temperature
online and provide a feedback signal for process control pur-
poses. In later studies, pyrometers were used with specific
cameras to obtain not only the temperature of the melting pool
but also its geometry [9, 10]. The literature contains many
studies on the use of pyrometers to investigate the SLM pro-
cess [11]. Additionally, many pyrometer-based optical sys-
tems for melting pool analysis have been proposed [12—14].
Importantly, the pyrometer signal provides the means not only
to monitor the on-going SLM process but also to evaluate the
product quality. As a result, it plays a crucial role in optimizing
the SLM process. For example, Furomoto et al. [15] used a
two-color pyrometer to investigate the consolidation
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mechanism of metal powders. Recently, Reken et al. [16, 17]
used the pyrometer to measure the average temperature of the
melt pool during the SLM process. The feedback signal from
the pyrometer was used to control the laser power to minimize
the variation of the temperature of the melt pool during
the manufacturing process. However, to obtain accurate
temperature measurements using a pyrometer, the emis-
sivity of the target surface must first be estimated. In
practice, this is extremely difficult due to phase transition
effects. Furthermore, the measured temperature depends
not only on the surface emissivity but also on the window
transmissivity [18]. Consequently, the estimation process
becomes even more complicated when the pyrometer is
integrated with the laser scanning system of an SLM ma-
chine since the transmissivity of the coating materials in
the optical system must also be considered.

In [10, 13], the authors presented a method for using
the pyrometer signal to detect SLM part failure. However,
the pyrometer was not calibrated and the pyrometer read-
ings were given only in arbitrary units. Chivel and Smuro
[12] used a pyrometer and a CCD camera to observe the
maximum temperature and temperature distribution of the
SLM melting pool and to calibrate the surface temperature
distribution. However, the monitoring system indicated
only the brightness and color temperature of the target
surface. Furumoto et al. [15] proposed an emissivity-
based calibration method for improving the accuracy of
two-color pyrometer measurements of the temperature of
the consolidated zone in the SLM process. However, the
irradiated heat sources considered in the calibration pro-
cess were emitted from a bulk material rather than the
heat-affected zone (HAZ). Hence, the emissivity of the
actual melting pool area was not estimated, and thus the
accuracy of the calibration process was degraded.
Doubenskaia et al. [19] used a monitoring system com-
prising a two-color pyrometer and a CCD camera to ob-
serve the melting area, although the pyrometer signal
from the HAZ could be used to evaluate the effects of
the SLM process parameters on the melting pool temper-
ature. However, the pyrometer measurements were avail-
able only in arbitrary units due to the problems involved
in integrating the proposed optical system with a commer-
cial SLM machine.

In order to overcome the limitations described above,
this study proposes a new emissivity-based calibration
method for estimating the true temperature of the SLM
melting pool. The calibration method is based on the tem-
perature distribution data obtained from COMSOL simu-
lations of the melting pool and experimental tests, respec-
tively. Notably, the proposed calibration method is appli-
cable to both one-color and two-color pyrometry methods.
Moreover, the proposed method takes the incident angle 6
of the pyrometer relative to the powder bed into account
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in the one-color mode, thereby improving the accuracy of
the calibration results. The feasibility of the proposed
method is demonstrated by comparing the experimental
results for the melting pool temperature of stainless steel
316L in the SLM process with the simulated temperature.

2 Modeling and simulation of heat transfer
during the SLM process

In this study, the heat transfer in the powder layer during
the SLM process is investigated by means of COMSOL
simulations. In the SLM process, as the laser beam irra-
diates the powder bed, the laser energy will propagate
through the powder bed due to multiple reflections be-
tween laser radiations and powder particles [20].
Consequently, the laser energy density in the present sim-
ulation can be modeled as volumetric heat source rather
than a surface heat flux [21]. This simulation also took
into account the temperature-dependent properties of
stainless steel 316L (e.g., thermal conductivity, density,
and heat capacity) and the latent heat of fusion. In addi-
tion, the three-dimensional heat conduction equation was
employed to describe the heat transfer within the powder
layer. The details of the simulation process are described
in the following subsections.

