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Abstract

Temperature monitoring during laser metal deposition (LMD) aids process
control to ensure high-quality production. However, the fluctuating emissivity of
the melt pool limits the accuracy of the existing non-contact temperature
measuring devices. Thus, this work explores a new temperature monitoring
technique, where the thermal radiation emitted by the processing zone was
collected with a near-infrared (NIR) spectrometer and fitted to Planck's law to
determine the temperature. This work has established the optimised angle and
distance of the fiber probe from the LMD processing area to maximise the
spectral signal acquisition. The temperature determined from the technique
was cross-validated with a thermocouple, resulted in a small deviation of 2.39%.
The applicability of the spectroscopic method for continuous temperature
monitoring of the LMD process has been demonstrated. The optimised
placement for the fiber probe end was determined at the 45° angle relative to
the surface of the substrate and positioned 5 cm away from the molten pool.
The temperature during the LMD process decreased gradually then stabilised
affer approximately 17 mm frack length, resembling those reports in prior
studies. Our findings support the practicality of the proposed temperature
monitoring approach in LMD.

Keywords: Laser Metal Deposition (LMD), temperature monitoring, thermal
radiation, near-infrared (NIR) spectroscopy, Planck’s Law

Abstrak

Pemantauan suhu semasa proses Laser Metal Deposition (LMD) membantu
pengawalan proses bagi memastikan produksi berkualiti  finggi. Walau
bagaimanapun, turun naik kepancaran fakungan lebur felah menghadkan
ketepatan peralatan pengukur suhu fak senfuh sedia ada. Oleh itu, projek ini
menyingkap teknik pemantauan suhu baharu di mana sinaran terma yang
dipancarkan oleh zon pemprosesan telah dipungut menggunakan
spektrometer inframerah-dekat (NIR) dan dipadankan pada hukum Planck
untuk menentukan suhu. Usaha ini menentukan sudut dan jarak unggul kuar
gentian dari kawasan proses LMD bagi memaksimumkan perolehan isyarat
spektrum. Suhu yang ditentukan melalui teknik ini diperiksa validasinya dengan
termogandingan memutuskan bahawa terdapat sisihan kecil sebanyak 2.39%.
Penerapan teknik spektroskopik ini untuk pemantauan suhu secara berterusan
untuk proses LMD telah didemonstrasikan. Penempatan unggul hujung kuar
gentian teroptimum adalah pada sudut 45° dari permukaan substrat dan
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diletakkan 5 cm dari takungan lebur. Suhu semasa proses LMD furun secara
beransur-ansur lalu stabil pada jarak runut kira-kira 17 mm, seperti yang

dilaporkan dalam kajian lain sebelum ini. Hasil kajian kami menyokong
kebolehjayaan pemantauan suhu yang diusulkan semasa LMD.

Kata kunci: Laser Metal Deposition (LMD), pemantauan suhu, sinaran terma,
spektroskopi inframerah-dekat (NIR), hukum Planck

© 2024 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

In response to the growing demands for intricate
geometries and expedited fabrication manufacturing
components in the aerospace, medical, and
automotive industries [1, 2], Additive Manufacturing
(AM) techniques, particularly Laser Metal Deposition
(LMD), have gained prominence. LMD originates from
laser cladding (LC) [3, 4], which utilises a focused laser
beam to liquefy metal powder. This process has
predominanfly employed cobalt alloy or bronze
powders as a corrosion-resistant or wear-resistant layer
[5, 6]. Furthermore, it finds application in repair
scenarios, where damaged areas are machined ouf,
and new materials such as steel or titanium are
deposited as replacements [7, 8, 9]. The inifial attempts
made in the LC involved either a pre-placed powder
bed or the use of gravity-fed powder through an
external nozzle, until advancements like pneumatic
powder feeders and coaxial powder nozzles bolstered
the stability and efficiency of the process [10, 11, 12].
The persistent challenge in the LMD industry is the
consistency of product properties. Despite employing a
set of optimised processing parameters over a defined
duration, suboptimal deposited material quality persists.
Tang et al. [13] observed a pronounced "mushroom
effect" in their deposited tracks, resulting in non-uniform
frack morphology despite consistent processing
parameters during the deposition process. An
escalation in substrate temperature was noted as the
process advanced. Additionally, the deposition of 120
layers at a constant laser power by Bi ef al. [14] led to
wall thickness variation, aftributed to fluctuations in
heat conduction and heat exchange. These
fluctuations significantly impacted the temperature
and size of the melt pool with increasing build tfime.
Therefore, it is crucial to understand the thermal
dynamics of LMD, which can provide insight info
acquiring high-quality depositions [15, 16, 17]. The
importance of precise temperature regulation in LMD
processes lies in its ability to uphold process stability,
thereby reducing fluctuations in material characteristics
and structural imperfections [18]. This ultimately leads to
achieving opfimised performance  parameters,
encompassing mechanical properties, surface quality,
and dimensional accuracy in material deposition [19,
20]. The impact of process parameters, including laser
power, scan speed, and powder feeding rate, on the
temperature has been extensively documenfed. A
thorough investigation of the thermo-cycle in Laser

