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Abstract
Laser melting can be conducted in two different process regimes, the conduction and the keyhole mode, which exhibit sig-
nificantly different characteristics, dynamics, and stability and are highly sensitive to a magnitude of process parameters. 
Despite these differences and the resulting high relevance of the prevailing process regime for process development, the 
regime is commonly deduced after specimen testing. An identification of the regime parallel to the process could speed up 
the process development of, for example, laser beam welding or laser-based powder bed fusion of metals. Therefore, the 
possibility of an in situ regime identification under process-near conditions is the aim of these investigations. For this, the 
absorbance is measured in situ by using an integrating sphere on an in-house-developed test rig. This test rig can mimic 
real production process conditions to detect the characteristic change in the degree of absorption when switching between 
the process regimes. These measurements were conducted during experiments in which only the laser power was varied. 
A significant change in absorption was detected at a threshold laser power of 100 W, which correlates with the transition 
between the process regimes’ conduction and keyhole regime. This threshold was proven by subsequent identification analysis 
of micrographic cross sections. This correlation promises the possibility of fast in situ process regime identification under 
near-real production process conditions with the potential of accelerating process development.
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1  Introduction

The European Technology Platform Photonics21, which 
works closely together with the European Commission, 
predicts a bright future for the photonic industry and ushers 
in the twenty-first century as the “photon century” [1]. This 
statement is proven by the steadily increasing acceptance 
and maturity level of laser processing, such as laser beam 
welding (LBW) and laser-based powder bed fusion of met-
als (PBF-LB/M), in a variety of industries such as medicine, 

aerospace, automotive, mobility, and electronics. Neverthe-
less, because of the sensitivity of the process in LBW and 
PBF-LB/M towards small changes in the process param-
eters, significant effort is required to optimize a laser pro-
cess to the point of meeting all requirements of quality and 
reproducibility. One example of this sensitivity is the strong 
dependence of the prevailing process regime on the process 
parameters. This dependency is challenging during process 
development because the prevailing process regime strongly 
influences the process result. Two process regimes are dis-
tinguished in LBW and PBF-LB/M: heat conduction weld-
ing, also known as conduction mode, and deep penetration 
welding, also known as keyhole mode. Figure 1 provides a 
schematic illustration of a cross-section of the process zone 
during conduction and keyhole mode. In heat conduction 
welding, the laser power is absorbed on the surface of the 
material, and the resulting heat is conducted into the mate-
rial. This limits the achievable aspect ratio of weld depth to 
width. In deep penetration welding, the radiation intensity 
exceeds the threshold for vaporizing the material. The vapor 
capillary funnels the laser radiation deeper into the material 

 *	 Moritz Wittemer 
	 moritz.wittemer@tum.de

	 Jonas Grünewald 
	 jonas.gruenewald@tum.de

	 Katrin Wudy 
	 katrin.wudy@tum.de

1	 Professorship of Laser‑based Additive Manufacturing, 
Department of Mechanical Engineering, School 
of Engineering & Design, Technical University of Munich, 
Boltzmannstraße 15, 85748 Garching, Germany

/ Published online: 22 February 2023

The International Journal of Advanced Manufacturing Technology (2023) 126:103–115

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-023-11041-9&domain=pdf
http://orcid.org/0000-0002-7070-8667
http://orcid.org/0000-0002-8425-7801
http://orcid.org/0000-0002-3384-4651


1 3

and leads to multiple reflections, considerably increasing the 
degree of absorption, and the achievable aspect ratio is also 
significantly higher [2, 3].

These distinct differences have a significant impact on 
the process results. For example, in the case of LBW, a deep 
penetrating process might be required to form a significantly 
strong joint. A process in the conduction regime can lead to 
an insufficient weld depth, which can lead to weld failure 
under stress. In the case of PBF-LB/M, a keyhole process 
can lead to a porous part that exhibits insufficient mechanical 
properties [4–6].

The transition between these melting modes occurs at 
irradiation intensities of 1 ⋅ 106 − 2 ⋅ 106 W/cm2 [3]. The 
distinct difference in the resulting aspect ratio of both pro-
cess regimes is commonly used to identify the prevailing 
process regime. The aspect ratio threshold between con-
duction and keyhole mode varies in the literature between 
0.8 and 1.0 [7–10]. But the distinction by aspect ratio can 
only be applied in the aftermath of the process via metal-
lographic cross-sections, which necessitates an iterative and 
time-consuming approach of alternating experiments and 
specimen testing for the process development. This approach 
will reach its limits in the future because novel materials and 
processes, such as using different beam profiles, further mul-
tiply the available process parameters and, in turn, increase 
the number of iterations and time requirements. These novel 
techniques show great potential [11] and will require adjust-
ment and optimization of existing processes to include these 
developments. Therefore, the identification of the prevail-
ing process regime using in situ process monitoring instead 
of subsequent analysis can be highly beneficial for process 
development and optimization because it promises to sig-
nificantly accelerate the procedure.

