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ABSTRACT ARTICLE HISTORY
Additive manufacturing offers a range of novel applications. Received 3 June 2020
However, the manufacturing process is complex and the produc- Accepted 20 September 2020

tion of almost defect-free parts with high reliability and durability is KEYWORDS

still a challenge. Thermography is a valuable tool for process sur- additive manufacturing;
veillance, especially in metal additive manufacturing processes. The thermography; LMD; SWIR;
high process temperatures allow one to use cameras usually oper- MWIR; NIR; process

ating in the visible spectral range. Here, we compare the results of monitoring; metal
measurements during the manufacturing process of a commercial

laser metal deposition setup using a mid wavelength infrared cam-

era with those from a short wavelength infrared camera and those

from a visual spectrum high-speed camera with band pass filter in

the near infrared range.

1. Introduction

Additive manufacturing (AM) offers a range of novel applications, from the production of
parts with a complex geometry that cannot be built by classical manufacturing in a single
piece to highly individualised production on end-customer demand. However, the manu-
facturing process is complex and the production of almost defect-free parts with high
reliability and durability is still a challenge [1]. Depending on the AM method (e. g. laser
metal deposition (LMD), laser powder bed fusion (L-PBF), electron beam powder bed fusion
(E-PBF), wire arc additive manufacturing (WAAM)), different types of defects and inhomo-
geneities might occur [1,2]. LMD is used if larger deposition rates and only a limited
complexity of the part geometry is required. It is applied as laser cladding for coatings, as
a repair process for worn pieces as well as for the creation of 3D functional components. In
this process, a laser generates a small melt pool on the surface of the substrate and the
metal powder, which is dispensed by a powder feeder, is injected into this melt pool by
a stream of inert carrier gas. A relative movement between work piece and LMD-nozzle is
used for the build-up of the parts. Typical defects and inhomogeneities in LMD coatings and
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parts are an enhanced porosity due to gas pores and/or shrinkage pores, lack of fusion,
cracks inside the volume and/or at the surface, deviations from the original geometry,
higher surface roughness than expected, inhomogeneous microstructures, inclusions of
contaminations, and internal stress [1,3,4]. These inhomogeneities might lead to reduced
mechanical properties and shorter lifetimes of the built components. Most of these defects
can be attributed to the manufacturing process itself, which therefore is usually monitored
by laser irradiation and camera based systems [2,5]. In addition to the surveillance of
process parameters, different in-process NDT techniques can be implemented.
Thermography has been proven to be a valuable tool for melt pool control, especially in
metal AM processes [1,2,6,7]. It allows the determination of the melt pool temperature, its
dimensions and dynamics as well as cooling rates and spatial temperature gradients.
However, there are certain hurdles to be overcome to assure a reliable thermographic
process surveillance in metal AM. First, the complexity of the emissivity (temperature, angle,
aggregate state, wavelength, and composition dependency) poses a challenge [8]. Second,
the accessibility of the process itself may be limited due to constraints defined by the
production setup. As for all laser-based methods, laser safety has to be ensured. Despite
these challenges, the high process temperatures of more than 2500 K (depending on the
used material) allow one to use cameras usually operating in the short wavelength infrared
(SWIR) and visible (VIS) spectral range, in addition to mid wavelength infrared (MWIR) and
long wavelength infrared (LWIR) cameras, to monitor the process, since a significant
amount of thermal radiation is emitted in the infrared and the visual spectrum range.
A calibration of a VIS camera for temperature measurement is possible (VIS thermography)
[9]. To avoid disturbing influences from emissions of the welding plasma, a wavelength
limitation of the detected radiation to a narrower band in the near infrared (NIR) is desirable
and can be realised by a band pass filter.

Here, we present results of experiments for temperature monitoring during an LMD
process, using currently available hardware, that were performed in order to gather
experience for the choice of a process-optimised camera system. To this end, experi-
ments using stationary cameras operating in the MWIR and the VIS range (limited by
a narrow band pass filter in the NIR) were executed. Additionally, we compare those
results to results from measurements obtained by using a camera operating in the SWIR
range, that was acquired based on the findings of the former experiments. Therefore, for
the first time, VIS, SWIR, and MWIR cameras are directly compared to each other to
decide which currently commercially available system is best suited for in-situ monitor-
ing of the LMD process.' In addition, options for optimised systems are discussed
concerning the needs for spatial, temporal and thermal resolution as well as for thermal
range.

An approximate temperature calibration of the cameras, using the grey body approx-
imation and the solidification temperature as input, was performed. It is shown that the
VIS camera has a very limited measurable temperature range, compared to the MWIR
camera, while the temperature dynamic of the SWIR camera was intermediate. On the
other hand, the MWIR camera detects strong reflections from the build plate and spatial
inhomogeneities in the heated area that are most likely caused by inhomogeneities of the
emissivity. The VIS camera did not show these effects. As expected, the SWIR-camera
combines advantages of the MWIR and the VIS cameras.