2.1 Volumetric heat source modeling

Figure 1 demonstrates the schematic views describing the ini-
tial, boundary condition, and geometry for the finite element
(FE) heat transfer in the present study. The equations for
modeling the energy density of a Gaussian laser beam can
be written as [22]

atr) = oo () 0

Try 0

where P is the laser power, 7 is the radius of the laser
beam at which the laser energy diminishes to //e, and r is
the radial distance from a point on the powder bed surface
to the center of the laser spot. Assuming that the laser
beam scans the powder bed surface with a constant speed
v for time ¢, according to Fig. 1, Eq. (1) can be written in
(x,y) coordinate form as [23]

2 ((xﬂ/t)2 +y2)

2P
q(x,y,1) = —zexp |- ———5—= (2)
Try ry

When the laser beam irradiates the metal powder layer, part
of'the incident energy is absorbed and transfer along the thick-
ness of the powder layer. The distribution of the absorbed



Int J Adv Manuf Technol (2019) 105:637-649

639

Gaussian Laser
Heat Source

Powder Bed Surface

Heat loss due to convection
=h(T' -1,

Heat loss due to radiations

=oe(T'-T))

qconvection

qradiations

Powder layer
thickness

Powder layer ( Stainless Steel 316L)

Initial condition powder layer Tp = 300 K

Fig. 1 Schematic diagram of the simulation setup

energy depends strongly on the powder size distribution as
well as the thickness of the powder bed [24]. Consequently,
the effects of the powder size distribution and powder layer
thickness were modeled using the volumetric heat source
equations proposed in [21], i.e.,

2P 2((X_Vt)2 —|—y2) dA
) = — _ | —
Q(xvya <y ) 71'1"8 exXp V% dz

(3)

where ‘é—fz‘ is the rate of change of the absorptivity profile along
the depth direction of the powder layer. (Note that the detailed
derivation of iii_? is described in [21] and is hence omitted here.)

2.2 Material properties of stainless steel 316L powder

In the SLM process, the material properties of powder bed
undergoes pre-melting stage and melting stage. The effective
thermal conductivity of the powder bed at temperatures lower
than the melting point of stainless steel 316L (1648 K) was
calculated using the model proposed in [21] based on the
simulation results obtained for the packing density and aver-
age coordination number, respectively. Additionally, from the
calculated packing density of the packed bed, the density of
the powder layer in the pre-melting stage can be calculated by
the equation specified in [21]. For temperatures higher than
the melting point, the thermal conductivity and density were
simply assigned the same value as that of the bulk material.
When it comes to the specific heat of the powder bed, the
powder layer in the SLM process comprises a mixture of solid
phase and gas phase. However, the density and specific heat of
the gas phase are just pgas=1.2 kg/m® and Cas = 1 kJ/(kgK),
respectively [25]. Thus, for simplicity, the specific heat of the
powder bed was approximated to that of the bulk material.

2.3 Governing equations and conditions

The governing differential equation for three-dimensional
nonlinear heat transfer in a material with isotropic thermal
properties has the form [26]

oT 0 or 0 or 0 or
C g+ (k) L () Lk 4
P 97 )+6x< 6x> Jr6y< 8y> +6z< 62) )

where p is the material density (kg/m?), ¢ is the specific heat
capacity (J/kgK), T is the temperature (K), # is the application
time of the heat source (s), k£ is the thermal conductivity
(W/(m'K)), and ¢(x, y, z, ?) is the heat generation per unit vol-
ume (W/m?). In the present study, the powder layer was as-
sumed to be at room temperature (300 K) initially. Moreover,
the radiative cooling (Eq. (5)) and convective cooling (Eq. (6))
were applied as the boundary condition on the top surface of
the powder layer [29, 32], i.e.,

Opa = —0€(T*-Ty) (5)
Ocony = _hC<T_Ta) (6)

where T'is the temperature of the powder bed, 7, is the ambi-
ent temperature, o = 5.669 x 108 W/m?K* is the Stefan con-
stant, € is the emissivity (0.4 for solid state and 0.1 for molten
material), and 4. = 100 W/m?K is the heat transfer coefficient.

