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1. Introduction

Laser powder bed fusion (LPBF) enables the fabrication of 
intricate lattice geometries and topologically optimized 
lightweight structures. However, these complex geometries 
often result in defects due to excessive energy input and heat 
accumulation, or improper parameter selection for the material, 
leading to porosity or lack of fusion [1]. One approach to 
address energy input in intricate geometries like lattice 
structures is through the scanning strategy. While continuous 
scanning is commonly used regardless of part geometry, recent 
research has leveraged the LPBF's precision and the small size 
of the laser beam to develop an alternative scan strategy called 
Single Point Exposure (SPE) [2]. This strategy offers greater 
control over temporal thermal accumulation, influencing melt 
pool behavior and solidification during lattice structure 
manufacturing. SPE consists in positioning of the laser beam at 
precise locations, which are then exposed to a single pulse with 

defined duration (ton) and peak power (P), utilizing pulse wave 
(PW) modulation rather than continuous wave (CW). SPE has 
been previously applied in LPBF processes, notably reducing 
defects in critical part geometries for materials like Ti alloys 
and Zn-0.5 Mg [3], [4]. When using SPE, it is crucial to 
optimize the pulse parameters to balance melting dynamics, 
ensuring sufficient energy input for melting while preventing 
excessive vaporization.

Numerous monitoring methods are implemented in both off-
axial and co-axial configuration, often utilizing cameras, 
photodiodes, and pyrometers [5]. However, limited attention 
has been given to Optical Emission Spectroscopy (OES). OES 
involves analyzing emitted light spectra during laser-material 
interaction, providing insights into chemical composition and 
elemental concentration near the melt pool as well as enabling 
temperature and electron density calculations in the vapor 
plume [6], [7], [8]. Monitoring each emission point during the 
SPE scanning can contribute to understanding of local 
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processing dynamics and temperature distribution, facilitating
observation of laser-material interaction and potential defect 
occurrence. Moreover, identifying materials being printed 
through peak analysis and intensity measurement in the 
emission spectrum enables automatic parameter selection and 
cross-contamination detection. While OES analysis has been 
utilized in laser welding and metal deposition to correlate 
quality factors and process parameters [9], [10], there are 
limited number of works for its application in LPBF [8], [11]. 
Photodiodes with band-pass filters to monitor elemental 
emission [12], plume temperature and melt pool size [13], and 
cross contaminations [14] have been analyzed, limiting the 
approach to the process condition.

This study introduces a spectral monitoring setup integrated 
into an LPBF machine, positioned off-axially to observe a fixed 
location on the powder bed. The feasibility of employing OES
in LPBF is validated by acquiring and analyzing emission 
spectra during laser processing of two metal alloys using the 
single point exposure strategy for producing lattice struts.

2. Experiment methodology

2.1. Open LPBF platform

Experimental work was conducted on an open LPBF 
platform utilizing a single mode fiber laser (IPG Photonics 
YLR-300-AC-Y11, Cambridge, MA, USA), with a maximum 
power of 300W and an emission wavelength of 1070 nm. It is 
connected to a scanner head (AM Module v1.1, Raylase, 
Weßling, Germany) controlled with customized CAM software 
allowing flexibility in scan strategies (Direct Machining 
Control, Vilnius, Lithuania). Control and synchronization 
between mechanical movement and laser scanning are 
facilitated by a controller card (SP-ICE III, Raylase, Weßling, 
Germany), enabling customization of the hardware and 
software components for end-user accessibility.