Currently, process monitoring is mainly focused on detect-
ing individual defects and process characteristics [12, 13]. 
Common approaches include optical [14], acoustic [15], X-ray 
[16], pyrometric [17], and spectroscopical [18] techniques.

Even though all monitoring systems, which measure the 
temperature of the process zone, allow to indirectly deduce 
the laser absorption by determining the amount of absorbed 
energy, none of these techniques measure directly and in 
real-time the most fundamental feature of the different pro-
cess regimes: the degree of absorption in the moment of irra-
diance. The investigated approach of a time-resolved absorp-
tion measurement is required for in situ process regime 
identification via absorption. This can be implemented by 
using an integrating sphere. With an integrating sphere, the 
absorption is calculated based on the reflection of the laser 
radiation during the process. The following examples show 
the application of an integrating sphere for in situ absorption 
measurement.

In 2008, Norris and Robino [19] presented an experi-
mental setup based on two integrated spheres to explore the 
energy absorption for laser beam spot welds. The primary 
sphere detected the diffuse reflection of the material. Direct 
reflections were measured with the secondary sphere. The 
finding was the correlation between the different welding 
regimes and absorption values.

Simonds et al. [20] used a self-build set-up based on an 
integrated sphere to measure the absorption or the coupling 
efficiency during a 10 ms laser spot weld in 316L stainless 
steel. They proved the increase of the coupling efficiency on 
the boundary from the conduction to the keyhole welding 
regime. In [21], Simonds et al. compared the average absorp-
tion results from the prior investigations with calorimetric 
measured values. It was found that the direct calorimetric 
method underestimates the absorbed energy due to mass 
lost during a spot weld since direct measurement techniques 
such as laser calorimetry do not measure the laser absorption 
directly but rather measure the temperature increase of mate-
rial after it has been illuminated by a laser [22]. Allen et al. 
[23] further equipped the integrated sphere set-up with a 
state-of-the-art real-time melt depth measurement technique. 
This optical coherence tomography confirms and explores 
the correlation between the highly dynamic vapor depres-
sion geometry in laser deep penetration welding and laser 
energy absorption.

The laser absorption in powder material is strictly different 
compared to solid material due to multiple reflections and the 
surface of the powder particles. In [24], Simonds et al. ana-
lyzed the optical coupling behavior of thin layers of stainless 
steel powder 316L. The key findings were the higher absorp-
tion of powder compared to solid materials. The dynamic 
behavior of the absorptance reveals physical phenomena, 
including oxidation, melting, and keyhole formation. Even for 
powder material, this keyhole formation includes an increase 
in absorption, as Trapp et al. demonstrated with direct calo-
rimetric measurements [25]. Simultaneous measurements of 
laser power absorption and high-speed x-ray imaging were 
made to correlate time-resolved keyhole geometry with laser 

Fig. 1   Schematic cross-section of the process zone during welding in 
conduction and keyhole mode
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energy absorption on laser welds of Ti6Al4V [26]. They 
investigated the periodic nature of absorptance, which was 
traced back to protrusions of the keyhole sidewalls that either 
narrowed the keyhole opening or reduced the overall key-
hole area. These investigations were expanded to powder bed 
absorption measurements and simultaneous high-speed syn-
chrotron imaging to transfer and conduct the results to powder 
bed fusion of Ti6Al4V [27]. The core finding is the strong 
correlation between laser absorption and the stability of the 
vapor depression. Simonds et al. [27] found a significant laser 
absorption reduction due to a change in the vapor depression 
aspect ratio, an event that is correlated to the formation of 
porosity. A 1070 nm and 1 kW Yb-doped fiber laser was used 
at a spot size of 49.5 µm for all the investigations.

These examples show the possibility of detecting the 
threshold between conduction and keyhole process regime 
by its characteristic change in the degree of absorption via 
an absorbance measurement. This threshold has only been 
detected by finely calibrated systems and extensive knowl-
edge and control of the process conditions. The introduced 
approaches are not suitable at this point to significantly 
reduce the effort of process development and are often not 
applicable under near-process conditions.