Powder Bed Fusion (LBF) revealed that temperature
reduction occurred when the scan speed dropped
below 800 mm/min due to significant evaporation from
the molten pool surface [21]. Temperature exhibited a
consistent upward frend with slower scanning speed
and higher laser power, employed in LC and selective
laser melting (SLM) [22, 23]. The elevated temperature
region resembled a comeft-like shape, characterized by
a sharp gradient at the head of the melt pool and a
lower gradient at the tail, observed where metal
cooling and solidification occurred [24, 25].

However, the existing femperature monitoring
techniques fall short in emphasising the crucial
recognition and addressing of emissivity sensitivity o
surface characteristics during the monitoring process.
Thermal cameras, valued for providing detailed spatial
temperature distribution in the deposition region, faced
a challenge to determine accurate temperature
during LMD process due to variation of emissivity. This
emissivity  variation becomes severe at high
temperatures because of the frequent occurrence of
cracks in the deposited layer [26, 27]. Meanwhile,
pyrometers offer versatility for non-contact temperature
measurement, a crucial feature for dynamic additive
manufacturing fechnology. A study employing two
pyrometers at TkHz frequency to measure the molten
pool's temperature reported consistent readings under
various input parameters [28]. However, Galkin et al.
[29] pointed out that challenges arose in establishing a
precise relationship between pyrometry readings and
actual temperatures due to the high-speed nature of
the measurement and variations in  emissivity.
Conversely, thermocouples, acting as contact-based
temperature measuring devices, were successfully
demonstrated in a LMD system. An approach entailed
the inserfion of K-type thermocouples intfo machined
holes at various depths within the material [30].
Although K-type thermocouples offer a high precision
of #2.2°C, it is essentfial to recognize a significant
limitation: the thermal conductivity mechanism of
thermocouples may cause delays in precisely
measuring material temperatures, potentially
impacting the timeliness and precision of temperature
readings in scenarios with swift temperature variations.
While effective in predicting material characteristics,
this method demands a complex setup.

In response to this gap, this study infroduces an
approach using near-infrared (NIR) spectroscopy
captured thermal radiation spectrum, processed to a
refined spectrum, which then produced Planck's
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radiation fit to determine the LMD process
temperatures. This is due to its capability to overcome
the challenge of fluctuating emissivity and offer a non-
contact measurement, which is independent of the
thermal conductivity mechanism that can lead fo
delays in accurately measuring material temperatures
in situations with rapid temperature changes. The
implementation of a near-infrared spectroscopy system
for temperature measurement during LMD through
Planck's law fitting to the acquired thermal radiation
specfrum can enhance temperature measurement
accuracy and consistency. This method offers a non-
contact temperature measuring fechnique
independent of the emissivity of the LMD molten pool.

2.0 METHODOLOGY

2.1 Laser Metal Deposition System

The laser metal deposition system consists of a laser
beam source (RFL-C1500, Wuhan Raycus Fiber Laser
Technologies Co., Ltd.) of 1.5 kW continuous-wave
ytterbium fiber laser, operating at a wavelength of 1080
+* 5 nm. The complete LMD system used is shown in
Figure 1. A focused laser beam energy was required as
a heating source to melt the Ti-6Al-4V feedstock
powder (Sichuan Porous Metal Technology Co., Ltd.)
with a particle size range of 15 um to 53 um flowing from
the coaxial powder-fed system. Subsequently, the
heating formed a molten pool on the Ti-6Al-4V substrate
plate with dimensions of 3 mm x 20 mm x 30 mm (height
x width x length). Argon gas was utilised as shielding
and carrier gas to deposit the single layer track to the
laser processing area. The substrate was placed on a
scanning stage to provide motion control over the build
platform with a scanning speed range of 100 mm/min
to 2000 mm/min. The scanning stage allowed precise
conftrol of the laser beam's path and the deposition
pattern on the build surface.