In Table 1, all abbreviations used in this article are summarised.
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Table 1. List of abbreviations.

Abbreviation Full length

AM Additive Manufacturing

D.v. Digital values

LMD Layer Metal Deposition

L-PBF Laser Powder Bed Fusion

LWIR Long wavelength infrared range (8.0 to 14.0 pm)
MWIR Mid wavelength infrared range (2.0 to 5.0 pm)
NDT Non-destructive testing

NIR Near Infrared

SWIR Short wavelength infrared range (0.8 to 2.0 um)
VIS Visual wavelength range (here: 0.4 to 1.0 pm)
WAAM Wire Arc Additive Manufacturing

2. Experimental details

In this section, we describe the experimental setup.

2.1. AM setup

The AM setup, used for the experiments, is a commercial laser metal deposition cell of the
manufacturer Trumpf (Trumpf GmbH + Co. KG, Ditzingen, Germany), type TrulLaser Cell
3000. It is coupled with a 16 kW Yb:YAG TruDisk 16,002 - disk laser (Trumpf) with
a wavelength of 1030 nm. The laser head can be moved in x-, y- and z-direction and
tilted to both sides in a maximum angle of 135°. The volume of the build space is 800 mm
x 600 mm x 400 mm. The powder deposition onto the substrate is achieved with an
integrated three-jet SO16-powder nozzle, having a working distance of 16 mm measured
from the nozzle edge. The three powder tubes are arranged around the laser beam
coaxially at 120° angles, see Figure 1. The powder jets are focussed in a spot of approxi-
mately 3.5 mm diameter at this distance. The optical head is equipped with a flexible
collimation unit allowing to adjust the focus diameter of the laser beam in the range
between approximately 0.4 mm and 3.8 mm at the working plane.

Nozzle
Powder tubes

Shielding gas
Nozzle

Weld seam “‘ | “b Laserbeam

’ / Powder

Melt pool

Distance piece
Fusion zone

Specimen

Substrate
////;/7//; 7)) ///////7///%/////%

Figure 1. Left: LMD process (schematic), right: Photograph of the SO16-nozzle with 16 mm distance
piece.
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2.2. Thermographic setup

Three different cameras, operating in the MWIR, the SWIR and the VIS range, were used to
monitor the thermal radiation emitted during the building process. Regarding the com-
parison between MWIR and the VIS camera, the measurements were performed on
different occasions in a comparable setup with similar process parameters. The MWIR
(VIS) camera was mounted at a fixed position in the build chamber at a distance of 40 cm
(30 cm) between front most lens and the focal point of the laser. The angle between the
optical axis of the camera and the surface normal of the base plate was approximately 60°.
Photographs of the experimental setup are shown in Figure 2, left and middle. For the
comparison between MWIR and SWIR camera, the data were acquired simultaneously on
a third occasion and with different material and process parameters. Here, the distance
between the front most lens (or filter in case of the SWIR camera) and the focal point of
the laser was 35.5 cm and 39 cm for the MWIR and the SWIR camera, respectively. The
angle between the optical axis of the camera and the surface normal of the base plate was
approximately 40°.The side-view of the experiment was as shown in Figure 2, right, but
with the SWIR-camera mounted behind the MWIR camera. The superimposed image of
the SWIR camera was taken from the manufacturers datasheet and does not show the
actually used objective and filters.

The used MWIR camera of type InfraTec ImagelR 8300 (InfraTec GmbH Infrarotsensorik
und Messtechnik, Dresden, Germany) is sensitive in the spectral range between 2 ym and
5.5 um (cooled InSb-focal-plane-array) and is temperature calibrated in the range
between 773 K and 1473 K (black body) using an absorptive filter within the camera.
The integration time was set to 47 us and the bit resolution was 14 bit. In the first set of
experiments (comparison MWIR-VIS), it was operated at a frequency of 800 Hz in sub-
frame-mode (320 x 156 pixels) with a pixel resolution of 240 um. In the second set of
experiments (comparison MWIR-SWIR), it was operated at a frequency of 500 Hz in
subframe-mode (240 x 176 pixels) and at a frequency of 100 Hz in full frame-mode (640
x 512 pixels) with a pixel resolution of 260 pum.

The VIS camera of type Fastcam SA4 (Photron Inc,, San Diego, CA, USA, high speed
camera with 32 GB internal memory) was equipped with a narrow band pass filter, limiting
the detected light to a wavelength range between 807 nm and 817 nm. It was operated at

Figure 2. Photographs of the experimental setup. Left: MWIR setup, middle: VIS setup, right: SWIR
setup (the small SWIR camera was actually behind the MWIR camera, size and position illustrated by
montage of image of the SWIR camera from manufacturers datasheet, not including the used
objective and filters), together with MWIR setup. Please note that the angle of the optical axes of
the MWIR and VIS camera used in the first experimental run related to the surface normal was 60°,
while it was only 40° for the MWIR and SWIR camera in the second experimental run.
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a frequency of 10 kHz at a subframe resolution of 768 x 240 pixels with a pixel resolution
of 48 um. An integration time of 100 ps was set. To reduce the amount of data, the
possible bit resolution of 12 bit was reduced to 8 bit.