Therefore, this paper investigates the possibility of detect-
ing the prevailing process regime in situ under real processing 
conditions without necessitating calibration or prior knowledge 
of the processed material or conditions. For this, an experi-
mental set-up based on an integrating sphere is used, which 
facilitates automated in situ data logging and spatial mapping 
of the integrating sphere signal. These data are analyzed for the 
characteristic change of the degree of absorption to identify the 
threshold between conduction and keyhole mode. The identi-
fied threshold is validated by evaluating micrographic cross-
sections of the test specimens. In the future, a transfer of the 
developed method to different dosage forms is planned, such as 
powders for powder bed fusion and varying materials.

2 � Materials and methods

2.1 � Experimental set‑up

An in-house-developed test rig was used for the experi-
ments. The test rig is equipped with a fiber laser of the type 
nLIGHT AFX-1000 with a wavelength of 1070 nm. The 
laser is focused and guided by a RAYLASE AM-MODULE. 
This scanner optic is equipped with two independent z-axes, 
which facilitate a variable choice of laser spot diameter at 
a constant focal length. Caustic measurements, conducted 
according to DIN EN ISO 11146, yielded a spot diameter of 
ds = 93 μm for the applied scaling factor of one. The meas-
ured intensity distribution is visualized in Fig. 2.

The laser radiation hits the test specimen surface at an 
angle of incidence between + 0.9 and − 0.9° to the surface 
normal for all experiments. The focal plane is positioned on 
the specimen’s surface.

A cross jet is mounted to the system to produce a strong 
airflow between the test specimen and the sphere. Thus, 
contamination of the sphere’s inner surface by oxides and 
the influence of the weld plume on the measurement is 
mitigated.

2.2 � Measurement system

The employed measurement system consists of two pho-
todiode sensors. One diode is fiber coupled to an integrat-
ing sphere, and the second diode is integrated into the laser 
source. The signals will be referred to as integrating sphere 
signal and back-reflection signal, respectively. During the 
experiments, the incident laser radiation is partially reflected 
and absorbed at the target. A portion of the off-normal scat-
tered reflected radiation dissipates to the sides, and one 
portion is captured by the integrating sphere. The sphere 
consists of two additively manufactured PA12 halves with an 
inner diameter of dSphere = 120 mm and two opposite aper-
tures in line with the laser propagation with diameters of 
dA1 = 15 mm and dA2 = 30 mm.

The inner surface of the sphere is coated with multiple 
layers of barium sulfate (BaSO4) to create a Lambertian sur-
face. Therefore, the captured radiation is distributed homog-
enously by multiple reflections within the sphere to an aver-
age intensity. This resulting radiation is coupled into a fiber, 
which is shielded by a baffle to the process zone to block the 
direct line of sight. At the end of the fiber, the wavelength of 
the laser is isolated by a 1070 nm bandpass filter and focused 
on a switchable-gain photodetector (Thorlabs PDA100A2). 

Fig. 2   Normalized intensity distribution at the focus distance of the 
employed setup
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The sphere is mounted at a distance of ldistance = 20 mm to 
the target. A principal illustration of the system is shown in 
Fig. 3.

Within the laser, the directly reflected light is monitored 
by default to facilitate an emergency shutdown in case of 
an excessive amount of back-reflection, which might dam-
age the system. The analog signal from this back-reflection 
sensor and the integrating sphere diode are sampled at a 
frequency of fM = 20 kHz by the programmable logic con-
troller (PLC) of the test bench. The laser itself updates its 
outgoing back-reflection signal at a rate of 10 kHz, which 
leads to a change of the signal in the data every two meas-
uring points. This facilitates a simultaneous triggering 
of the emission and the data logging and gives access to 
metadata of the process, allowing a temporal and spatial 
mapping of the sensor data to the melt tracks during the 
data processing.

Conditioned by the geometric setup of the sphere, only 
partial monitoring of the reflected radiation is possible 
because the portion radiating past the sphere is not consid-
ered. Due to this unknown portion of reflected radiation, it 
is not possible to calculate the absorption directly from the 
reflection, even though the transmitted power is eliminated 
from the power equation for AISI 316L at this thickness. 
This leads to qualitative absorption information based on a 
qualitative reflection measurement.

2.3 � Test specimens

The samples are cut out of a hot-rolled, 5 mm thick AISI 
316L sheet. The surface of the test specimens is sandblasted 
with corundum. This results in a reproducible dull surface 
finish, mitigating the influence of changing surface rough-
ness on the absorptivity of the specimen. The test surface 
of the test specimens was degreased with isopropanol in 
advance to the experiments.