Laser power
‘ source | Water cooler |

‘

Lens

A

Cladding head

Shielding gas

Laser beam
Powder flow gas /v Molten pool
i Ti-6Al-4V substrate
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i I}
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Figure 1 Schematic diagram of LMD system

2.2 Responsivity Measurement

The thermal radiation spectrum was gathered by a
near-infrared (NIR) spectroscopy system that consists of

a fibre probe, filter and NIR spectrometer. It is crucial to
obtain the responsivity at each wavelength of the
spectroscopy system using a reference spectral source
[31, 32]. Thus, a stabilised tungsten halogen light source
(Thorlabs SLS201/M) output spectrum was collected
using a bandpass filter fitted opftical fiber probe (600um-
SMA905 Energy Fiber, XINRUI) that was connected to a
NIR spectfrometer (NIR256-1.7-EVO, Avantes) as
depicted in Figure 2.

Light source NIR spectrometer

Filter

Fiber probe —\ 2

Figure 2 Responsivity measurement setup

The filter with transmission window, approximately
from 1300 nm fo 1600 nm, was placed at one of the
ends of the optical fiber to block the laser output of
1080 nm from entering the spectrometer. The spectral
absorption confributed by the filter must be removed to
reveal the profile of infrared radiation of the molten
pool. Thus, including the filter in the responsivity
measurement setup was significant.

2.3 Fiber Probe Placement Optimisation

The optical fiber used to capture the thermal radiation
spectrum of the molten pool was susceptible to
damage by the laser spatters during the LMD process.
It was vital fo place the probe securely at an optimal
position while minimising the risk of probe fiber damage
with the imperative of maximising data collection
efficiency. Hence, experimental works were conducted
to determine the optimised position of the probe by
varying the fiber probe angle with respect to the laser
beam and the distance between the fiber probe end
and the molten pool, as shown in Figure 3. Initially, the
fioer probe angle was varied from 45° to 90° to
determine the angle at which h the maximum thermal
radiation signal was collected. Subsequently, by
placing the probe at the optimal probe angle, the
probe distance was varied from 5 cm fo 9 cm to
determine the optfimal probe distance.

The LMD processes were done with the scanning
speed, laser power, powder feedstock flow, and
shielding gas flow of 100 mm/s, 450 W, 10 g/min, and 5
Pa, respectively. Once the LMD process was operated,
the spectral reading at each fiber placement was
taken at 1 cm deposition track length with the
averaging and integration time of the spectrometer set
to 1 and 0.02 ms, respectively.
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Figure 3 LMD setup for probe positioning optimisation

2.4 Temperature Determination from NIR Speciral Data

The raw NIR spectral data I,4,(4,) collected must be
calibrated by factoring in the responsivity R(4,) for
each wavelength. The responsivity was determined
using Equation 1,

Sobt(ln) (] )
Sref(;ln)

where S,,:(1,) is the collected spectral data of the
reference SLS201/M light source and S,.:(4,) is the
known spectrum of the light source provided by the
manufacturer. The raw inftensity, I..,(1,). of the
collected thermal radiation must be calibrated by
factoring in the responsivity according to Equation 2
before the temperature determination process.

Lope () (2)
R(1,)

R(A) =

leqi(2) =

The temperature T for the processing area was
determined from the spectral data collected using
Planck’s radiation law as expressed in Equation 3,

/ 2hc? (3)
L) = &€—% X
cal( n) An [ A kT ]

where h is Planck's constant, € is the emissivity and k is
the Boltzmann constant. The Gnuplot software was
used to fit Planck's radiation law to the thermal
radiation spectrum collected, where the temperature

T and emissivity € were set as the fitting parameters.

