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Abstract

This paper mainly discusses the current research status and development trend of on-line monitoring technology for laser
additive manufacturing. We have analyzed various on-line monitoring techniques for laser additive manufacturing based on
visual imaging, temperature field, spectral analysis, and acoustic principles. Numerous analyses are performed on the moni-
tored objects, the melt pool, including melt pool temperature and morphology dimensions, and the formed parts, including
microstructure and properties. The analysis of on-line monitoring techniques for laser additive manufacturing is expected
to find the research directions that meet future development trends.
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1 LAM on-line monitoring technology

Based on the 3D model data of the part and the laser pro-
cessing heat source, laser additive manufacturing (LAM) is
an emerging material processing technology that directly
create solid parts through layer-by-layer stacking of materi-
als. This technology has been widely used in various fields
due to the wide range of materials, short manufacturing
cycles, low environmental pollution, and easy manufacturing
of parts with complex structures [1-3]. The main processing
methods of LAM include laser cladding deposition (LCD),
selective laser melting (SLM), and selective laser sintering
(SLS) [4, 5]. LAM can form functionally graded parts with
specific organizational components in different parts by a
variety of materials, so as to achieve the purpose of regu-
lating the performance. Non-equilibrium physical metal-
lurgy and thermophysics are very complex AM processes,
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which are accompanied by the interaction of laser, powder,
matrix, and melt pool. The rapid solidification and shrink-
age of the melt pool produce large temperature gradients.
And the periodic, violent, and non-stationary cyclic heat-
ing, cooling, and short-time non-equilibrium cyclic solid-
state phase transformation of the high-energy laser beam
produce residual thermal stresses and stress concentration
in part, resulting in warping deformation and cracking, and
the internal defects such as micro-cracks and micro-pores,
which seriously affect the microstructure and the mechani-
cal properties [6-9]. Therefore, on-line monitoring of LAM
can repair the defects that may occur in AM by regulating
various parameters, which greatly improves the quality. On-
line monitoring technology can realize real-time recording
of the whole process and multi-directional of LAM. Firstly,
through on-line monitoring, the location and type of defects
can be quickly found and then judge whether it seriously
affects the production of the parts. Secondly, we can repair
the defects on-line by modifying the process path and vari-
ous process parameters [10] to improve the qualified rate.
Finally, through on-line monitoring process data, it can
study the LAM process mechanism and optimize the pro-
cess parameters, laying the theoretical foundation for the
next practical production.
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1.1 Visual imaging-based on-line monitoring

The visual imaging-based on-line monitoring technology
almost always adopts the structured light method, which
mainly monitors the various size parameters of the melt
pool morphology on-line, and establishes a feedback con-
trol system to reduce macroscopic defects such as size
abnormality and deformation. LAM is essentially the laser
melting and solidification of materials, which is similar to
the welding process. Therefore, the visual imaging-based
on-line monitoring technology for LAM follows the meth-
ods and principles of welding on-line monitoring. CCD
is superior to CMOS in sensitivity, resolution, and noise
control, while CMOS has the characteristics of low cost,
low power consumption, and high integration. CCD should
have high sensitivity and higher resolution. CMOS have
more complex pixels, but there is a lot of noise, which
affects the image quality.