The used SWIR camera of type Allied Vision Goldeye CL-033 TEC1 (Allied Vision
Technologies GmbH, Stadtroda, Germany) is sensitive in the spectral range between
0.9 um and 1.7 ym (temperature stabilised InGaAs-focal-plane-array) and was operated
with a band pass filter with a central wavelength of 1550 nm and a width of 25 nm as well
as with neutral density filters (ND1.0 + ND1.5) and an additional long pass filter with a cut
on wavelength of 1175 nm, to completely block the welding laser. The camera is not
temperature calibrated and was operated at a frequency of 500 Hz in subframe-mode
(640 x 171 pixels) with a pixel resolution of 125 um. The integration time was set to 2 ms
and the bit resolution was 14 bit.

The specifications and selected measurement parameters of all cameras are sum-
marised in Table 2.

2.3. Build parameters

In the first experiments comparing MWIR and VIS, the following build parameters were
used: The build plate was made of polished carbon steel and the powder material was AlSI
2205 duplex stainless steel with an average diameter range from 53 um to 125 pym and
a powder mass flow of 17 g/min. The laser power P was set to 1.7 kW with a Gaussian
beam profile and a beam diameter d of 3 mm. The welding velocity v was set to 13.3 mm/
s. The powder carrier gas was helium with a flowrate of 4 I/min and the shielding gas was
argon with a flowrate of 10 I/min. The build geometry was a stack of single lines (i.e. a wall)
of 45 mm (25 mm) length consisting of up to 9 layers (3 layers) for the MWIR (VIS) camera,
which were welded unidirectionally without pauses between the layers.

In the second experimental run comparing MWIR and SWIR cameras, which were
operated simultaneously, the following build parameters were used: The build plate
was made of non-polished (as delivered) 316 L steel and the powder material was
316 L-Si steel with an average diameter range from 44 um to 106 um and a mass flow
density of 17 g/min. The laser power was set to 1.2 kW with a Gaussian beam profile and
a beam diameter of 2.4 mm. The welding velocity was set to 21.7 mm/s. The powder
carrier gas was argon with a flowrate of 4 I/min and the shielding gas was argon with
a flowrate of 10 I/min. The build geometry was a stack of single lines (wall) of 70 mm
length consisting of up to 10 layers, which were welded unidirectionally without pauses
between the layers.

The build parameters of the two experimental runs are summarised in Table 3. Here,
the areal energy density U can be calculated from the emitted laser power P, the laser spot
diameter d and the welding velocity v by Equation 1:

P
V=37 M
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Table 3. Build parameters of the two experimental runs.

Parameter First experimental run Second experimental run
Powder Material AlISI 2205 duplex stainless steel 316 L stainless steel

Build plate material Carbon steel, polished 316 L stainless steel, as delivered
Build plate thickness 6 mm 20 mm

Laser power P 1.7 kW 1.2 kW

Laser spot diameter d 3 mm 24 mm

Welding velocity v 13.3 mm/s 21.7 mm/s

Areal energy density U 43 J/mm2 23 J/mm2

Mass flow density 17 g/min 17 g/min

3. Experimental results and discussion
3.1. First experimental run, comparison between MWIR and VIS cameras

Selected thermograms from the build process (building direction from right to left) for
different layers recorded with the MWIR camera are shown in Figure 3, together with
a photograph of the built structure. Since the camera is calibrated assuming a perfect
black body radiator, an assumption that is not met here, the given temperatures are only
apparent. Firstly, it can be seen that the size of the heated zone increases with the layer
number (Figure 3(a—c)), which can be explained by the decrease in heat dissipation to the
build plate with an increase in part height and heat accumulation. Secondly, reflections
from the base plate and shadowing of these reflections by other built structures on the
build plate become visible in Figure 3(b) and more clearly in Figure 3(c) (compare to
photograph in Figure 3(d)). Thirdly, the intensity distribution within the melt pool appears

layer 9 1473 K

layer 1

o)
eandrecten /W
T .