3 Verification of the heat transfer model
with thermocouple

The main purpose of the thermocouple experiments is to ver-
ify the reliability of the heat transfer model with the volumet-
ric heat source [21] in predicting the temperature of the pow-
der bed. In our previous studies in [21], by using the
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volumetric heat source that took into account the powder size
distribution and the powder layer thickness on the distribution
of laser energy density along the depth of the powder bed, we
can obtain the calculated temperature which was in better
agreement with the experimental results than those obtained
in literatures [27, 28]. Thus, the heat transfer modeling devel-
oped by our group is used for calibration of a pyrometer in
measuring the average temperature in the melting pool.

3.1 Simulation model for verifying thermocouple
experiments

As illustrated in Fig. 2, the thermocouple is embedded inside
the powder bed and just located beneath the surface of the
powder bed around 200 pum. In simulation, the sequential
addition model proposed by our group in [24] was first
employed to simulate the powder layer. The simulated powder
size distribution and the corresponding simulated powder bed
are shown in Fig. 3 a and b, respectively. It is noted that the
thickness of the simulated powder layer is set as 0.7 mm
which is the same as the experimental conditions. It is time
consuming to simulate the powder bed if the length and width
are the same as the experimental settings. Therefore, in choos-
ing the length and width for the powder bed in simulation,
these two dimensions were gradually increased until the cal-
culated absorptivity in ray tracing simulation reached the con-
vergence value. In particular, the length and width of the sim-
ulated powder bed were set as 0.5 mm. The geometry details
of the simulated powder bed were imported into Zemax soft-
ware to perform Monte Carlo ray tracing simulation for cal-
culating the absorptivity profile along the depth of the powder
bed. Notably, detail of the procedure to calculate the absorp-
tivity profile along the depth of the powder bed was specified
in our previous work in [21]. Figure 4 a shows the snapshot of
ray tracing simulation. From Fig. 4a, it is observed that as the
laser beam irradiated the powder bed, the laser energy is dis-
sipated based on two mechanisms which are absorption and
scattering. In the former mechanism, part of laser energy is
absorbed and penetrates inside the powder bed due to multiple
reflections between laser radiations and powder particles. In
the latter mechanism, the remaining energy of the laser beam

Fig. 2 Illustration of
thermocouple experiment

Powder of Stainless Steel -~ -

316L
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is scattered back from powder particles outward and cannot be
absorbed anymore.

Figure 4 b shows the corresponding calculated absorption
profile regarding the thickness of the powder layer. It is seen
that as the laser beam irradiates the powder bed, the
absorbed energy is distributed from the top surface of the
powder layer to the depth at z=55 pum. Interestingly, it is
observed that although the laser beam irradiated on the top
surface of the powder layer, the absorptivity at z=70 pum is
actually lower than that at z=67 um (i.e., a position slightly
below the top surface of powder bed). This observation is
reasonable because the absorptivity at the top surface of the
powder bed is contributed by the laser energy irradiated by
the laser source directly. On the contrary, at z=67 pum, the
absorbed energy includes both the energy irradiated by the
laser source and the energy of laser radiations reflected by
the powder particles within the powder layer. Notably, this
observation is consistent with simulation findings illustrated
in the literatures [29, 30].