Based on the principle of the industrial camera (CCD),
passive visual imaging, and the structural light active
visual imaging, Heralic et al. [11] developed a LAM on-
line monitoring system to obtain the height information
of the coating. Using the on-line monitoring closed-loop
feedback control system developed by an industrial cam-
era (CMOS), Hofman et al. [12] regulated the laser power
through the width information of the coating and then real-
ized the control of the formed dimensions. The melt pool
image was acquired, and the position was determined by
a CMOS camera shooting at 45° to the melt pool based
on the empirical threshold method. After image process-
ing and filtering, the melt pool width information was
obtained. The laser power was controlled to obtain the
ideal pool dimension, the small dilution rate, and the uni-
form pool width. Using the on-line monitoring closed-loop
feedback control system developed by an industrial cam-
era (CCD) and a dual-color high temperature multi-signal
controller, Li et al. [13] achieved the on-line control of the
coating height. The closed-loop feedback control system
of on-line monitoring of the melt pool by an industrial
camera (CCD) can obtain the width information, and then
Arias et al. [14] regulated the laser power. Kanko et al.
[15] monitored the melt pool morphology dimensions of
SLM on-line by low-coherent interferometry imaging tech-
nology and reduced the deformation by on-line monitor-
ing closed-loop feedback control system. Tang et al. [16]
established an on-line monitoring closed-loop feedback
control system of the coating height and powder feeding
rate, in which the monitoring data, melt pool temperature,
and powder feeding rate was taken as control variables to
achieve stable forming of the height.

Based on the industrial camera (CMOS), Barua et al.
[17] proposed a method to monitor internal defects on-line
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by photographing and observing the red hot melt chan-
nel, inferring that the existence of the internal defects was
related to the brightness. However, the visual imaging-
based on-line monitoring technology for LAM has less
research on internal defect monitoring, which will become
a research hotspot in the future.

1.2 Temperature field-based on-line monitoring

LAM on-line monitoring technology is not only based on
the visual imaging, but also based on the temperature field
through the acquisition and analysis of melt pool tempera-
ture data. The on-line monitoring technology consists of the
single temperature data and the melt pool temperature by
an infrared camera to provide feedback on the melt pool
morphology and dimension. At present, the main monitor-
ing methods of the melt pool temperature in LAM mainly
include contact thermometry and non-contact thermom-
etry. Contact thermometry has the advantages of low cost
and accurate measurement, but it has the disadvantages of
not being able to measure the melt pool and slow response
directly. It is often used to validate the melt pool values for
simulation experiments and to help in the setting of bound-
ary conditions. Thermo-couple thermometry is the main
method of the contact temperature measurement. Non-con-
tact thermometry is based on the radiation measurement,
in which sensor cost is high. Monochromatic pyrometer
thermometry, colorimetric pyrometry thermometry, and
CCD-infrared image thermometry are the main methods
of the non-contact thermometry [18]. Fuzzy logic control,
generalized predictive control, PID control, and its improved
control algorithms have played an important role in control-
ling the melt pool temperature while improving the process-
ing quality of the parts to a great extent. The stability of the
melt pool temperature is an extremely critical indicator to
characterize the stability. The effective and stable control
of melt pool temperature plays a decisive role in improving
the geometric accuracy and macroscopic mechanical proper-
ties, and optimizing the microstructure. Therefore, it is of
great significance to establish a closed-loop feedback control
system, monitor the melt pool temperature on-line, adjust
the process parameters, and control the stability of the melt
pool temperature.

Hu et al. [19] measured the temperature at different posi-
tions of the melt pool by thermo-couple thermometry. Lin
et al. [20] measured the surface temperature of the melt
pool with an infrared thermometer for the boundary tem-
perature. In order to calculate the surface temperature of
the melt pool, Li et al. [21] installed photodiodes on the side
of the melt pool to receive the light signal. Song et al. [22]
used the two-color pyrometer to detect and feedback control
the melt pool temperature. In order to accurately measure
the melt pool temperature, Pavlov et al. [23] combined a
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multi-wavelength thermometer with an infrared camera to
measure the temperature at a certain angle to the melt pool.
Hu et al. [24] photographed the melt pool with an infrared
camera coaxially mounted on the cladding equipment for the
accurate area. Hu et al. [25] designed a closed-loop feedback
control system that can control the heat input and melt pool
dimension with the infrared thermal imager. The on-line
monitoring based on temperature field has the advantages
of simple operation and easy temperature measurement in
the molten pool area, but the effective information obtained
is less, which cannot be used as the main basis. However, the
inspection of the melt pool by the infrared thermal imager
can only measure the geometry and appearance, which can-
not reflect the internal defects. Moreover, infrared imaging
devices limit the research and application of temperature
field-based on-line monitoring because of the high cost
and the requirement that the emissivity parameters must be
maintained with high accuracy.