2.5 Temperature Validation for NIR Speciroscopic
Method

A sefup was devised to compare the temperature
readings of a heated constantan wire determined via
a thermocouple and the NIR spectroscopy
temperature determination method in this work. This
comparative approach aimed to assess the accuracy
and reliability of the temperature reading obtained

from the thermal radiation spectrum by juxtaposing
them with the temperature determined by the
thermocouple. As llustrated in  Figure 4, the
experimental setup involved connecting the N-type
thermocouple to a multimeter. The constantan wire
connected to a 3V DC power supply was coiled at the
sensing end of the thermocouple. With a current supply
of 6 A, the constantan wire was heated to appear
bright red. As the multimeter displayed a consistent
voltage reading, signifying that the wire had reached
equilibrium temperature, a single spectrum was
captfured by the spectrometer, and the multimeter
reading was recorded simultaneously. The temperature
from the thermocouple was deduced by referencing
the measured voltage output to the thermocouple N-
type voltage-temperature table provided by the
manufacturer.

Optical Flberj A
Constantan wire 3
e Spectrometer

~ I

TR

. [
\ &
DC power supply

Connecting wire

Thermocouple

Multimeter

Figure 4 Temperature determination of a heated constantan
wire setup

2.6 Temperature Variation Determination during LMD
Process

Upon determining the optimised placement of the fiber
probe through the angle and distance optimisation
process as outlined in Section 2.3, the finalised
configuration was implemented in the continuous
temperature monitoring of the LMD process. The LMD
process was conducted with consistent input
parameters, similarly in Section 2.3. Spectra were
continuously acquired before initiating the LMD
operation, with an averaging time set to one and an
integration time set to 0.02 ms. A deposition track of 20
mm was created during the LMD process. The laser was
deactivated upon reaching a track length of 20 mm, at
which point the acquisition of spectra was also halted.
Subsequently, data processing to determine the
deposition temperature at each instant was executed
following the procedures ouflined in Sectfion 2.4,
providing insights into the temperature variation during
the LMD process.

3.0 RESULTS AND DISCUSSION

Figure 5 displays the thermal radiation spectrum across
various probe angles where each probe angle
exhibited the same spectral pattern. However, the
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intfensities of the spectrum escalated at smaller probe
angles. The rise observed in the graph indicates that the
field of view (FOV) of the probe residing on the
deposited area at a smaller angle, as opposed to a
bigger angle where the focus shifts towards the
airborne melting powder during the LMD process. The
deposited area mentioned includes both the molten
pool and the surface of the deposited frack.
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Figure 5 Raw thermal radiation spectra at varying probe
angles

For instance, at a 90° angle, the molten pool is not
visible to the probe, leading fo most of the intensity
received from the airborne melting powder. On the
other hand, at a 45° angle, the top view of the
deposited area becomes apparent to the probe,
shifting its FOV to the deposited area instead. Thus, this
angle captures more thermal radiation from the
deposited area compared to a 90° angle. This resulted
in the 45° angle as the optimal choice for the probe
angle to capfure the highest intensity of thermal
radiation emitted from the deposited area.

Figure 6 exhibits the thermal radiation spectra for
various probe distances. The intensity decreased as the
probe distance increased from 5 cm to 9 cm. The inset
of Figure 6 displays the intensity for the wavelength of
1318.863 nm, showing a prominent decreasing pattern
as the distance increased. The intensity experimental
data ranging from 6 cm to 9 cm fitted with the inverse
square law at 162.833/r2 where r is the distance away
from the centre of the processing area. Within this
distance range, the FOV of the fiber probe captures the
thermal radiation emitting from both, the deposited
region and the substrate. Meanwhile, the 5 cm data
deviated from the theoretical trend because of its
smaller FOV, focusing on the deposited region only.
Despite this deviation, the intensity captured at a 5 cm
probe distance registers as the highest. Consequently,
the optfimal probe placement distance was
deftermined to be 5 cm for capturing the maximum
intensity.