2.4 � Job design and process parameters

Every experiment consists of ntrack = 49 parallel melt 
tracks produced in direct succession at a distance of 

h = 200 μm and a length of l = 10 mm , as seen in Fig. 4. 
Based on the jump speed of the scanner optic, the time 
between melt tracks was > 2 ms.

For all experiments, the scan speed vscan is 500 mm/s 
and the laser power PLaser is varied as listed in Table 1.

This means every experiment contains all measuring 
points of the 49 melt tracks in one test, which are produced 
with the same process parameters.

In this approach, the influence of the laser power on 
the process and, in turn, the measurement is isolated. The 
parameter space was selected based on the findings of 
Trapp et al. [25] because the transition from conduction 
to the keyhole process regime is to be expected for this 
increase in power. Their experiments were conducted on 
a similar laser set-up with the same material but a smaller 
spot diameter of 60 µm. Their experiments showed a tran-
sition between conduction and keyhole mode between 75 
and 250 W. This means a transition between the melting 
modes occurs from a mean intensity of Imean,Trapp,min ≈ 2.6 
· 106 W/cm2 to Imean,Trapp,max ≈ 8.8 · 106 W/cm2, which 
can be calculated by Imean = 4PLaser∕d

2
s
⋅ � with the spot 

diameter of 60 µm and a laser power of 75 and 250 W. 
The additional buffer up to 600 W in the selected param-
eters should accommodate the threshold despite the low-
ered intensity due to the larger spot size because with the 
selected parameters a comparable intensity span from a 
minimal mean intensity of Imean,min ≈1.5 · 106 W/cm2 at 
100 W to a maximum mean intensity of Imean,max ≈ 8.8 
· 106 W/cm2 at 600 W is reached with the spot size of 
93 µm.

Fig. 3   Schematic illustration of the integrating sphere measurement 
system

Fig. 4   Layout of the job design with melt track length, orientation, 
and test specimen information

Table 1   Process parameters for 
all considered experiments

Experiment P
Laser

  

1 100 W
2 200 W
3 300 W
4 400 W
5 500 W
6 600 W
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2.5 � Melt track and micrograph images

The micrographs were prepared to evaluate the weld track 
width ww and depth �w by cross-cutting the test specimens in 
the post-process. The cut-outs are embedded in a transparent 
epoxy, wet ground in three stages using silicon carbide paper 
(grit 180, 360, and 1200), and polished in two stages using pol-
ishing pastes (3 and 1 µm). Finally, the specimens are etched 
with an Adler etchant. The cross-section images are taken of 
eight melt tracks with an optical microscope. These images 
are used to determine the weld depth �w and the weld width 
ww for each, as seen in Fig. 5. Afterward, the aspect ratio of 
these dimensions is calculated for each analyzed melt track 
and deducted to an arithmetic mean and a standard deviation 
of the aspect ratio with the formula from Fig. 5 for every laser 
power level.

Additionally, high-resolution images of every experiment´s 
melt tracks are taken to investigate the melt track surfaces and 
evaluate the homogeneity of the appearance. The images were 
taken with a Keyence VR-3000 at 80 × magnification.

2.6 � Data logging and processing

The logging of the constant data stream from the integrating 
sphere and the back-reflection signal during one experiment is 
interrupted at the end of every melt track, creating a separate 
data section per melt track. The constant sampling rate results 
in npoints measuring points and spacing lΔP of the measuring 
points, given by the equations:

npoints =
l ⋅ fM

vscan
, lΔP =

l

np

The resulting raw data from the data logging sequence 
of every experiment are a two-layered matrix. One layer 
contains the integrating sphere signal, and one the back-
reflection signal. The data of every melt track are saved in 
a separate matrix line, resulting in a matrix with the fol-
lowing dimensions: ntrack⋅ nPoints ⋅ 2 , which is schematically 
visualized in Fig. 6 (a) and represents the starting point of 
the data processing. The data processing procedure is con-
ducted analog for the back-reflection and integrating sphere 
signal data.

Processing step 1  The first data processing step is the spa-
tial mapping of the data. The data separation of every melt 
track in combination with the equidistant distribution of the 
measuring points over the length of the melt track and the 
constant distance of the melt tracks to each other facilitates 
a spatial mapping of the data to the process. The three-
dimensional visualization of the spatially mapped data is 
exemplarily shown in Fig. 6 (b) for the integrating sphere 
signal at 500 W. The x- and y-axis correspond to the plane 
of the melt tracks, indicating the melt track and the position 
a measurement is taken on this melt track. The z-axis visual-
izes the measured intensity of the integrating sphere signal 
at this point. The color gradient additionally visualizes the 
intensity of the signal to conserve the information when the 
plot is analyzed in the top view on the x-y-plane.