reflection local maximum 10 mm

Figure 3. (a-c): Thermograms recorded with the MWIR camera during the build of the indicated layers.
The approximate horizontal position of the nozzle is indicated by a white triangle. (a): First layer, the
melt pool appears homogeneous with a well-defined hotspot at the centre. Thermogram at 2.7 s of 3.4
s build duration of the layer (starting at 0 s), corresponding to a time of 01 min 25 s in supplementary
video 1. (b): Third layer, a second hot spot marked ‘reflection’ is observable as well as a ‘local
maximum’. Thermogram at 2.5 s of 3.4 s build duration of the layer, corresponding to a time of
05 min 43 s in supplementary video 1. (c): Ninth layer, a complicated intensity distribution is
observable. There is a high intensity rim around the melt pool (arrows) and an area with a lower
temperature appears at the position of the melt pool (dashed circle). Reflections from the build plate
and shadowing by previously built structures can be seen (compare to d). Thermogram at 2.5 s of 3.4
s build duration of the layer, corresponding to a time of 18 min 58 s in supplementary video 1. (d):
Photograph of the built structure (total of nine layers) from a similar angle. The structures shadowing
in ¢ can be identified. The scale of the apparent temperature on the right is valid for all thermograms.
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only in Figure 3(a) (layer 1) as one might expect (a maximum at the centre with a decay in
all directions). In Figure 3(b), a second maximum below the most intense one can be seen,
that is probably caused by reflections of radiation from the wall at the build plate.
However, another local maximum can be seen on the right-hand side, whose origin is
not fully understood. One possible explanation that will be further examined in the future
is that there is a region of undercooling in the melt pool with still a liquid aggregate state
between the two maxima [10]. Another probable cause is a local variation of the emissiv-
ity. At the position of the right maximum, solidification has occurred. As the solid surface
usually has a higher emissivity than the liquid surface (the solid surface is rougher than the
liquid surface), the solid surface appears warmer. Other reasons like oxidation or further
impurities could further increase the emissivity in the solid state. In Figure 3(c) (layer 9),
the melt pool appears strongly inhomogeneous. In particular, a rim of increased intensity
is observable around the melt pool (marked by arrows), which is most likely rather caused
by an increased emissivity in this region (slag formation [11]) than by an actual tempera-
ture increase. This interpretation is supported by the presence of an apparently cold spot
within the molten pool (presumably an area of unoxidised clean molten metal with low
emissivity, marked by a dotted circle) and higher maximum apparent temperatures than
in the previous layers (1514 K at the rim of the melt pool compared to 1402 K in layer 1 (a)
and 1336 K in layer 3 (b), both at the centre of the melt pool), marked by arrows. This is
consistent with higher degrees of oxidation in higher layers, which might be caused by
accumulation of oxides that stay at the surface of the upmost layer during manufacturing
and by the increased area of hot metal due to heat accumulation. This heat accumulation
results in a less efficient shielding by the inert gas, which is localised around the welding
spot. Further investigations of the oxidation behaviour during the build are planned, e. g.,
by varying systematically the process parameters [12]. The complex distribution and
evolution of the emissivity will be studied in detail by the use of multispectral thermo-
graphy [13] and temperature emissivity separation algorithms [14] in the future.

Figure 4 shows a comparison of a thermogram of the MWIR camera (same as Figure 3(b),
third layer) and an intensity image of the VIS camera, recorded during the build of the third

Figure 4. Apparent temperature and intensity images recorded during the build of the third layer of
the wall. The approximate horizontal position of the nozzle is indicated by a triangle. (a): Recorded
with the MWIR camera (same as Figure 3(b) with adjusted colour scale). b/c: Recorded with the VIS
camera with NIR filter. Thermogram at 1.2 s of 1.9 s build duration of the layer, corresponding to a time
of 09 min 27 s in supplementary video 2. (b): Same geometrical scale as a, ¢: enlarged view. Mainly the
melt pool is visible. Shadowing by powder particles and irregular structures within the melt pool can
be observed as well as a slight rim of increased intensity around the melt pool (arrows).
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layer. Comparing Figure 4(a) (MWIR) and Figure 4(b) (VIS) at the same geometric scale, the
most remarkable difference is the different apparent size of the heated zone. This is mainly
caused by the limited dynamic temperature range of the VIS camera in combination with the
much larger intensity contrast between emitters of different temperatures in the NIR range
than in the MWIR range. Using an approximate temperature calibration (see below), the
temperature range of the VIS camera is limited to a range of 1300 K to 2000 K, while the MWIR
camera can detect the intensity of real temperatures from roughly 800 K to 2300 K in the
current example by considering a low emissivity around 0.29 (see below). Thus, the measure-
ment of the VIS camera is limited to the hottest part of the process, which is related to
a smaller region in the thermogram. Contrary to the thermogram of the MWIR camera, there
are no signs of reflections in the thermogram of the VIS camera. This is expected, as possible
reflections of lower intensity are cut off by the detection limit of the VIS camera. In the
thermogram of the VIS camera, there is no sign of the additional local maximum on the right-
hand side of the melt pool that can be seen in the MWIR image. Either the intensity of this
structure is below the detection limit of the camera or the effect leading to this signature is
not present at the wavelength of the VIS camera. Figure 4(c) shows an enlarged view of
Figure 4(b). Due to the higher spatial resolution of the VIS camera, a lot of details can be
observed that are not visible in the MWIR thermogram. Firstly, we can see that there is a small
region in the image that is overexposed (dark red), so the dynamic range of the camera is
completely used, and the highest intensity values are cut off. Similar to Figure 3(c), there is
a rim around the melt pool with an increased intensity (marked by arrows). However, contrary
to Figure 3(c), the intensity value of this rim is well below the maximum intensity of the
thermogram. From the time series of thermograms of the VIS camera (see supplementary
video 2), it can be seen that various small low intensity spots can be attributed to powder
particles that fly through the image, shadowing parts of the melt pool. Others of these spots
appear to be swimming in the melt pool and dissolve after a certain time. An additional
observation from the time series, that is not visible in the single thermogram, is a slight
swirling of the melt pool. However, it is unclear whether these details will in fact be useful for
purposes of process monitoring. Note that the laser was switched off for a duration of 75 ms
(approximately 7 min 27 s to 7 min 57 s in the video 2) to analyse the effect of such
a disturbance on the measured signal. However, this analysis is beyond the scope of the
current work.