1318.863
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Figure 6 Raw thermal spectra captured with varying distances
at a 45° angle, and (inset figure: intensity at 1318.863 nm for
each distance graph)

The raw thermal radiation spectrum of a stabilised
tungsten halogen light source is shown in Figure 7,
alongside its reference spectrum from the
manufacturer and the responsivity curve of the NIR
spectroscopic system. Despite the reference spectrum
steadily declining pattern, the raw spectral of the light
source captured by the fiber probe showed a curve
with a peak at 1318.863 nm instead. Thus, due to the
prominent pattern difference between the two spectral
curves, the responsivity of each wavelength of the
thermal radiation spectrum captured was factored in,
as in Equation 2. This was done to reveal the calibrated
thermal radiation spectrum emitted from the
processing zone.
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Figure 7 The light source reference spectrum, raw thermal
spectrum captured, and the responsivity curve of the NIR
spectroscopic system

In contrast to the reference spectrum, the responsivity
curve mirrored the pattern observed in the raw thermal
radiation spectrum, featuring a prominent peak at
1324.847 nm. Notably, the responsivity curve registered
close to null values between 1650 nm and 1750 nm,
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denoting that the detector is unresponsive to these
wavelengths. A similar pattern was perceived in the
wavelength of 1000 to 1150 nm, but primarily due to the
high filter absorbance in that region. As a result,
subsequent spectral analysis in the temperature
determination study only included the wavelengths
from 1300 nm fto 1650 nm. This range corresponded fo
the filter transmission window, ensuring responsive data
for further analysis.

The raw spectrum captured deposition using the
optimal probe placement at the distance of 5 cm and
angle of 45° was processed to demonstrate the NIR
spectroscopy temperature determination method.
Figure 8 depicts three spectra: raw spectrum captured,
calibrated spectrum after factoring in the responsivity
value, and a fit with Planck's radiation law. The
calibrated spectrum fitted at 2028.14 + 6.639 K.
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Figure 8 Temperature determination from thermal radiation
captured 5 cm away at a 45° angle relative to the laser beam

To validate this spectroscopy temperature
determination method, the method was compared to
the thermocouple method. Figure 9 displays the results
of the captured thermal radiation spectrum emitted by
a uniformly heated constantan wire were processed.
The raw spectrum captured was refined and generated
a Planck's radiation with the temperature at 1228.02 +
3.273 K. Meanwhile, the N-type thermocouple,
provided a reference temperature, evoked an output
voltage of 25.3 mV, which was equivalent to 1199.43 K.
The relatively small percentage difference of
approximately 2.36% between the two temperatures
highlights the reliability of the NIR spectroscopy
temperature determination method.

Figure 10 presents the temperature profile over the
deposited tfrack distance throughout the LMD process
with optimal fiber probe placement. At a tfrack distance
of 0.83 mm, the sudden rise in temperature signifies the
initiation of the laser during the process. This
temperature spike is primarily influenced by the thermal
radiation emitted by the deposited surface. As the
process progresses, heat begins to disperse across the
substrate and the deposited layer. Consequently, the
temperature was observed fo decline gradually,

reaching an equilibrium of around 1900 K. The overall
thermal dynamics pattern agrees with the results
reported by de La Batut et al. [33].
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Figure 9 Captured thermal radiation spectrum of a heated
constantan wire processed to a refined spectrum, producing
Planck's radiation fit
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Figure 10 Temperature variation across the deposited track
during the LMD process

4.0 CONCLUSION

The demonstrated near-infrared  spectroscopy
temperature monitoring system showcased optimal
functionality when the fiber probe was placed at a 45°
angle relative to the substrate surface and positioned 5
cm away from the molten pool. By comparing this
spectroscopic approach for temperature
determination with thermocouples, the presented
method was able to provide a highly correlated
temperature value within a verification precision of
2.39%. The thermal dynamics recorded with the
presented approach had a similar pattern as reported
in previous research. Therefore, our study has sufficiently
demonstrated the efficacy of the NIR spectroscopy
temperature determination method for a LMD system.
The results presented in this work mainly focused on the
feasibility of spectroscopic methods in temperatfure
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determination during LMD process and the result
revealed the high potential of this method due fo its
accuracy and ease of implementation in existing LMD
systems. However, more studies need to be done to
improve the accuracy further and to expand its
versatility. In future works, one may include the
temperature variafion across the molten pool fo
improve the fitting model and determine highly
accurate temperatures. Also, it is possible to determine
the variation of emissivity of the deposited layer from
the spectrum recorded to give real-time feedback on
the surface quality of the deposited layer.
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