The simulation parameters in the FE heat transfer model
are listed in Table 1. Through conducting a series of con-
vergence trials, the mesh size was chosen as 16 um and the
type of element is hexahedron. The simulation did not con-
sider the phase change of evaporation because the experi-
ment is conducted with a low laser power. Based on the
results of simulation and experiment, the melt pool’s peak
temperature of the SS 316L powder bed was not over the
evaporation point (3200 K). As the thermocouple only mea-
sured the temperature during the heating stage of laser
(around 2000 ms), therefore, the present simulation does
not consider the cooling stage after turning off the laser. In
Fig. 5, the simulated peak temperature in the melting pool is
around 2665 K by the end of the applying time of the laser.
It is noted that the laser applying time is almost equal to the
time at which the measured temperature from the thermal
couple reached a steady state. As shown in Fig. 5, the point
located at the center of the thermocouple sensor is equal to
1769.3 K in the simulation, and that obtained from the ex-
periment is 1703.9 K. Therefore, it can be concluded that the
simulated results have good agreement with the experimen-
tal data. The detail of experimental setup is described in the
next paragraph.

Thermocouple
Sensor

/
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3.2 Experimental setup of the thermocouple
embedded inside the powder bed

The experiments are conducted on a commercial Tongtai AM-
250 SLM machine with a Nd-YAG laser with a wavelength of
1064 nm, a maximum laser power of 500 W, and a D4 sigma
laser beam diameter of 120 um. The size distribution of the SS
316L powder is 22.94-36.52-56.88um (d;o — dso — doy), and
the material of the substrate is SS316L. The R type thermo-
couple was employed with the 2000-K melting point, and the
dimension of the thermocouple sensor is around 500 pm in
diameter. The temperature recorder of the thermocouple cho-
sen was GL829 (Graphtec Co., Japan) with a sampling times
of 100 ms. Figure 6 shows the experimental setup in which the
thermocouple is embedded into the powder bed with 200 um
beneath the surface. It is noted that the thickness of the metal
powder layer is 700 pum.

In the process of the experiment, it is noted that the
thermocouple was employed to measure the temperature
when the melting pool reaches the beginning point of the
steady temperature in a transient state. By doing so, it can
eliminate the effect of response time of the temperature
recorder which is 100 ms and also the time of heat con-
duction in the thermocouple for measuring the steady
temperature. The dimension of the R-type thermocouple
sensor is 500 um, which is approximately ten times larger
than the metal powder in diameter. Therefore, the mea-
sured temperature is not on single point but an average
temperature over the region of the circular thermocouple.
In Fig. 7, the experimental result reveals that the average

0.12

(b)

Fig. 3 a Powder distribution of SS 316L. b Powder layer raining model with dimension 0.5 x 0.5 x 0.5 x 0.7 mm?>

temperature to reach a steady temperature zone needs
0.7 s during the whole heating time in 2 s, and the aver-
age temperature measured as 1703.9 K is found when the
melting pool reaches the beginning point of the steady
temperature in a transient state. As a result, the average
temperature extracted by a thermocouple at 1703.9 K has
a good agreement with the simulation data of 1769.3 K as
illustrated in Fig. 5. Accordingly, the experiment proves
that the volumetric heat source [21] has great credibility
in predicting the average temperature in the melting pool
during the SLM process.

It is concluded that the first step to verify the reliability
of the heat transfer simulation in the FE model mentioned
in Sect. 3 by using thermocouple embedded into the pow-
der bed is confirmed, then the pre-processing to calibrate
the two-color pyrometer using the heat transfer simulation
in the FE model is applied in order to accurately and
quantitatively measure the temperature in the melting
pool, and this is much different from the other groups
only using experiments in calibration of the pyrometer
for qualitative measurements. The new calibration using
the heat transfer simulation in the FE model for a pyrom-
eter will be introduced in the next sections.