The exemplary displayed integrating sphere signal at 
500 W exhibits, as well as any other experiment, an initial 
signal peak and concluding drop at the beginning and end 
of every melt track. An approximately even surface forms 
in between the measuring points, which is intermittent by 
isolated and distinct signal peaks.

The spatially mapped data facilitates the data examination 
for possible correlation of signal and melt track features. To 
compare the data of one experiment to others and examine 
the trend over multiple experiments, spatial mapping must 
be abandoned. The data must be compressed by statistical 
description with a central tendency and spread, limiting 
the loss of information at the same time. This allows for 
the simultaneous display of multiple experiments in one 
visualization.

The evenness of the intermittent surface, which is observ-
able in all experiments, indicates no significant interference 
for consecutive melt tracks by the change of the thermal 
balance within the test specimen or the surface structure by 
the previous melt track. Therefore, constant conditions for 
all melt tracks can be assumed.

Processing step 2  The continuity within one melt track and 
between individual melt tracks allows, in the second process-
ing step, the collapse of data from all melt tracks to one data 
stream along the length of a melt track. The result is seen in 

Fig. 5   Illustrated deduction of the cross-sectional weld depth dimen-
sion and calculation of the average aspect ratio
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Fig. 6 (c), again exemplary for the integrating sphere signal 
at 500 W.

Processing step 3  The initial peak of the integrating sphere 
signal at the beginning of every melt track corresponds to 
the reflection of the laser radiation on the mirror-like surface 
of molten material. This phenomenon was also observed by 
Yang et al. [28]. This condition is a temporary occurrence 
during the ramping-up of the laser power and is not repre-
sentative for the rest of the melt track. The same applies to 
the end of the melt track, where a drop in the signal corre-
sponds to the emission cut-off. Thus, the first and last 5 % of 
measuring points of every melt track are cut off in the third 
processing step.

This results in the collection of data points displayed 
in Fig. 6 (d). All remaining measuring points were taken 
under the same quasi-static conditions. This suggests that 
the remaining isolated signal peaks are the result of pro-
cess-related irregularities and are an indicator to evaluate 
the process. Therefore, all remaining measuring points 
represent the parameter-specific process.

Processing step 4  In the fourth processing step, all remain-
ing measuring points are collapsed along the length of the 
melt track to one point cloud, which represents the measure-
ment of one experiment. A statistical description of the point 
cloud facilitates the comparison of multiple experiments 
with one another by reducing them to one-dimensional sta-
tistical values of a tendency and spread. The comparison 
facilitates concluding the influence and correlation of pro-
cess parameter changes on the signal changes. This statisti-
cal description of the point cloud is visualized by a boxplot 
in Fig. 6 (e) containing five features.

•	 The central red line represents the median of the meas-
urement. The robustness of the median towards outliers 
results in a close relationship between the median value 
and the average signal value of the intermittent surface, 
spanned by the majority of the measuring points.

→	 A decrease/increase of the median because of a 
process parameter change indicates a decrease or 
increase in the degree of the absorption during the 
process.

•	 The upper and lower limit of the blue box, enclosing 
the red line, mark the 25th and 75th percentiles of the 

Fig. 6   Visualization of the four-step data processing procedure com-
prised of the spatial mapping (processing step 1) (b), combining to 
two dimensions (processing step 2) (c), trimming (processing step 3) 
(d), and collapsing to dimensionless point cloud (processing step 4) 
(e), starting with the raw data of one experiment (a)

▸
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data. Thus, the box represents the interquartile range, 
indicating the spread of 50 % of the data in proximity 
to the median.

→	 The box size indicates the stability of the signal and 
thereby indicates the reliability of the data.

•	 The whiskers incorporate all measuring points with a 
value smaller than 2 times the interquartile range. This 
provides more detail about the spread of the point cloud 
around the median.

→	 The extent of the whiskers is a further indicator of 
the reliability, analog to the percentile range. Addi-
tionally, it visualizes the boundary to the classifica-
tion of measuring points as outliers.

•	 The “x’s” mark all remaining points not incorporated by 
the whiskers as outliers, indicating a significant diver-
gence from the median. All outliers marked in the width 
of the box belong to the same experiment. The spread 
over the entire width facilitates a superior estimation of 
the number of outliers.