Fig. 1: a) Off-axial OES monitoring setup; b) Examples of SPE specimens 
attained with P=200W and ton=800µs, on: (up) Ti-6Al-4V, (down) AISI316L

2.2. Off-axial spectral emission monitoring setup

A spectrometer with a 1200 lines/mm grating (Avantes 2048 
USB2) was employed for spectrum acquisition throughout the 
experiments, covering a spectral range from 200 nm to 1100 
nm (UV, VIS, and NIR). Throughout all experiments, the 
integration time was fixed at 10 ms to capture the process 
emission, exceeding the longest laser pulse duration used. 
Positioned off-axially approximately 250 mm from the powder 
bed, the monitoring sensor observed small region of interest on 
the powder bed where the interaction between laser and 
material occurs, as shown in Fig. 1 a). A short-pass filter 
(FESH1000, Thorlabs Inc, USA) was mounted before the 

optical fiber to block emission wavelengths above 1000 nm. 
Spectrometer acquisition was synchronized with the laser 
emission.

2.3. Experiment design

An experiment was conducted on the LPBF platform to 
assess the developed OES monitoring setup's suitability for 
LPBF processes. The experiment aimed to demonstrate the 
setup's capability to acquire spectra lines related to process 
emission; assess whether spectral line intensities vary with the 
delivered energy input; and determine if spectral peaks 
corresponding to alloying elements are detected. AISI316L and 
Ti-6Al-4V alloys were analyzed using the single point 
exposure LPBF strategy. Fixed and variable factors, along with 
their levels, are detailed in Table 1 for the full-factorial 
experiment with three repetitions.

Table 1: Fixed and variable factors in the experiment

Fixed factors Values
Focal position, ∆z [mm] 0
Powder layer height [µm] 50
Variable factors Values
Material AISI316L, Ti-6Al-4V
Laser power, P [W] 50-100-150-200
Laser exposure time, ton [μs] 100-200-400-800

3. Results and discussion

3.1. Monitored emission spectrums as function of process 
parameters

Examples from SPE specimens on both materials attained 
with the highest energy input (P=200W and ton=800µs) are 
presented in Fig. 1 b). The resulting spectral emissions of the 
examined materials are presented in Fig. 2 a) for AISI316L and 
in Fig. 2 b) for Ti-6Al-4V. These emission lines comprise both 
thermal effects and distinct spectral lines attributed to alloying 
elements. Spectral emission intensity varies noticeably as a 
function of laser power (P) and exposure time (ton), increasing 
with the increase of energy input, particularly in the VIS and 
NIR wavelengths. Specific spectral peaks corresponding to 
alloying elements are visible in the emission spectra, serving as 
material fingerprints. Further details on these peaks are 
discussed in later subsection. The experiments demonstrated 
the statistically significant impact of ton and P on emission 
intensity through analysis of variance (ANOVA), not reported 
here for the sake of brevity. The assessment of the mean and 
standard deviation of the signals has yielded P-values below 
the predefined significance threshold of 0.05, verifying the 
statistically significant influence of the process variables on the 
emission spectrum. These results indicate that employing an 
OES monitoring setup enables the observation of process 
dynamics influenced by variations in energetic input. The laser 
energy input during the process, defined by ton and P, leads to 
diverse melting conditions in LPBF, giving rise to unwanted 
phenomena such as lack of fusion in instances of insufficient 
energy input, or keyholing porosity and overheating with 
excessive energy input, which in term result in defective part 
[15].
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Fig. 2: Spectral emissions acquired with OES monitoring setup of: a) AISI316L; b) Ti-6Al-4V

Real-time OES monitoring of processing conditions and 
potential defects becomes feasible by examining emission 
intensities, allowing for corrective actions when observed 
faulty processing conditions. However, it is important to 
acknowledge that the effectiveness of real-time monitoring is 
constrained by the acquisition frequency of the sensor.