4 Emissivity calibration of the pyrometer
According to [18], the measured temperatures in one-color

mode and two-color mode of a pyrometer are expressed in
Egs. (7) and (8), respectively, as
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Fig. 4 a Ray tracing in the powder bed. b Calculated absorptivity profile along the 700-um depth of powder layer thickness
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where T'i¢,, is the measured temperature from channel ith
(=1, 2) of a pyrometer, ); is the effective (mean) wave-
length of the ith (i=1, 2) pyrometer spectral range, T, is
the apparent temperature associated with J);, and €y, is the
emissivity of the target surface at \; In addition, T, is
the measured temperature from the two-color mode of a
pyrometer, 7. is the apparent ratio temperature, and c, is
the second radiation constant, which is equal to
14387.69 um K [18]. It is noted that the apparent tem-
perature, 7', and the apparent ratio temperature, 7,, are
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the built-in data in a pyrometer. Thus, in order to obtain
the channel temperature, 7'c,,, in a one-color mode oper-
ation, and the (true) temperature, T»c,, in a two-color
mode operation, the emissivity coefficients need to be ob-
tained in advance.

In the present SLM trials, the temperature of the HAZ was
measured by a two-color pyrometer (Model H322, Sensortherm
GmbH, Germany) with a temperature range of 1273 —2773 K;;
two InGaAs detectors; spectral ranges of 1.65 —1.80 wm and
1.40—1.65 um for channel 1 and channel 2, respectively; a
sampling time of 40 us; and a measurement area with a diam-
eter of 1.65 mm at a working distance of 600 mm. The pyrom-
eter field of view is much larger than the HAZ (typically around
760 um in diameter for a laser beam radius of 60 um and a
scanning speed of 0 mm/s) in SLM process. This condition
violates the intended operating principle of pyrometers, in
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Table 1 Simulation parameters in FE heat transfer simulation
Parameters Value

Laser power (W) 15

Laser radius (pm) 60

Laser applying time (s) 0.7

Dimension of powder layer 1200 x 1200 x 700 pm
Mesh type Hexahedron

Mesh size (pum) 16

Melting point (K) 1648

Material Stainless steel 316 L
Latent heat of fusion (kJ/kg) 300

which the field of view is expected to be far smaller than the
target area. Consequently, the temperature measurements di-
rectly obtained using the pyrometer without any correction are
unreliable, particularly when the pyrometer is operated in the
one-color mode, in which the temperature reading is strongly
dependent on the filling area, which means the surface area of
the heat-affected zone, and surface emissivity [18]. As a result,
previous studies on the use of pyrometers for monitoring and
controlling the SLM process report the melting pool tempera-
ture using only brightness temperature values or arbitrary units
[13, 19]. In practice, however, detecting the true melting pool

NuazTuaz + (No=Nuaz) x 1273 Nuaz 30T

Fig. 6 Experimental setup in the thermocouple

temperature is essential in properly controlling the SLM process
and ensuring the quality of the final product.

Accordingly, the present study proposes an emissivity
calibration technique based on the temperature field data
obtained from COMSOL simulations and experimental
tests to determine the true temperature of the melting pool
from the pyrometer measurements. The proposed calibra-
tion technique is applicable to both one-color and two-
color pyrometry techniques and takes the incident angle
0 of the pyrometer relative to the powder bed into ac-
count. In the one-color measurement mode, the tempera-
ture, T)c, is formulated as

N
Tc= + <1—ﬂ> x 1273
Np . Np  Npaz Np (9)
A AT A
_ Awaz 27T (1— “AZ) x 1273,
Ap  Nuaz P
where Nyaz is the number of nodes in the HAZ having a
. temperature greater than 1273 K (the minimum tempera-
%103 ture the pyrometer is able to measure) and Np is the total
number of nodes within the measuring spot of the
2.6
2.5
Thermocouple
sensor - . 2t Results of Thermocouple
/ . 2.3 2000
9
22 é/ 1500
2.1 & 1000
Q
2 )
£ 500
[_‘
1.9 0
Compared the measured temperature 1.8 0 2000 4000 6000 8000
with center point 1769.3 K Time(ms)
V 1734

Fig. 5 The cross section of the center

Fig. 7 Experimental results from thermocouple
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Heat affected zone

Pyrometer spot size

Fig. 8 Schematic illustration of HAZ and pyrometer spot size

pyrometer (see Fig. 8). In addition, A7 is the area of the
HAZ containing nodes with a temperature higher than
1273 K, Ap is the measuring spot size of the pyrometer,
T; is the temperature values of the nodes in the HAZ, and
Tuaz is the average temperature of the HAZ.

