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Abstract

Several aspects of the thermal behavior of deposited stainless steel 410 (SS410) during the
Laser Engineered Net Shaping (LENS™) process were investigated experimentally and
numerically. Thermal images in the molten pool and surrounding area were recorded using a
two-wavelength imaging pyrometer system, and analyzed using ThermaViz"™ software to obtain
the temperature distribution. The molten pool size, temperature gradient, and cooling rate were
obtained from the recorded history of temperature profiles. The dynamic shape of the molten
pool, including the pool size in both travel direction and depth direction, was investigated and
the effect of different process parameters was illustrated. The thermal experiments were
performed in a LENS™ 850 machine with a 3kW IPG laser for different process parameters. A
three-dimensional finite element model was developed to calculate the temperature distribution
in the LENS process as a function of time and process parameters. The modeling results showed
good agreement with the experimental data.
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1. Introduction

Recent innovations in digital design and manufacturing of advanced materials and
components have stimulated an important growth of the solid freeform fabrication technologies
in modern industry. The Laser Engineered Net Shaping (LENS™) process is a particular
example of these technologies that shows considerable potential for rapid manufacturing and
repair applications. The LENS process utilizes a laser, metallic powder, and a computer aided
design (CAD) solid model to fabricate three-dimensional fully dense and fully functional
components [1-2]. It has been applied to fabricate components for a large class of metal alloys,
such as low-alloy steels [3], stainless steel [4-5], nickel based alloys [6-7], and titanium alloys
[8-9]. The advantage of the LENS process is to fabricate complex three dimensional components
with high strength and ductility directly from a CAD solid model. The process can reduce the
cost and time significantly through one-step operation. In order to achieve the rapid prototyping
characteristics of the LENS process, several efforts have been made to investigate the influence
of process parameters on the properties of the fabricated parts. The critical issues in the LENS
process include the process repeatability, the geometry accuracy, and the uniformity of
microstructure properties [10-12].
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The main process parameters, such as laser power, travel velocity, and powder flow rate
affect the temperature profile and cooling rate in the molten pool, as well as the thermal cycles at
each location of the fabricated part. Consequently, they determine the size of the molten pool, the
part deformation and the microstructure of the deposited layers. These, in turn, determine the
geometry accuracy and the mechanical properties of the finished part. Therefore, the
investigation of the thermal behavior in the LENS process, i.e., the history of temperature
profiles, becomes essential to understand the process-property relationship and to provide
fundamental insight for improvement of process control.

A number of studies have attempted to investigate the thermal behavior of the LENS process
both experimentally and numerically. Two different types of thermal measurements have been
employed, utilizing radiation pyrometers [13-18] and thermocouples [13-14]. Thermocouples
were used for the temperature measurement away from the molten pool [13]. The thermal cycle
as a function of time was obtained at each thermocouple location. Radiation pyrometry has been
used for the temperature measurement inside and around the molten pool. Thermal images of the
pool area were captured by a CCD camera, which was mounted outside the glove-box with an
angle to the substrate plane [15, 18] or incorporated into the optical path of the laser [11, 12, 16,
17]. This measurement provides the peak temperature, temperature profile, temperature gradient
and cooling rate in the molten pool, as well as the geometry of the molten pool based on the
temperature distribution. It has been found that the laser power had the strongest influence on the
molten pool temperature. As a result, process control based on the regulation of the laser power
was adopted by implementing a closed loop control system. The comparison of temperature and
size of the molten pool and geometry accuracy of the finished part, with and without closed loop
control, has been studied [10-12, 16]. It has been found that the closed loop control can improve
the geometry accuracy and microstructure uniformity of the finished part. The microstructure of
the LENS-fabricated part is extremely complex because each location of the part experiences
many thermal cycles before cooling down to the room temperature, which is not common in the
traditional manufacturing process.