1.3 Spectral analysis-based on-line monitoring

In the LAM process, the generation of part defects is highly
dependent on the material composition and element content,
so the spectral analysis-based on-line monitoring technol-
ogy has been developed to monitor the material composition
and elements, which can effectively identify defects. In the
process of laser additive manufacturing, spectral analysis-
based on-line monitoring is to analyze the characteristic
spectral line intensity, characteristic spectral line intensity
ratio, plasma temperature, and electron density of the pho-
toinduced plasma collected by the spectrometer to reflect the
internal conditions of the plasma.

Scharun et al. [26] developed a portable LIBS analyzer
based on a pulsed laser, which can quantitatively analyze
ferroalloy. The spectral characteristics of Al under different
laser wavelengths were studied by LIBS. Abdellatif et al.
[27] found that the plasma parameters, electron temperature,
and electron density can be changed by controlling the laser
wavelength, which significantly improved the feasibility of
LIBS element detection. Barnett et al. [28] investigated the
spectral characteristics change and ablation under laser exci-
tation at 266 nm and 532 nm. The results showed that the
sample had more ablation amount and higher calibration
accuracy under laser excitation at 266 nm, while stronger
spectral lines could be excited at 532 nm. Fornarini et al.
[29] combined theories and experiments in alloy samples,
which studied the effects on the properties under laser exci-
tation at 1064 nm and 355 nm. When the laser wavelength
was 1064 nm, the sample surface temperature decreased due
to the strong plasma absorption. When the energy reach-
ing the sample surface was low, the shielding effect of the
plasma occurred. Therefore, a more intense spectrum was
obtained at 1064 nm. Lu et al. [30] investigated the variation

of the melt pool composition by spectral monitoring. When
Inconel 625 metal powder was deposited, the spectral infor-
mation was collected by changing the process parameters
(laser power and scanning speed), respectively. It was found
that all of them were able to obtain strong characteristic
spectral lines of Cr, which meant that the melt pool con-
tained a large amount of Cr. This study provided a good basis
for predicting the complex element composition and content
in the melt pool. Shin et al. [31] monitored the composi-
tion changes during laser metal deposition by spectroscopic
diagnostic techniques. When the Inconel 718 metal powder
and pure Cr powder were deposited, the relative content of
Ni was changed by varying the content of pure Cr powder.
The relationship between the plasma temperature and the
intensity ratio of the four characteristic spectral lines and
the content of Ni was established by analyzing the spectral
information, as shown in Fig. 1. The plasma temperature was
found to decrease with the increase of Ni, and the intensity
ratios of all four characteristic spectral lines increased with
the increase of Ni. It was found that the prediction accuracy
of the characteristic spectral line intensity ratio for Ni con-
tent was higher than that of the plasma temperature, which
could accurately predict the composition. Therefore, in order
to improve the accuracy and sensitivity of spectral analysis-
based on-line monitoring, reasonable monitoring process
parameters as well as suitable monitoring data processing
methods need to be selected in component monitoring.

1.4 Acoustic-based on-line monitoring
In the process of LAM, each defect generated can emit
acoustic signals with unique characteristics. Using appro-

priate sensors to collect and identify the defect types cor-
responding to different signals is a key problem for the
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defect on-line monitoring, and it is also an important link
in controlling part quality. The propagation of the vibration
generated by the sound generator in the air or other materials
is called sound waves. Sound waves travel in all directions
through various media, which are usually longitudinal waves
and also shear waves. The types of sound waves include
plane acoustic waves, spherical acoustic waves, and cylindri-
cal acoustic waves.