Figure 5 shows the time evolution of the measured signals at single points in space that
the laser passes with maximum intensity during the build of the first layer. Figure 5(a)
displays the signal of the MWIR camera for a single pixel. Note that the heating duration is
approximately 0.23 s, based on the current laser spot diameter and welding velocity.
During heating, there is a shoulder in the apparent temperature, probably caused by the
melting of the material. It is followed by a maximum (further heating of the melt),
followed by a decrease of the apparent temperature, a plateau (caused by the solidifica-
tion of the melt) and a further decrease. This general shape of the temperature develop-
ment during the build has previously been reported [15] and allows one to determine an
effective emissivity value by using the grey body approximation and adjusting the
emissivity in such a way that the temperature of the solidification plateau equals the
known solidification temperature of the used material. To this end, we calculated
the incident radiance on the camera detector during calibration at the black body
®ps(Tm) (e = 1, valid through the vendors calibration) by integrating the Planck equation
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Figure 5. Time evolution of the measured signal at a position that is passed by the laser in the first
layer. The time axes were shifted to match. (a): Measured with the MWIR camera (emissivity setting
e = 1), single pixel. (b): Measured with the VIS camera and averaged over 5 x 5 pixel (to match the
pixel size of the MWIR camera), using a running average filter of 21 frames. c: Data of a and b after
simple calibration procedure (see text).

in the sensitive spectral range of the camera for the temperature T,,, displayed by the
camera. The radiance of a grey body is given by

(D(E, T) =€ -(DBB(T) + (1 — E) . (DBB(T()) (2)

(To = 300 K: temperature of the surroundings). Assuming a solidification temperature of
Ts2205 = 1653 K (average of liquidus and solidus temperature) for AISI 2205 [16] and
setting

O( 2205, Ts2205) = P (Tm,s.2205) 3)

where Tp, 52205 is the temperature at the solidification plateau displayed by the camera,
yielded an effective emissivity of €305 = 0.29. Thus, as emissivity correction, tempera-
tures T that fulfil

(D( € 2205, Tcorr) = (DBB(Tm) 4)

were used. Results of the correction are shown in Figure 5(c). Note that the actual
solidification temperature of the material is not known exactly, since the molten material
is a mixture of the build plate material and the powder material. The results for the VIS
camera are shown in Figure 5(b). Here, the average of 5 x 5 pixels is shown (corresponding
to the same area on the sample as one pixel in the case of the MWIR camera), that is
additionally treated by a running average filter of 21 frames to reduce signal fluctuations.
Like in the signal of the MWIR camera, the shoulders of melting and solidification can be
observed, although the shoulder corresponding to the melting process is less pro-
nounced. Since the data of the MWIR camera is already treated by a camera internal
radiometric model, a direct comparison of these results is not possible. To this end, the
temperatures for the VIS camera were calculated as follows: We assume a linear response
of the camera’s detector /(T) to the incident radiance ®gz vis(T) (calculated by integrating
Planck’s equation in the spectral window of the band pass filter), i.e.

I(T) = c - ®gpyis(T) (5)
We determined the constant ¢ by using the known solidification temperature:
¢ = 1(Ts2205) /©svis (Ts,2205) (6)

Thus, temperatures T, that fulfil
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(Tear) = ¢ - Osgyis(Tear) (7)

were used as calibrated temperatures. The results of this calibration are compared to
those of the MWIR camera (corrected for the emissivity) in Figure 5(c). Note that the curves
were shifted along the time axis to allow for a direct comparison. Except for the cut-off
temperature values outside the dynamic range of the VIS camera, the corrected tempera-
ture profiles match very well.