→	 A decrease or increase in the number of outliers 
indicates a change in the frequency of irregular sig-
nal peaks. 

•	 All outliers above a certain maximal value, in this case, 
2000, are compressed to a valueless section. For these 
outliers, their values are not visible and cannot be inter-
preted. Due to the qualitative assessment of the data, the 
focus is on the number of outliers and not their value.

→	 Allows the focus of the value domain on the median 
range without forgoing the information on the out-
lier frequency.

The four processing steps are conducted for the integrat-
ing sphere and back-reflection data of all experiments. The 
results are shown in Fig. 7.

3 � Results and discussion

3.1 � Influence of laser power on the integrating 
sphere and back‑reflection signal

For the integrating sphere data shown in Fig. 7 (a), this 
reveals an initial drop of the median between 100 and 
200 W, followed by a plateau section up to 500 W and a rise 
of the median at 600 W. The number as well as the value of 
the outliers does not significantly change between 100 and 
300 W. At 400 W, the number of outliers starts to increase, 
and for 500 and 600 W, the number and reach of the outliers 
is considerably higher.

The lack of outliers from 100 to 300 W means that for 
these experiments, the data surface is not intermittent by 
isolated peaks, as is the case for 500 W, but shows an even 
surface. The integrating sphere data show different charac-
teristics at different laser powers, indicating a change in the 
process behaviors with increasing laser power.

The back-reflection signal, shown in Fig. 7 (b), exhibits 
a highly stable behavior within each power level, visible by 
the lack of outliers and the non-visible reach of the whisk-
ers. The median trend over increasing laser power displays 
a linear gradient from 100 to 600 W.

Fig. 7   Boxplot of the processed integrating sphere data (a) and corre-
sponding back-reflection data (b) at 100–600 W and 500 mm/s
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The comparison of the integrating sphere signal and the back-
reflection signal demonstrates no matching characteristics, indi-
cating no link between both signals. While the integrating sphere 
signal changes with the process behavior, the back-reflection 
signal is not influenced by the process. The sole observable con-
nection of the back-reflection signal is with the laser power. This 
suggests a small internal reflection within the optical path of 
the scanner optic as the source of the signal. This is additionally 
supported by preliminary experiments with targets of different 
reflectivity, which had a great influence on the integrating sphere 
signal and no effect on the back-reflection signal.

3.2 � Referenced absorption measurement

The integrating sphere signal trend of Fig. 7 (a) is the result 
of two factors: on the one hand, the process-specific absorp-
tion level, which is influenced by a plurality of factors such 
as material, surface texture, process regime, and properties 
of the laser radiation; on the other hand, the increase in 
laser power, which necessarily leads to an increase of meas-
ured reflection at a constant absorption level. To evaluate 
the influence of process parameters on the absorption level 
without absolute reflection values, the influence of rising 
laser power must be deducted. This is achieved by referenc-
ing the integrating sphere data trend to the change in output 
power. The back-reflection signal is analyzed to monitor the 
change in output power.

The following example illustrates the need for referencing 
the signal to the output power and the applied procedure. 
Without referencing the change in output power, a doubling 
of the laser power at a constant degree of absorption results 
in twice the absolute reflected radiation. To analyze the 
change in the degree of absorption, the reflection must be 
evaluated relative to the input power. This means when the 
input power is doubled, the reflection signal must be cut 
in half to represent the degree of absorption. Generalizing 
this concept and substituting the input power by the back-
reflection results in the division of the integrating sphere 
signal by the corresponding back-reflection.

Figure 8 provides an overview of the referencing proce-
dure. One arbitrary experiment serves as the baseline EBase 
consisting of the integrating sphere data IBase and the back-
reflection data BBase . Every experiment Ex of one examined 
test series is referenced to this baseline, resulting in the ref-
erenced experiments Ex,Ref  in two steps. The experiment EIP , 
which is referenced, will be referred to as the experiment in 
process, consisting likewise of the integrating sphere signal 
data IIP and the back-reflection data BIP:

First referencing step  In the first step the change, xchange , 
of the back-reflection signal between the baseline and the 
experiment in process is determined by comparing the 
respective back-reflection medians. This change is quantified 

by the division of the experiment in the process’ median 
(

BIP

)

 by the baseline’s median 
(

BBase

)

 , as seen in Fig. 8 (a).

Second referencing step  The second step is the actual refer-
encing step. For this, the integrating sphere data in process 
IIP are adjusted regarding the change of the back-reflection 
signal. For example, if the value of the back-reflection 
median doubles compared to the baseline, the integrating 
sphere signal is divided by two. The calculation is shown in 
Fig. 8 (b). The two referencing steps are combined into the 
calculation below, seen in Fig. 8 (c).