Plotnikov et al. [32] monitored the LAM process by the
acoustic sensors and the infrared thermal imager, established
the relationship between the image and the acoustic signals,
and studied the relationship between the acoustic signal
characteristics and the porosity, as shown in Fig. 2. Lee et al.
[33] used fiber Bragg grating sensors to collect acoustic sig-
nals in LAM process, established the relationship between
the acoustic signals and the porosity, and realized the poros-
ity monitoring that based on the acoustic signals. Gaja et al.
[34] monitored the crack defects in LAM by acoustic signals
and found that the crack-induced acoustic signals had short
time intervals and large amplitudes. Kouprianoff et al. [35]
used the 378B02 microphone to monitor the powder laying
height. Shevchik et al. [36] analyzed the data based on a
wavelet, identified the defects based on deep learning, and
predicted the quality of each layer based on acoustic signals.
However, in the process of metal deposition, droplet transfer,
melt pool flow, and shielding gas flow will produce sound,
which is complex and difficult to separate. The acoustic
signal has a low resistance to environmental interference
which is vulnerable to environmental noise. Therefore, it is

Fig.2 Corresponding acoustical
signal with different porosity
during SLM [32]
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difficult to quantitatively establish the relationship between
the acoustic signal, the forming quality, and the forming
stability. Ultrasonic imaging technology has been used for
on-line monitoring, which can monitor internal defects
along with quantitative detection, but the equipment cost
was high. Cerniglia et al. [37] successfully detected micro-
defects with a diameter of 0.1 mm and large defects with
a depth of less than 0.8 mm on the single deposition layer
sample surface by the laser ultrasonic testing and verified the
detection results by the high-sensitivity X-ray technology. In
summary, acoustic-based on-line monitoring of LAM can
monitor defects. At the same time, the extraction of signal
characteristics can further establish the corresponding rela-
tionship between the signal characteristics and the defects.

2 On-line monitoring of the melt pool
2.1 Melt pool temperature

The variation of the melt pool temperature leads to the insta-
bility of the melt pool morphology and dimension, and the
melt pool temperature also affects the geometric accuracy of
the deposition layer. The flow of the melt pool leads to the
reduction of forming accuracy, the change of porosity and
dilution rate, and the deterioration of surface forming qual-
ity. The unstable melt pool temperature will affect the dis-
tribution of the temperature field, resulting in the generation
of thermal residual stress, the deformation of overall stress,
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the change of solidification structure, and the deterioration
of mechanical properties. The porosity and the dilution rate
between the matrix and the forming part are directly affected
by the melt pool temperature. If the melt pool temperature
is too low, the powder will not be fully melted, which will
easily produce defects such as porosity, and if the temper-
ature is too high, which will cause the too large dilution
rate. The heat-affected zone (HAZ) and dilution ratio will
be increased with the increase of melt pool temperature,
resulting in thermal deformation and thermal residual ther-
mal stress cracking. The occurrence of cracks, over-melt,
and under-melt can be effectively reduced by controlling the
melt pool temperature. The melt pool temperature also has
an important influence on the microstructure. By controlling
the melt pool temperature, the generation of hard and brit-
tle phases can be effectively reduced, so as to improve the
mechanical properties.

Many scholars have predicted the crystal growth direction
[38, 39], thermal residual stress, thermal residual deforma-
tion [40, 41], and temperature gradient [42] by simulating
the temperature field. Therefore, the on-line monitoring of
the melt pool temperature can not only ensure the form-
ing accuracy and quality, but also play an important role
in improving the melt pool morphology and dimension as
well as the mechanical properties. Based on the two-color
infrared pyrometer, Tan et al. [43] established an on-line
melt pool temperature measurement system to achieve on-
line monitoring. At the same time, it lays a foundation for the
following on-line feedback control of the melt pool dimen-
sion. Bi et al. [44] established a path-based variable energy
input closed-loop feedback control system of laser power
by Ge photodiode which improved the thickness and the
accuracy of thin-walled parts. Tang et al. [45] established a
closed-loop feedback control system of laser power based on
the melt pool temperature signal by the temperature sensor,
which used the temperature signal as the feedback to adjust
the laser power. During the part forming process, Salehi
et al. [46] established the on-line monitoring and closed-loop
feedback control system of melt pool temperature by PID
on-line feedback, which effectively maintained the stability
and improved the accuracy and quality.