A complete information on the thermal behavior at each location of the part becomes
essential in order to understand the mechanisms of the microstructure formation and the
mechanical properties such as residual stress and hardness in the finished part. Numerical
modeling can provide a complete temperature distribution in the LENS process and help in
understanding the thermal histories. Some preliminary modeling studies can be found in the
literature. Finite element models have been employed to predict the thermal behavior in the
molten pool [19-20] and the molten pool size [21-23]. The thermal cycles for multi-layer
deposition were predicted by modeling the LENS process for the single wall plate deposition
[24-26].

Despite considerable progress to date, several key aspects of the process are still unclear,
such as the temperature profile in the molten pool, the molten pool geometry for each layer as a
function of the process parameters, and the overall spatial and temporal variation of the
temperature field in the part. A careful calibration and validation of the thermal model is required
in order to obtain reliable numerical predictions. The calibrated thermal model can then be
coupled to a metallurgical model to predict the microstructure or to a mechanical model to
predict the residual stress in the fabricated part.
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In the present work, a two-wavelength imaging pyrometer was used to measure the
temperature distribution in the molten pool and its surrounding area during the LENS deposition
of a single wall plate of 410 type stainless steel (SS410). Different processing parameters,
including laser power and travel velocity were used in studying the thermal behavior during the
deposition. The variation of the molten pool geometry with the layer number was also
investigated. = A three-dimensional finite element model was developed to predict the
temperature distribution and molten pool size as a function of time and process parameters. It
showed a reasonable agreement between the calculated and measured results.

2. Thermal Measurement

A ThermaViz™ two-wavelength imaging pyrometer system was used to capture thermal
images of the molten pool and surrounding area. By using two-wavelength pyrometers, the
temperature is determined from the ratio of the relative intensities of radiation at two different
wavelengths, and independently of emissivity, thus providing a more accurate temperature
measurement than one-wavelength systems. The acquired infrared images reflect the temperature
distribution in and around the molten pool. According to Planck’s law [12], the total radiation
intensity is linked to the temperature of a black body and the radiation wavelength by the
following equation:

C -C
E, =—L 2 1
T exp( T j (1)

where C, and C, are the Planck’s constants. For the two-wavelength pyrometers, the ratio of
intensity is given by

E
R=—4= K, exp(&j (2)
E. T

5
where K, and K, are expressed as K, :(%j , and K, :CZ(%_%j , respectively.
2

The schematic and a side view of the thermal experimental setup are shown in Figures 1(a)
and 1(b). The powder nozzles and laser assembly move in the x-y plane. When building a single-
wall plate, after each pass, the substrate and the part move in the negative z direction. A digital
Si-based CCD camera was mounted outside the glovebox at an angle of approximately 15° with
the x-y plane so that a side view of the molten pool can be captured. The camera does not move
during the LENS process so that it can capture the same Field Of View (FOV) all the time. The
FOV was set to 22.0 mm by 25.0 mm in the horizontal and vertical directions, respectively.
Optical magnification provides a spatial resolution of 20 um/pixel. The long band selected was
from 800 nm to 900 nm, and the short band from 700 nm to 800 nm. The imaging pyrometer
records a dynamic range from 1450°C to 1860°C. The camera captures one frame every 2
seconds, then digitizes colored images and passes the frame data, including two wavelength
intensity images, and temperature images to a personal computer for storage. ThermaViz'™
image analysis software was used to carry out further image post-processing.
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Figure 1 - (a) Schematic and (b) side view of thermal experimental setup

Some factors such as the metallic vapor and hot air above the molten pool, metallic powder,
and laser radiation, may distort the thermal images. A near-infrared filter is selected and installed
between the iris and the camera in order to eliminate the image noise from those factors. A thin
plastic film was added at the viewport of the optical path in order to keep the atmosphere in the
glovebox separated from the outside environment, as shown in Figure 1(a). The camera, lens,
filter, and thin-film were calibrated for temperature measurement with a standard tungsten
filament source obtained from the National Institute of Standards and Technology. A model was
developed to describe the relationship between the measured temperature and the ratio of the
long wavelength to short wavelength intensities. The results from the model were compared with
the calibration results using the standard tungsten filament source with and without the thin-film,
and a good agreement can be found, as shown in Figure 2.