When the pyrometer is arranged at an angle of 45° to
the target surface, the measuring spot has the form of an
ellipse, as illustrated in Fig. 9. Thus, the area of the target
surface within the field of view of the pyrometer should
be reformulated as follows:

R R?
Ap=rm— R= "1 (10)
sin45 sin45
Focal plane A
45°

Measuring plane B

(b)

Fig.9 Projections ofthe pyrometer focal plane on the powder bed in a the
incident plane and b powder bed plane

@ Springer

where R is the radius of the pyrometer spot in the focal
plane. A simple inspection of Egs. (9) and (10) shows that
the computed temperature in the one-color pyrometer
mode reduces as the area Ap increases by a coefficient
of 1/sin45".

From the discussions above, the measured temperature in
the one-color mode is strongly dependent on the area filling
factor (Agaz/Ap). However, the area filling factor can be elim-
inated in the two-color (ratio) mode, and the temperature of
the two-color mode pyrometer is given simply as

Nuaz

> T
=1

11
Nuaz (1)

T =

Figure 10 presents a flowchart showing the detailed steps in
the proposed emissivity-based calibration process. As shown,
the one-color and two-color mode temperature values de-
scribed above (i.e., Tjc and T»c, respectively) are first com-
puted via FEM/COMSOL simulations. The emissivity coeffi-
cient of each channel of the pyrometer is estimated and ad-
justed in Eq. (7) in the one-color mode by comparing the
simulated temperature values with the experimental data. It
is noted that 7'y, (i.e., the apparent temperature) in Eq. (7) is
unknown and built-in in a pyrometer, so the emissivity &);
cannot be inferred directly, but adjusted iteratively. If the mea-
sured one-color mode temperature could not get close to the
simulated one, the experiment to find the new €, and ¢), in
emissivity of the one-color mode must be conducted again.
Subsequently, using an emissivity ratio of €, /¢),, the two-
color pyrometer mode is employed to extract the experimental
value of 7, based upon Eq. (8). It is noted that the emissiv-
ities €, and ¢, are already obtained from the previous step,
so in this step after the emissivity ratio is set, the (true) tem-
perature can be measured without any emissivity estimation or
adjustment. The extracted value is then compared with the
simulated value, 7,c. If the two values, T>¢. and T5c, are in
good agreement, the calibration process is terminated and the
experimental temperature value is taken as the true HAZ tem-
perature. However, if the measured two-color mode tempera-
ture could not get close to the simulated one, the experiment to
find the new emissivities will be conducted again starting
from the one-color mode operation.

5 Simulation and experimental setup
for a pyrometer calibration

Table 2 summarizes the parameters used in COMSOL heat
transfer simulation. Notably, the parameters were set in such
a way that the formation of the melt pool is dominated by the
conduction mode. In order words, the chosen parameters will
not lead to the formation of the melt pool in the key-hole
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Fig. 10 Flowchart of the
proposed emissivity-based
calibration process

Compute Ty =
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Compute Ty, = ==—
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\/

No

Experiment to find €;;and ¢, in1-C mode

melting mode [31] which is driven by the Marangoni convec-
tion and vapor recoil pressure inside the melt pool.
Accordingly, the heat transfer simulation model described in
Sect. 2 is reasonably applied.