Devesse et al. [47] used the hyperspectral camera to
monitor the melt pool temperature on-line and the meas-
urement setup as shown in Fig. 3. The laser power was
adjusted in real time according to the feedback informa-
tion, and the melt pool temperature and dimension were
kept highly stable by the on-line feedback and the PI con-
trol. The performance of the control system was evaluated
by heating the matrix from room temperature to 1 mm
width. The experimental results are shown in Fig. 4. First,
it can be seen that the estimated melt pool boundary is
very consistent with the simulated melt pool boundary,
which verifies the stability of the closed-loop feedback
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Fig.3 Measurement setup [47]
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Fig.4 Hardware-in-the-loop results showing the accuracy of the esti-
mated melt pool width and the performance of the controller with a
varying reference [47]

control system. The control system can accurately deter-
mine the position of the melt pool boundary through the
image generated by constant emissivity and the careful
calibration by the computer monitor and camera. If either
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of the two conditions is not completely satisfied, the esti-
mated temperature may deviate from its true value.

Song et al. [48] designed a series structure of a melt
height controller and a melt temperature controller that
can realize dual-signal input and single-signal output laser
power to precisely control the coating height by using the
three high-speed CCD cameras that 120° distributed and
the two-color pyrometer that measured the melt pool height
and temperature, respectively. The hybrid controller based
on the two-color pyrometer and the high-speed camera that
made the melt pool height increase steadily and reduced the
melt pool height error between the each layer and the speci-
fied layer. Figure 5a shows the turbine blades that with and
without control, and the width of the turbine blade gradually
decreases from the middle to the tail. Under the constant
laser power, the narrower part near the end accumulated
more heat than the wider part near the front. As the num-
ber of the deposited layers increased, the volume gradually
increased, and the heat dissipation rate gradually became
slower, which increased the heat accumulation. The melt
pool temperature near the end was higher, which reduced the
deposition height and generated the larger melt pool. In the
absence of temperature control, the top surface bent upward
because the powder collection efficiency at the flat was
higher than the edge. Excessive heat accumulation and high
powder collection efficiency resulted in the severe deforma-
tion and even prevented further deposition. Defects caused
by uneven heat accumulation and unstable powder collec-
tion efficiency can be avoided by the laser deposition that
with stable heat input and controlled melt pool height. The
melt pool temperature is stabilized at around 1700 °C by the
temperature controller, and the laser power is dynamically
changed to avoid excessive heat accumulation in the narrow
areas (Fig. 5b). In the experiment, the parts with small edge
curvature were obtained by temperature control, and in the
closed-loop feedback controlled process, the turbine blade
formed by hybrid controller that had a better near net shape
and dimensional accuracy.

Fig.5 a Turbine blades that
with and without control; b
melt pool temperature during
the eighth and ninth contour
and layer deposition. Upper
figure, dotted without control;
solid gray height control, solid
red temperature control. Lower
figure, dotted without control,
solid with control [48]
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Through the temperature controller, the experiment set
the constant temperature reference value and the time-
dependent temperature and kept the powder feeding rate
constant [49]. In the experiment of tracking the constant
temperature reference, the average absolute error was
reduced by 52.3%, and the temperature controller worked
well, which greatly reduced the temperature error. As can be
seen in Figs. 6 and 7, the temperature controller suppresses
the rising trend of the melt pool temperature that rise along
the deposition track.