3. Thermal Modeling

A three dimensional finite element model was developed using the welding software
SYSWELD. The model was used to predict the temperature distribution during the LENS
deposition of a 10-layer single wall plate of SS410. The structure was built by overlapping 10
single tracks of material, each with a length of 10.0 mm, a thickness of 0.5 mm, and a width of
1.0 mm. The plate was deposited on the surface of a substrate having 5 mm thick, 10 mm wide,
and 20 mm long. The temperature-dependent thermal properties of SS410 were employed, e.g.
density, thermal conductivity, and specific heat, obtained from the SYSWELD database. It was
assumed that the substrate material is initially at room temperature. A fixed temperature
boundary condition equal to the room temperature is prescribed on the bottom surface of the
substrate. The boundary conditions for all other surfaces take into account both laser heating and
heat losses due to surface convection and radiation. The laser beam power is modeled as a
Gaussian profile with a conical shape. The laser beam moves from one side to another in the
same direction for each layer. More specific information about the geometry, meshing, and
thermal properties can be found in Ref. [26]. The laser travel velocity is set at 2.5 mm/s and the
laser power is 600 W. The process time for each layer is 10s, which is the same as that in the
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experiments where the plate is 25 mm long. Because the modeled part is only 10 mm long, the
laser takes 4s to deposit each layer. Therefore, an idle time of 6s during layer transition is
selected in order to match the 10 s process time of the experiment. The modeling of a sample
shorter than the experimental one is justified since the heating effect of the laser during
deposition extends only to the immediate vicinity of the pool [26].
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Figure 2 - Calibration curves for the ThermaViz'™ Figure 3 - Photograph of performing a
two-wavelength thermal imaging pyrometer with single wall build during the LENS process
and without film

4. Results and Discussion

A series of LENS thermal experiments were performed on the LENS™ 850M and using 410
type stainless steel (SS410) powder with a 3kW IPG laser. The temperature measurements
surrounding the molten pool area were performed for 9 samples with different laser powers and
travel velocities by using the ThermaViz CCD camera. The process parameters for each sample
are listed in Table 1.

Table 1 - Process parameters for each specimen in the LENS thermal experiments

Specimen No. Laser power No. of Layers Laser speed Length of part | Powder flow

(W) (mm/s) (mm) rate (g/min)
4 300 25 2.5 254 0.6
5 300 25 4.2 254 0.8
7 300 50 8.5 38.1 1.4
8 600 25 2.5 254 0.6
9 600 25 4.2 254 0.7
10 600 50 8.5 38.1 1.4
11 450 25 2.5 254 0.6
12 450 25 4.2 254 0.8
13 450 50 8.5 38.1 1.3

A typical photograph of performing a single wall build during the LENS deposition is shown
in Figure 3. Several photographs for typical specimens are shown in Figures 4(a) and 4(b). A
uniform width of the single wall plate was obtained, as shown in the side view images in Figure
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4. The process parameters used in Figures 4(a) and 4(b) were a laser power of 300 W with a laser
travel velocity of 2.5 mm/s, and a laser power of 600 W with a laser travel velocity of 4.2 mm/s,
respectively. It can be seen that the sample for higher laser power (600 W) is much thicker than
that for lower laser power (300 W). This is because more powder is melted and solidified for
each layer at higher laser power.