3.2. Spectral peaks related to alloying elements

Each element in the alloy is associated with spectral peak at 
a specific wavelength. Analysis was conducted to 
automatically identify and display relevant peaks in the spectra. 
This helps in assessing the repeatability of the monitoring setup 
across all spectra of the same material, as well as in comparing 
the wavelengths of the emission peaks with those of the 
alloying elements as defined by the atomic spectra database of 
National Institute of Standards and Technology (NIST) [16]. A 
peak detection algorithm was developed. The line of the raw 
emission signal is summing up the process thermal emission 
and the spectral lines. Тo isolate the emission lines along with 
their corresponding intensities, the thermal emission baseline
was estimated and subtracted from the raw emission spectrum 
with the asymmetric least squares smoothing algorithm [17]. 
Following the subtraction of the baseline, only the emission 
peaks persist in the acquired spectrum, onward referred to as 
the subtracted spectrum. A peak detection algorithm was 
employed to identify local maximum points given a distance 
threshold and minimum height threshold. The outcomes are 
depicted in Fig. 3. On the figure the wavelengths of the detected 
peaks in the spectra obtained from the conducted experiments 
are illustrated. From these results, experiments that exhibited 
unmelted spots, resulting also with absence of a significant 
increase in the spectrum signal, were excluded from the study. 
Moreover, the figure presents an example subtracted spectrum 
in the wavelength range of 380 – 800 nm taken from the 
experiment with laser power equal to 200 W and exposure time 
equal to 800 µs, with appointed identified spectral peaks [16]. 

The developed spectral monitoring setup successfully 
captured the spectral peaks associated with the alloying 
elements. In the case of AISI316L, multiple peaks 
corresponding to the base element Fe were observed, along 
with peaks of Cr and Ni. For Ti-6Al-4V, peaks of Ti, the 

element with the highest concentration in the alloy, were 
evident, along with peaks of Al and V. It is evident that certain 
spectral peaks are not detected by the algorithm in some of the 
spectra, and in some cases, additional peaks emerge. This is 
especially observed when examining low-intensity peaks in 
AISI316L material. The peaks which are appearing in most 
experiments are aligned with the wavelengths corresponding to 
the alloying elements documented in the NIST database, 
thereby indicating the compositional characteristics of the 
metal alloy.

Fig. 3: Detected spectral peaks' wavelengths in the experiments and the 
subtracted spectrum from the experiment with P=200W and ton=800µs, 

showcasing identified spectral lines, for: a) AISI316L; b) Ti-6Al-4V.

Peaks that are not detected in most experiments may indicate 
the presence of alloying elements in the material or could 
potentially be attributed to noise introduced by the peak 
detection algorithm. Regardless, the recurrent appearance of 
peaks establishes a foundation for subsequent analyses at 
specific spectral wavelengths aimed at monitoring process 
conditions, which can be utilized for material identification. As 
a first step toward this purpose, principal component analysis 
(PCA) was conducted using the entire spectral emission profile 
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after the removal of the thermal profile. The results are shown 
in Fig. 4. The first two principal components were utilized since 
they account for approximately 99.7 % of the variability within 
the input emission data. The high explanatory capacity of these 
two components underscores their effectiveness in 
summarizing critical spectral information. The score plot 
generated using the first two principal components revealed 
clear differentiation between the materials, as evidenced by the 
distinct clusters that represent the two materials. This outcome 
underscores the utility of PCA as a robust analytical tool for 
material identification within intricate spectral datasets.

Fig. 4: Score plot of first two principal components grouping the two 
materials

4. Conclusions

The work presents the development and implementation of 
off-axial spectral monitoring setup on LPBF machine viewing 
a fixed position on the powder bed. A full-factorial single point 
exposure experiment validated the applicability of spectral 
emission monitoring in LPBF, using AISI316L and Ti-6Al-4V 
alloys. Key findings include:

• Monitoring of spectral emission in the LPBF process is 
feasible in the processing atmosphere;

• The variation of laser energy input incites consequent 
variation of the spectral emission intensity;

• After subtracting the thermal effects, identification of 
alloying element spectral lines was possible, thus providing 
means for material identification;

• PCA showed precise clustering of the two materials when 
the first two principal components are used.

These results affirm the potential of OES in LPBF for 
monitoring alloying elements and processing conditions via 
emission intensity. The off-axial setup, while effective, has 
limitations such as a fixed observational region. Future 
research will focus on designing and implementing a coaxial 
OES setup for real-time process monitoring.
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