This referencing procedure is performed with all experi-
ments of Fig. 7 (a), E100 W to E600 W , with E100 W as a base-
line, resulting in the plot in Fig. 9.

Fig. 8   Isolated processing steps one (a) and two (b) and the com-
bined processing procedure (c)

Fig. 9   Boxplot of referenced integrating sphere data for 100 to 600 W 
at 500 mm/s
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The referenced data show the following characteristics: 
the outliers exhibit qualitatively the same distribution as for 
the unreferenced data with low occurrence up to 300 W, 
more at 400 W, and significantly more at 500 and 600 W. 
The median trend changes significantly, concerning the 
unreferenced data, exhibiting a considerable drop in value 
between 100 and 200 W, which continues with decreased 
magnitude until 400 W. From 400 to 600 W, the median 
plateaus.

Despite the isolation of the degree of absorption change 
over a change in laser power, identifying the threshold 
between conduction and keyhole mode is not possible. For 
this, the threshold must be linked to a feature of the median 
trend. This means that the threshold must be at first indepen-
dently identified based on the test specimens. The micrograph 
images were analyzed for this.

3.3 � Influence of the laser power on the melt track 
cross‑section dimensions

For the evaluation of the prepared micrograph images, the 
arithmetic mean and the corresponding standard deviation 
of the width and depth are calculated over all evaluated 
cross-sections for each power level. The measurement 
positions of the melt track dimensions are marked exem-
plary in Fig. 5, and the resulting dimensions are plotted 
in Fig. 10.

The average width demonstrates a continuous small 
increase from 100 to 400 W and remains at this width with 
small margins between 400 and 600 W. The depth increases 
significantly near-linearly between 100 and 500 W and fur-
ther to 600 W with a smaller gain. The variation of the width 
and depth within a power level is small for 100 to 400 W, as 
the standard deviation shows. For 500 and 600 W, the stand-
ard deviation of the width is slightly higher and significantly 
higher for the depth.

For all power levels, the resulting average aspect ratio 
amean between the width and depth of the melt track is cal-
culated, together with the corresponding standard devia-
tion, with:

The results are displayed in Fig. 11 with the laser power 
on the x-axis and the aspect ratio on the y-axis. The average 
aspect ratio of the melt tracks exhibits increasing values with 
small standard deviations from 100 to 500 W. To 600 W, the 
average aspect ratio increases insignificantly. The standard 
deviations remain small from 100 to 400 W but are signifi-
cantly higher for 500 and 600 W.

The aspect ratio of the melt track dimensions is a deci-
sive identifier of the prevailing process regime of the linked 
process. According to Tenbrock et al. [7], the threshold 
between conduction and keyhole mode is set at an aspect 
ratio of 0.8. Gan et al. [8], Helm et al. [9], and Fabbro [10] 
et al. set the threshold to an aspect ratio of 1. The resulting 
threshold zone is marked in Fig. 11, indicating a conduction 
process regime for the process at 100 W and a keyhole pro-
cess regime for 200 to 600 W. Based on these power levels, a 
transition between conduction and keyhole mode occurs at a 
mean intensity of Imean,trans = 2.2 ⋅ 10

6 W/cm2. The compari-
son of the resulting Imean,trans with the transition intensities of 
Poprawe [3] with 1–2 W/cm2 and Trapp et al. [25] with 2.6 
W/cm2 shows a similar magnitude of these values. Neverthe-
less, the discrepancy of those values, which is based on the 
unique conditions of every individual test series, makes the 
importance of an in situ threshold detection clear.

3.4 � Correlation of degree of absorption and process 
regime

Figure 12 combines the results from the micrograph evalua-
tion and the referencing of the integrating sphere signal. The 

amean,x =
1

7

∑7

i=1

(

ww,i

�w,i

)

Fig. 10   Average melt track width and depth and corresponding stand-
ard deviation of the melt track cross sections produced by 100–600 W 
at 500 mm/s

Fig. 11   Average aspect ratio of melt track width and depth with 
marked process regime threshold and the corresponding standard 
deviation for the experiments of Fig. 7
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assignment of the processes at different laser power levels to 
the prevailing process regime, which is based on the aspect 
ratio of the resulting melt track, is shown below the boxplot 
of the referenced integrating sphere signal.