Table 2 Parameters used in COMSOL heat transfer simulations
Parameters Value

Laser power (W) 15

Laser radius (pum) 60

Scan speed (mm/s) 0

Laser application time (s) 0.1

Dimensions of powder layer
(Hm X pm x pm)

Powder size distribution
(pm — pm — pm)

FE mesh type

FE mesh size (um)

Melting point (K)

Material

Latent heat of fusion (kJ/kg)

1000 x 1000 x 200
d] 0*d50*d90 =22.94-36.52-56.88

Hexahedron

10

1648

Powdered stainless steel 316 L
300 [32]

No

If Tee=Tc

Yes

N,
¥, A2 T 41273(Ny— Ny az)
N

p
Set “42/,,  into 2-C mode

l

Experiment to find T, in 2-C mode

Compute Ty, =

Yes

Real time measurement in 2-C mode

In the experimental process, the pyrometer was installed on
a tripod placed outside the SLM chamber. The pyrometer had
a focal length of 600 mm and was arranged such that the
measurement light was incident on the powder bed with an
angle of 45°. From Eq. (8), Ap (i.c., the area of the pyrometer
field of view on the powder bed) was found to be 7 x 0.95% x
1/sin 45" mm?. The stainless steel 316L powder layer thick-
ness was set as 200 um in order to prevent rapid heat dissipa-
tion from the melting pool to the substrate, thereby enabling
more accurate measurements of the melting pool temperature
to be obtained by the pyrometer. The laser scanning speed was
set as 0 mm/s since the pyrometer was fixed in place after it
was mounted on the tripod. In addition, the laser application
time was set as 0.1 s in order to maintain the peak temperature
of the melting pool for a sufficient time for its value to be
acquired by the pyrometer.

5.1 Simulation results

The similar simulation procedure described in Sect. 3.1 was
employed to simulate the temperature distribution. Figure 11
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Fig. 11 Absorptivity profile
along the thickness of the powder
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shows the absorptivity profile of the powder bed, as computed
using the model proposed in [21].
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Fig. 12 COMSOL simulation results for a temperature distribution on the
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temperature greater than 1273 K
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Figure 12 a and b show the COMSOL simulation results
for the temperature field on the upper surface of the powder
bed and the region of the powder bed surface with a temper-
ature higher than 1273 K, respectively. Note that in
performing the simulations, the field of view of the pyrometer
was specified as Ap =7 % 0.95% x 1/sin 45" mm? and the area
of the HAZ was calculated as Agaz =7 x 0.76> mm?>.
According to Eq. (9) and (11), the simulated temperatures
for the one-color pyrometer mode (7 ¢) and two-color pyrom-
eter mode (7>¢) are 1329 K and 1701 K, respectively.

5.2 Experimental results

As shown in Fig. 10, the simulated temperature in the one-
color mode, T¢, was used to estimate the emissivities of the
melting pool associated with the two wavelength ranges of the
pyrometer channels, i.e., 1.65—1.80 um and 1.45—1.65 pm,
respectively. In particular, the emissivity coefficients were ad-
justed iteratively until the measured temperatures for the two
wavelength ranges approached the simulated temperature,
Tc. The final values of the emissivity coefficients for channel
1 and channel 2 were found to be €y, = 0.64 and ¢, = 0.70,
respectively. Having estimated the two coefficients, ten sepa-
rate measurements of the HAZ temperature were acquired in

One-color mode comparison
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Fig. 13 Experimental temperature vs. computed temperature in one-color
mode of a pyrometer
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Fig. 14 Experimental temperature vs. computed temperature in the two-
color mode

the one-color mode of a pyrometer. The corresponding results
are presented in Fig. 13. The average temperature values for
channel 1 (e), = 0.64 ) and channel 2 (g), =0.70 ) are
1314.1 K and 1337.7 K, respectively. The deviations of the
channel 1 and 2 measurements are £14.9 K and +8.7 K, re-
spectively. In addition, the corresponding errors (i.e.,
|Tmcasurcd7 Timulated | /Tsimulatcd) are 1.12% and 0.65%, re-
spectively. In other words, the measurement errors are rela-
tively small over the pyrometer measurement range (1273 —
2773 K). Consequently, the feasibility of the proposed cali-
bration method for predicting the temperature obtained by the
pyrometer in the one-color mode is confirmed.