In the experiment of tracking the time-dependent temper-
ature reference, there was no significant change in the mean
absolute error and the standard deviation of the error com-
pared to the constant temperature reference. Compared with
the open-loop control, the average absolute error and the
standard deviation of the error were reduced by 65.5% and
58.1%, respectively. The results show that the temperature
controller worked well when tracking the time-dependent

>

S
=
=

D) A — Reference — Measured |

<
[ Y
I~
S o
S S
T

Temperature (K)

-100

Error (K)

=200/

6 8 10 12 14 16 18
Time (s)

Fig.6 Open-loop temperature response for 7,(1)=2100 K with
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Fig.7 Closed-loop temperature response for 7,¢)=2100 K with
m=6 g/min and v=2.54 mm/s [49]

temperature reference, and the temperature error was greatly
reduced. By comparing the open-loop and closed-loop tem-
perature control, it can be seen that the constant process
parameters cannot accurately adjust the melt pool tempera-
ture (Figs. 8 and 9).

2.2 Melt pool morphology and dimension

The ideal cross-section morphology of the single-layer
melt pool with good metallurgical bonding, small dilution
rate, and large aspect ratio is conducive to stabilize the
multi-track overlapping and multi-layer stacking, which
reduced the forming time and the porosity and improved
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Fig.8 Open-loop temperature response for 7,(t)=2100 K+ 50sin(t)
K with m=6 g/min and v=2.54 mm/s [49]
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Fig. 9 Closed-loop temperature response for 7,(¢)=2100 K+ 50sin(t)
K with m=6 g/min and v=2.54 mm/s [49]

the forming efficiency and the forming quality. There are
two main closed-loop feedback control methods for on-
line monitoring of melt pool morphology and dimension.
The first method is to adjust the process parameters timely
according to the comparison results that after comparing
the ideal value with the on-line melt pool information, so
as to stabilize the melt pool dimension. Through an image
processing algorithm, Asselin et al. [50] used the CCD
camera to photograph the melt pool in a distributed man-
ner, which achieved on-line monitoring of the melt pool
dimension. Song et al. [51] used the CCD camera to shoot
the melt pool in the same way, which extracted the bound-
ary and obtained the dimension. Through a large number
of experiments, the closed-loop feedback control has the
advantages of higher melt pool stability, rapid response
time, and high forming accuracy. However, the accuracy
error generated by layer-by-layer accumulation is large,
so it is unable to ensure the final accuracy. The second
method is to make the result converge to the ideal value by
adjusting the accumulated error. By means of the variable
structure controller, Fathi et al. [52] achieved the closed-
loop control of the melt pool morphology. Through the
combination of the CCD camera and the image processing,
Zeinali et al. [53] obtained the coating height feedback
signal that controlled the speed of the workbench. Through
the CCD lens with 1064-nm band-stop filter and 700-nm
long-pass filter, Moralejo et al. [54] acquired the melt pool
images. At the same time, the laser power was selected
as the output of the feedforward PI, which accelerated
the control response and obtained the ideal dimension.
Although the closed-loop feedback control method has a
slow response, it increases the feedforward control path
and considers the delay time, which improves the response
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Table 1 Experimental parameters in numerical simulation [55]

Experimental parameters Value
Laser power (W) 900-1900
Spot size (mm) 5
Cladding speed (mm/s) 4
Cladding length (mm) 70

Uplift (mm/layer) 0.5
Powder feeding rate (g/min) 7.41

R ey

Fig. 10 Results of single-channel liner cladding experiment under
different powers [55]

to some extent and reduces the overshoot. Further, the con-
trol method can ensure the high forming accuracy.