Front view Side view

TﬂmﬂlI|;||||q||||1I|II!|I|||I|IIIII|1
[

= 12 13 8%

(b)

Figure 4 - Photograph of specimen samples Figure 5 - Thermal image and molten pool
(a) P=300W, V=2.5mm/s size at P = 600W, V = 2.5 mm/s
(b) P=600W, V=4.2mm/s

Figure 5 shows the in-situ thermal image in and around the molten pool area of the part
obtained with laser power of 600 W and travel velocity of 2.5mm/s. The temperature of each
pixel in the thermal image was obtained from the intensity ratio of two different wavelengths.
The shape of the molten pool, indicated by dashed lines, is determined by the isotherm
corresponding to the melting temperature of SS410 (1450 °C). The molten pool size is
approximately 1.0mm long and 0.5mm wide. In this image, x direction is defined as the opposite
travel direction of the laser, and y direction is defined as the depth direction towards the
substrate. The maximum temperature inside the molten pool is approximately 1650 °C. The
region of high temperature observed outside the pool area corresponds to a slight misalignment
of the two intensity images of the sensor and should be neglected.

Figures 6 and 7 show the temperature profiles and temperature gradients along the x and y
centerlines of the pool, as shown in the image of Figure 5, respectively. The temperature at each
location was obtained by using the average value of an 8x8 pixel square region in order to avoid
the temperature fluctuation for each pixel. The maximum temperature in along these pathlines is
1627°C. For the x direction, the maximum temperature gradient can reach to 400 °C/mm, as
shown in Figure 6(b), which occurs in the liquid-solid interface. For the y direction, the
maximum temperature gradient is approximately 1000°C/mm, as shown in Figure 7(b), which is
much higher than that in the x direction. This indicates that heat is dissipated much faster in the
depth direction than in the travel direction due to the substrate heat sink. The cooling rates at the
liquid-solid interface, derived from the temperature gradient and the laser travel velocity, vary
between 1000 °C/s and 2500 °C/s.
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Figure 6 - (a) Temperature and (b) temperature gradient along the opposite travel direction
(horizontal line x-direction in the image of Figure 5) for P = 600W, V = 2.5mm/s
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Figure 7 - (a) Temperature and (b) temperature gradient along the depth direction (vertical line y
direction in the image of Figure 5) for P = 600W, V = 2.5mm/s

Figure 8 shows the temperature profiles along the x and y centerline from the center of the
molten pool as a function of laser power for a travel velocity of 2.5mm/s. Both the molten pool
size and the maximum temperature in the molten pool increase with laser power. The
temperature profiles and temperature gradient outside the molten pool are similar for different
laser powers. The maximum temperature in the molten pool reveals that the liquid is
significantly superheated. Figure 9 shows the maximum temperature in the molten pool as a
function of laser power and travel velocity. The maximum temperatures in the molten pool are in
the range of 1500 °C to 1650 °C under the experimental conditions. It can be seen that the
maximum temperature in the molten pool increases with increasing laser power and decreasing
laser travel velocity. Lower travel velocity results in more heat input at each powder melting
location, which increases the maximum temperature in the molten pool. However, the effects of
the travel velocity on the maximum temperature in the molten pool are not significant.
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for different laser powers and a travel velocity of 2.5 mm/s.
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Figure 10 - Molten pool size along the laser
opposite travel direction for different laser
powers at travel velocity of 2.5 mm/s.

The molten pool geometry was investigated for different laser powers and travel velocities,
as shown in Figures 10 and 11. Figure 10 presents the molten pool size along travel direction (x
direction) for different laser powers at the travel velocity of 2.5 mm/s. For each case, the laser
power is constant, and the molten pool size along x direction increases with the layer number.
This is due to the substrate effect as a heat sink. It indicates that the closed-loop molten pool size
control is necessary in order to produce uniform microstructure and accurate geometry of
finished part. The maximum molten pool size is approximately 1.2mm at 600W and the
minimum size is approximately 0.4 mm at 300W. Figure 11 shows the molten pool size along the
depth direction (y direction) as a function of laser power and travel velocity. The molten pool
size along y direction does not change much for different layers. It increases with the laser power
and slightly increases with the travel velocity. The maximum cooling rate at the liquid-solid
interface was investigated as a function of laser power and travel velocity, as shown in Figure 12.
The maximum cooling rate increases with the travel velocity and decreases with the laser power.

107



The highest cooling rate is around 6000 °C/s at the lowest power (300 W) and the highest travel
velocity (8.5 mm/s).