Based on the emissivity coefficients obtained in the one-
color operation mode, the emissivity ratio for the two-color
operation mode was set as 1.093 (i.e., &, = €), /€5, = 0.70/
0.64 = 1.093 ). Ten further measurements of the HAZ tem-
perature were acquired in the two-color mode, as shown in
Fig. 14. The average measured temperature is equal to
1681.5 K, corresponding to an error of 1.14% compared with
the simulated temperature of 7,c=1701 K. In addition, the
maximum error is found to be 6.22%, while the deviation is

around £105.8 K. Again, the good agreement between the
simulated temperature value and the experimental temperature
values confirms the effectiveness of the proposed calibration
method for the two-color pyrometer operation mode.

Figure 15 shows the typical raw data obtained from the
pyrometer software for the surface temperature (in K) over
the duration of the laser application period. It is noted that
while the sampling time of the pyrometer is 40 us,the pyrom-
eter software is able to handle a maximum sampling period of
just 0.5 ms due to the limitations imposed by the USB con-
nection and the computer in use. However, the results confirm
that for a stationary laser beam, the chosen laser application
time of 0.1 s is sufficiently slow for the pyrometer to success-
fully detect the peak HAZ temperature.

6 Conclusion and suggestions

This study has proposed an emissivity calibration technique
for improving the accuracy of the temperature measurements
obtained from a pyrometer for the fixed melting pool without
a tail in the SLM processing of stainless steel 316L. In the
proposed approach, the FE heat transfer simulation is first
constructed to predict the temperature distribution of the melt-
ing pool in conduction melting mode, and then the simulated
results are verified by comparing with the experimental data
obtained from the thermocouple. Accordingly, the emissivity
coefficients of the target surface are inferred via an iterative
comparison between the experimental temperature measure-
ments from a pyrometer and the predicted values obtained
from COMSOL simulations.

Finally, the validity of the proposed calibration method has
been demonstrated by comparing the experimental results for
the HAZ temperature of the powder bed with the simulated
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values in both the one-color operation mode and the two-color
operation mode from a pyrometer. It has been shown that the
average error between the two sets of results is just 1%, while
the maximum error is no more than 6%. In other words, the
feasibility of the proposed calibration method for obtaining
true temperature measurements of the melting pool in the
SLM process is confirmed. To the best of the authors’ knowl-
edge, this is the newest proposed approach to calibrate the
emissivity of the two-color pyrometer to accurately measure
the average temperature of the melting pool.

For future works, the coaxial monitoring system including
the two-color pyrometer will be built up and the proposed
methodology will be employed to measure the average tem-
perature of the moving melting pool with a tail. However, we
may face the challenge described as follows. From our previ-
ous work in [21], it is known that the width of melting pool is
comparable with the laser spot size and the melting pool
length is in the order of several hundred microns to 1 mm,
while the sensing area of the pyrometer has a diameter of
1.6 mm. Obviously, the average temperature of the moving
melting pool would cover not only the temperature on the
melting pool itself but also that on its tail if the sensing image
of a pyrometer is larger than the area of the melting pool.
However, the only average temperature on the melting pool
measured by a pyrometer can be achieved by designing an
additional co-axial optical system to focus the sensing image
of a pyrometer just right inside the melting pool itself. As
expected, by doing the way to focus on the very small area
of the melting pool (the length of the melt pool is around
800 um, and the width of melt pool is around 130 pum in a
case that the laser beam radius is 120 um) with a long distance
around 1000 mm between an object and a pyrometer, more
efforts need to be seriously made in stabilizing the SLM sys-
tem to eliminate the noises in vibration.
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