This reveals that the significant reduction of the refer-
enced integrating sphere signal coincides with the transition 
from conduction to the keyhole mode. This supports the 
established model of a significant increase in the absorp-
tion level [2, 3] when entering the keyhole mode, which 
corresponds to a decrease in the reflected laser radiation. 
This in turn has a decreasing effect on the integrating sphere 
signal. The drop of the integrating sphere signal is signifi-
cant compared to the signal spread within one experiment 
and the overall median trend over increasing laser power.

This demonstrates the possibility to identify the thresh-
old between conduction and keyhole process regime by the 
means of a calibration-less, integrating-sphere-based in situ 
measurement.

3.5 � Correlation of surface irregularities 
and integrating sphere signal peaks

As mentioned in the data processing section, the spatially 
mapped integrating sphere signal can be used to investigate 
the data for the local correlation of signal and melt track 
features. For this investigation, the spatially mapped inte-
grating sphere signal, viewed from the z-direction, is set 
next to a high-resolution image of the corresponding melt 

Fig. 12   Combined visualization of the reference integrating sphere boxplot at the top, the assignment of the parameter-specific prevailing pro-
cess regime in the middle, and corresponding exemplary micrograph images at the bottom for 100 to 600 W at 500 mm/s
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tracks. This visualization is exemplary given in Fig. 13 for 
the experiment at 500 W and 500 mm/s.

The figure displays an example of a spatial correlation 
of isolated signal peaks in the integrating sphere signal 
and visible surface irregularities. This correlation can be 
observed for all experiments exhibiting isolated signal 
peaks. Considering experiments in Sect. 3.1, these cor-
relations are observable at 500 and 600 W. The visible 
surface irregularities at 500 and 600 W coincide with the 
significantly higher standard deviation of the melt track 
depth, discussed in Sect. 3.3, at the same power levels. 

The higher variation of the melt track depth suggests a 
lower process stability, which is represented in the data by 
several signal peaks and, in turn, by a higher number of 
outliers in the compressed data. This links an exception-
ally high occurrence of outliers as an in situ indicator to 
depressed process stability.

4 � Conclusion and outlook

In this work, bead-on-plate welds were conducted on 316L 
stainless steel at different laser power levels to investigate 
the possibility of identifying the threshold between con-
duction and keyhole melting mode in situ using an inte-
grating sphere without calibrating the measurement. To 
this end, the raw data were processed to allow spatial map-
ping of the signal to the process and, on the other hand, 
simultaneous visualization of multiple experiment data 
without a significant loss of information. Furthermore, to 
isolate the influence of the process dynamic on the inte-
grating sphere signal from the influence of the increase 
in laser power, the signal was indirectly referenced to the 
output power by facilitating the back-reflection signal of 
the laser. Additionally, the resulting melt track dimensions 
were evaluated with cross-sectional micrograph images. 
Based on the discussion of the referenced integrating 
sphere signal and the micrograph analysis, the following 
conclusions were made about the integrating sphere-based 
process monitoring with AISI 316L:

•	 The spatial mapping of the integrating sphere signal 
to the melt tracks facilitates the targeted investigation 
of correlations between signal characteristics and melt 
track features. This is shown by the correlation between 
prominent peaks of the integrating sphere signal and 
visible surface irregularities in the melt track.

•	 The process stability can be assessed based on the inte-
grating sphere signal since there is a link between the 
volatility of the signal and the stability of the weld 
depth, as well as the homogeneity of the melt track 
appearance.

•	 The threshold between conduction and keyhole process 
regime can be identified by a significant drop in the 
signal of the referenced integrating sphere signal. This 
signal decrease correlates with a change in the aspect 
ratio of the melt track associated with a change in the 
process regime.

•	 The above-listed conclusions were drawn from data 
that were acquired without preceding calibration steps 
and did not require any diligence during the experi-
ment setup or execution. This robust measuring system 
facilitates, together with automated data logging and 
processing, high-throughput experiments.

Fig. 13   Example of visible correlation (marked in yellow) between 
integrating sphere signal peaks and surface irregularities for 500 W 
and 500 mm/s
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For these reasons, the in situ process analysis of laser-
based material processing with the introduced measuring 
system shows great potential to investigate the laser-mate-
rial interaction for a magnitude of different materials and 
laser intensity levels and distributions. This can help to 
speed up the development of tailored process strategies 
for specific applications and materials. Another application 
of the in situ measurement is real-time feedback on the 
current process regime, which can be facilitated for real-
time process monitoring and eventually real-time process 
control. Therefore, further experiments should investigate 
the transferability of these results onto different materials 
and the influence of change in the radiation intensity and 
distribution on the process regime threshold.
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