3.2. Second experimental run, comparison between MWIR and SWIR cameras

Figure 6(a—d) show thermograms and an intensity image in the case of the uncalibrated
SWIR data (in Figure 6(c)) obtained with the MWIR and the SWIR cameras during the build
of the ninth layer of the wall. After the application of the described calibration routine
assuming a solidification temperature of T;316. = 1660 K for 316 L [1] leading to an
emissivity of the solid material of €314, = 0.58 and using data of layer 9, the thermograms
of the MWIR and the SWIR camera are very similar (Figure 6(b and d), same colour scale).
For quantitative comparison, we have registered both thermograms manually to each
other and have calculated the temperature difference (the MWIR thermogram was sub-
tracted from the SWIR thermogram), see Figure 6(e). In addition, we have added
a longitudinal profile along this difference image in Figure 6(f). Figure 6(b and d) show

MWIR SWIR

raw data
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Figure 6. Thermograms recorded during the build of the ninth layer of the wall with the MWIR camera
(@ and b), intensity image and thermograms recorded with the SWIR camera (c and d) as well as
temperature difference image (e) and profile through the difference image (f). The approximate
horizontal position of the nozzle is indicated by a triangle. a and ¢ show raw data, b and d show
corrected temperature values, obtained by the simple calibration procedure as explained in the text.
(a/b): Thermogram at 2.4 s of 3.2 s build duration of the layer. (c/d): Thermogram at 2.4 s of 3.2 s build
duration of the layer, d corresponds to a time of 46 s in supplementary video 3. Note that b and d are
shown in the same colour scale and are very similar. (e): Difference image between d and
b (registration by manual selection of distinct features), limited to the region where both cameras
show values within the interval of 800 K to 1900 K. The main difference are the higher corrected
temperatures of the SWIR data in the melt pool (see also f) and in the halo below the structure. (f):
Profile through e, as indicated.
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that the temperature distribution in the cooling tail on the right hand side and the circular
structures below the main wall structure are very similar. The circular structures corre-
spond to droplets of solidified material, as comparison to the built structure shows.
Observable differences between the thermograms, also shown in Figure 6(e), are: First,
similar to Figure 3(c), there is an apparently colder region within the molten pool in
the MWIR image (Figure 6(b)). This is not the case for the SWIR image (Figure 6(d)),
therefore a positive difference value is shown here in Figure 6(e) and, more apparent, in
Figure 6(f). As explained above, this apparent cold spot is most likely caused by a decrease
of emissivity in the molten state in the MWIR range and probably an undercooling of the
molten state. Apparently, this effect is not present (or reduced) in the SWIR range, since
there is no cold spot observable in the molten pool. However, since the real temperature
of the molten pool is not known, it cannot be concluded whether the emissivity of the
molten pool is reduced compared to the solidified material in the SWIR range. It can only
be concluded that a possible intensity drop induced by a reduction of the emissivity of the
molten material compared to the solid material is small enough to be at least compen-
sated for by the increase of the temperature of the liquid material. Second, in the area
below the wall structure in the SWIR image (Figure 6(d)), there is an extended region with
an apparently increased temperature (marked ‘halo’), that is not observable in the MWIR
image (Figure 6(b)), therefore the difference image shows positive values here (Figure 6
(e)). In the data of the first experimental run there are strong signals caused by reflections
(see for MWIR, e.g. Figure 3(c)). In that case, the base plate was smooth, leading to a high
reflectivity. Here, the used base plate was unpolished (as delivered) to reduce reflections.
In addition, this might also be explained by the different observation angles related to the
surface normal (60° in the first experimental run, 40° in the second experimental run). At
60°, the reflectivity of metal surfaces usually is higher than at 40°. However, the unpol-
ished plate did not succeed in suppressing reflections in the SWIR range, as observed in
Figure 6(d). These reflections are more diffuse than in the MWIR case of Figure 3(c). Since
usually the reflectivity of unpolished metals strongly decreases with decreasing wave-
length of the light [17,18], this effect cannot be explained by the shorter wavelength of
the SWIR camera. Another explanation might be internal reflections within the optical
path of the SWIR camera, as here several optical elements are connected to each other
(two neutral density filters, one band pass filter and one long pass filter, see Table 2).
Therefore, this effect has to be studied in more detail by adjusting and/or replacing the
current optical elements in future experiments. The structures observable in the very top
of the images are caused by reflections at the nozzle.

A comparison of the time development of the corrected temperatures during the passing
of the laser for the first and the ninth layer formation is shown in Figure 7(a) for the MWIR
and the SWIR cameras. First, it is observed that, similar as in the first experimental run, the
different cameras show very similar results for the solidified material, especially for times
after the solidification plateau. Second, the cooling behaviour for layer 9 is much slower
than for layer 1 (e.g. 1350 K/s for layer 9 compared to 4700 K/s for layer 1 at the passing of
1400 K for the MWIR camera), again in accordance with the observations from the first
experimental run. In addition, the resting of the temperature values at the solidification
point is much longer for layer 9. Third, the MWIR camera shows decreasing corrected
temperature values during melting and increasing values during solidification which is
similar for both layers. On the one hand side, this can be explained with the lower emissivity
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Figure 7. Time evolution of the corrected temperatures at a position that is passed by the laser. The
time axes were shifted to match. (a): Data from the second experimental run for layer 1 (same as in b)
and layer 9, obtained with MWIR and SWIR cameras. In the cooling tail, SWIR and MWIR cameras show
very similar results for the respective layers. The cooling process is much slower for layer 9. (b):
Measured data during the build of the first layer of the first experimental run (material: duplex,
cameras: MWIR and VIS, same as Figure 5(c)) and the second experimental run (material: 316 L,
cameras: MWIR and SWIR). In case of 316 L steel, the differences between the two cameras are larger
than in the case of AISI 2205 duplex steel, and the whole heating and cooling process takes less time.
This is in accordance with the higher welding velocity, lower beam diameter and lower areal energy
density of the 316 L process (compare this in Table 3 above).