0.7 z 7000
£ & 2.5 mm's < W 300W
E 061|442 mm's £ 6000 |a450wW
3 £
e -o— 8.5 mm/s 2 --G600W
g i £
g 05 = 5000
5 o)
3
& 04 £ 4000 -
& g
= | = i
£ 0.3 3 3000
g 8
2021 2 2000 |
s E
~ (=]
g o1l £ 1000 A
= =
S £
E 0 T T T T T 1 g 0 T T T T
300 350 400 450 500 550 600 0 2 4 6 8 10
Laser power (W) Laser travel velocity (mm/s)

Figure 11 - Molten pool sizes along the depth ~ Figure 12 - Maximum cooling rates along the

direction versus laser powers for different laser opposite travel direction versus laser
laser travel velocities travel velocities for different laser powers.
1.0 mm 1800
. 1600 N A
10 .| o 1 e
%— S T(C) 1400 4 1
9 — - 2 1200 4 l [
B0 95 1000 - |
8 h 4 = 300 £ |
_ —T g 8004 I F
7 b p— E 600 !
g 900 " oo | I
6 hd 1100 |
E— 4300 200 | ﬂ | A\J‘ k {
E -w Emso 0 AN ANANANFAN AWA W AW 4 W
0O 10 20 30 40 50 60 70 80 90 100 110
Time (5)
Figure 13 - Molten pool size distribution for Figure 14 - Thermal cycles at the center of
each layer at P=600W, V=2.5mm/s each layer at P=600W, V=2.5mm/s
calculated by finite element model calculated by finite element model

The developed finite element model was used to calculate the molten pool size distribution
for layers 5 to 10 at a laser power of 600 W and a travel velocity of 2.5 mm/s, as shown in Figure
13. The calculated average molten pool size is 1.0 mm, which is consistent with the experimental
results. The size of the pool does not increase with layer number as much as observed in the
experiment because of the longer idle time used in the model, giving the layer more time to cool
down before the next layer deposition. The thermal cycles at the center of each layer is shown in
Figure 14. The temperature at each location reaches the maximum point above the melting
temperature when the laser beam moves over the point. After the laser beam passes by, the
temperature quickly cools down to room temperature. The maximum temperature at the layer is
similar after the fourth layer, where the substrate effects become negligible. The maximum
temperature is approximately 1600 °C, which is consistent with the experimental results. Figure
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15 shows the comparison between the modeling and experimental results for thermal profiles in
the molten pool at the laser power 600 W and the travel velocity 2.5 mm/s. It shows a good
agreement both for the depth direction and opposite travel direction.
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Figure 15 - Comparison between modeling and experimental results for thermal profiles in the
molten pool along (a) depth and (b) opposite travel directions at P=600W, V=2.5mm/s

5. Conclusions

In this article, the thermal behavior of the LENS process for SS410 single wall build was
characterized by using a two-wavelength imaging pyrometer. The experiments were performed
in a LENS 850 machine with a 3kW IPG laser for different process parameters. The temperature
distribution in the molten pool and the molten pool size were investigated. It was found that the
maximum temperature in the molten pool is approximately 1600°C. The molten pool size is
approximately 1.0 mm, and the maximum cooling rate in the liquid-solid interface is in the order
of 10° °C/s. The molten pool size and cooling rate significantly depend on the travel velocity and
the laser power. The thermal measurements give interesting and useful information when
averaging is applied; however, there is a significant fluctuation in temperature readings at the
pixel level. More accurate pyrometer performance would be desirable in order to confirm the
present measurements. Numerical analysis using a three-dimensional finite element method
shows good capability to predict the temperature distribution and molten pool size. A good
agreement between the experimental and numerical results was obtained for molten pool size and
temperature distribution in the molten pool. The thermal model can be used to understand the
effects of the process parameters on the thermal cycles and thermal behavior. The model can also
be applied to in-situ evaluation and monitoring by calculating the molten pool size, temperature
distribution and cooling rate, for different process parameters.
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