of the melt, especially in the MWIR range. On the other hand side, as the temperature seems
to be higher after solidification than before melting, it seems that a strong oxidation
induced an emissivity increase already for the first layer. This is in accordance with the
overall higher emissivity of the solid material of 316 L steel €316, = 0.58 than of AISI 2205
duplex steel € gypex = 0.29, indicating a higher affinity towards oxidation for 316 L steel in
accordance with literature [19]. Forth, please note that the data of the ninth layer was used
to estimate the emissivity in the MWIR range to adjust the solidification plateau (between
0.25 s and 0.35 s) to the literature value. This emissivity value was used for all layers. For the
first layer, the MWIR signal is slightly below the SWIR signal. This is in accordance with the
observation that the oxidation (and thus the increase of the emissivity) is lower for the first
layer than for following layers, as mentioned above for the first experimental run.

Figure 7(b) shows a comparison of the corrected temperatures during the first layer
formation between the first and the second experimental run, thus for different materials
and all three camera systems. Besides the already mentioned observations, it is obvious
that the whole heating and cooling process takes less time for the second experimental
run, which is consistent with the increased welding velocity, decreased laser spot dia-
meter and lower areal energy density (see Table 3). The time in the liquid or mushy state
(at the solidification temperature) is much longer in the first experimental run and the
cooling rates after solidification are slightly lower (e.g. 3600 K/s in the first experimental
run compared to 4700 K/s in the second experimental run at the passing of 1400 K
corrected temperature for the MWIR camera). Additionally, it can be observed that the
dynamic temperature range of the SWIR camera is similar to that of the MWIR camera,
although the temperature noise is strongly increasing for temperatures below 1000 K
(standard deviation from a smoothed curve is higher than 20 K at corrected temperatures
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below 1000 K compared to below 5 K for temperatures above 1000 K, regarding data from
Figure 7 between 850 K and 1350 K in the falling tail). However, the dynamic range of the
SWIR camera could be increased by fully using the detector dynamic by increasing the
integration time or reducing the neutral density filters. The detector signal was only
approximately half saturated for the highest intensities in the current study (9000 D.
V.in Figure 6(c) with a saturation at 2'* D.V. = 16,384 D.V.). It should also be noted that the
temperature dynamic of the MWIR camera would be much higher (considering also lower
temperatures) if higher noise levels would have been accepted. The standard deviation
from a smoothed curve is below 5 K at all temperatures in the above mentioned data for
the MWIR camera. The calibration range by the manufacturer is chosen in such a way that
the noise equivalent temperature difference (NETD) is optimum in the whole selected
calibration range from 500 K to 1200 K with an integration time of 47 ps. An extension of
the temperature calibration to lower temperatures at this integration time would increase
the noise at lower temperatures, but this noise would be acceptable if further information
about the temperature distribution is still gained. The curve of the VIS camera showed no
significant improvements against the SWIR camera, but has a reduced temperature range
at lower temperatures.

4. Conclusion

The performed investigations clearly show the advantages and disadvantages of the three
different camera systems with different spectral ranges (MWIR, SWIR, VIS) for process
monitoring during the LMD process. The main results are summarised in Table 4.
Although the VIS camera has the best temporal and spatial resolution, there are two
main further differences between the results of the MWIR and the VIS camera. Firstly, the

Table 4. Overview of specifications and of observations made with the three different cameras.

VIS SWIR MWIR
Temporal resolution in ms 0.1 2 1.25t0 10
Spatial resolution in pm 48 125 240 to 260
Length of build wall structure (AISI 2205, first 25 45
exp. run) in mm
Length of build wall structure (316 L, second 70 70
exp. run) in mm
Temperature range (corr. Temperature) in Kat 1300 to - 800 to 2300
AISI 2205 with € = 0.29 (first exp. run) 2000
Temperature range (corr. Temperature) in K at - 635 to 2200 (900 to 2200 usable 850 to 1750
316 L with € = 0.58 (second exp. run) due to noise)
Reflections of the current weld at the smooth  None - Several
build plate recorded with the camera at
60° to surface normal (first exp. run)
Reflections of the current weld at the rough - Several, but very weak and Few
build plate recorded with the camera superimposed with high noise
oriented 40° to the surface normal (second at temperatures below 1000 K
exp. run)
Emissivity variations at the wavelength of the  Lower Lower Higher
camera at the different material states
along the melt pool
Observed rim with higher temperature around  Fully visible at layer 3 Partially and fully
the melt pool visible at layer 9

Partially visible at layer 3, partially and fully
visible at layer 9
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limited dynamic temperature range of the VIS camera might not be sufficient for process
monitoring purposes, if cooling rates and temperature gradients at lower temperatures
than 1300 K need to be analysed. Contrary, the dynamic range of the MWIR camera leads
to a large measurable temperature range, which might be even enhanced with optimised
calibration ranges. The second difference concerns disturbances due to variations of the
emissivity and due to reflections. Both, the emissivity and the reflection coefficient,
depend on the wavelength. The second local maximum that appears in the MWIR
image in Figure 4(a) is not observable in the VIS camera image (Figure 4(b)), indicating
lower emissivity variations of the different material states in the case of the VIS camera.
Additional experiments at a larger number of layers for the VIS camera will clarify this
issue, since in this case the emissivity variations appear to be strongly enhanced for the
MWIR cameras results (Figure 3(c)). In addition, reflections from metal surfaces (e.g. the
build plate) can only be detected by the MWIR camera, as can be seen in the absence of
reflections in the VIS data in Figure 4(c).

The comparison of the MWIR and SWIR cameras in the second experimental run shows that
the thermograms of both cameras provide very similar information. The dynamic temperature
ranges of both cameras appear to be similar, although the noise of the signal of the SWIR
temperature is strongly increasing below 1000 K. The main difference between both cameras
is again related to variations of emissivity at different aggregate conditions of the materials:
The thermograms and the temporal temperature profiles recorded with the MWIR camera at
a fixed position where the laser spot is passing clearly show a decrease of the apparent
temperature in the molten state, which is not observable with the SWIR camera. This might be
explained with a lower emissivity of the melt pool within the spectral range of the MWIR
camera. But as the real temperature of the melt pool is not known, this is only an assumption.
A further difference is that although the base plate was unpolished, reflections of the current
weld at the base plate are observed with the SWIR camera, while these are not recorded with
the MWIR camera. This effect can neither be explained by the different observation angles of
the cameras related to the surface normal of the two different experimental runs nor by the
wavelength dependences of the reflectivity. As in the second experimental run the observa-
tion angle relative to the surface normal was smaller, the reflection should be even lower than
in the first experimental run. As mentioned above, reflections within the optical path of the
SWIR camera might explain the observations, which will be examined in the future.

Therefore, we conclude that the SWIR as well as the MWIR camera are more suitable to
monitor the temporal and spatial temperature changes during the LMD process than the
VIS camera. Although the VIS camera has the highest spatial and temporal resolution and
has the advantage that reflections from the base plate cannot be detected, its measurable
temperature range is not large enough, while the dynamic of the measurable temperature
ranges of the SWIR and MWIR camera might be even enhanced by optimal selection of
attenuation filters (neutral density filters) and integration time. Here, an optimisation of the
optical path of the SWIR camera might even reduce or avoid disturbing reflections. As the
SWIR camera is much smaller (and cheaper) and therefore can be more easily integrated
into the build space than the MWIR camera, we currently suggest preferring the application
of a SWIR camera. A final decision on the selection of one or even more cameras with
different specifications should always depend on the specific issues to be addressed.

In addition to information about the selection of appropriate cameras for in-situ mon-
itoring during the LMD process, the study clearly demonstrates that the emissivity (and thus
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the reflectivity) of the surface strongly depends on the material state (solid, liquid, oxidised,
roughness) and on the wavelength. It has to be considered that the emissivity depends on
temperature and observation angle as well. Therefore, a temperature calibration as per-
formed in the study herein by using the known solidification temperature of the materials is
only a very rough estimation and is not sufficient for using these temperature evolution
values in numerical simulations and/or in predictions about material parameters. As the
emissivity depends on that many parameters, it might be very time and resource consum-
ing to experimentally determine all emissivity values for all parameters and all materials.
Instead, to predict the almost real temperature evolution, supervised training of an artificial
neural network should be possible, using a priory knowledge about the emissivity together
with multispectral temporally resolved imaging data of the build process.

If the real temperature evolution is known, this still does not providedirect information
about the presence of defects and inhomogeneities. Deviations from simulated or
expected temperature distributions might be a hint to a higher probability of the
occurrence of defects, but additional information about defects and inhomogeneities,
micromechanical structures and mechanical properties of the build structure is needed.
This information can be used as input parameters for a supervised training of an artificial
neural network as well. Finally, the quality of the build part might be deduced from these
almost real temperature dynamics gained from in-situ monitoring of multispectral and/or
broadband imaging of the emitted thermal radiation.

Note
1. Note that parts of the presented work regarding the comparison between MWIR- and VIS-
camera have previously been published as conference proceedings [10].
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