By designing single-channel liner cladding experi-
ments under different powers, melt pool morphology, and
dimension variation were observed [55]. The experimental
parameters are shown in Table 1, the experimental results
are shown in Fig. 10, and as layers increase, the variation
of the melt pool width and length under different powers
are shown in Fig. 11a and b, respectively. As the power and

Fig. 11 As layers increase, the (a)
variation of melt pool width 801
and length under different laser 754

powers a melt pool width; b
melt pool length [55]
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layers increase, the melt pool width and length gradually
increase. When the power is 900 W, the melt pool width
starts to be larger than the spot diameter after the 8th layer.
When the power is 1100 W, the melt pool width starts to be
larger than the spot diameter after the 4th layer. When the
power is 1300 W, the melt pool width starts to be larger than
the spot diameter after the 2nd layer.

When the power is 1500 W, the change of the melt pool
width and length at different points in the 8th layer is shown
in Figs. 12a and b, where the spot diameter is 5 mm. When
the scanning direction changes at the end of the workpiece,
the width reaches the maximum, and the length reaches the
minimum because of the short-term reciprocating scanning
in the same region. The melt pool length becomes shorter at
the end of the workpiece because the direction of the laser
head has the greater effect, and the melt pool width has the
accuracy in reflecting the information. The experiments
show that the melt pool width is more suitable for extract-
ing the information. When the direction changes, the melt
pool length will be instantaneously shortened, and the power
will be increased according to the PID, which aggravates the
excessive melting at the end of the workpiece.

By analyzing the variation of the melt pool under the
different parameters, Ocylok et al. [56] found that the most
significant factor that affected the melt pool was the laser
power, and the single-pass deposition method was proposed
based on the laser power adaptive control. Tabernero et al.
[57] reduced the average error between the predicted and the
measured of the melt pool height and width by calculating
the hydrodynamic model and the heat source-based laser
deposition model. Through establishing the closed-loop
feedback control system that based on the PID controller
and the feedback compensation, Ding et al. [58] made the
dimension uniform.

The model between the laser power, the scanning speed,
the powder feeding rate, and the melt pool dimension was
established in the experiment [59]. The results of the param-
eters and the melt pool width are shown in Table 2. It is
found that the maximum error rate is less than 4.5%, and
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Fig. 12 Variation of melt pool (@)4,. (®) .
width and length at different
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Table.2 Process parameters and No P (W) v (mm-s~) 0, (gmin~') Melt pool width (mm)
experimental results of each
deposition channel [59] Measured Calculated Error (%)
1 2000 7 7.2 4.65 4.44 4.5
2 2200 15 33 4.13 4.00 3.1
3 2200 9 7.2 3.97 4.16 42
4 2200 13 11.1 4.19 4.13 1.4
5 2200 11 9.1 4.17 4.28 23
6 2000 9 9.1 4.18 4.21 0.9
7 1800 13 5.2 371 3.65 1.6
8 1400 9 5.2 3.29 3.38 2.7
9 2000 15 5.2 3.68 3.77 2.4
10 1800 11 32 3.82 3.78 1.0
11 2200 7 5.2 4.77 4.70 1.5
12 1600 15 9.1 3.16 3.28 37
13 1800 15 7.2 3.49 3.53 1.1
14 1800 9 11.1 3.79 3.95 4.2
15 1600 13 7.2 3.30 3.38 2.7
16 2000 13 33 4.01 3.89 2.9
17 1600 9 52 3.63 3.51 23
18 1400 7 33 3.60 3.57 0.8
19 1600 7 11.1 3.83 3.88 1.3
20 1400 13 9.1 3.20 3.11 2.8
21 1600 9 33 3.80 3.67 34
22 1800 7 9.1 4.42 4.37 1.1
23 2000 11 11.1 4.11 4.04 1.9
24 1400 11 7.2 3.11 3.23 38
25 1400 15 11.1 3.16 3.05 34

the width under different parameters can be accurately pre-
dicted. With the increase of laser power, the width gradu-

ally increases, and with the increase of scanning speed, the Table 3 Process parameters and each level values [59]

width gradually decreases. In the above parameters, the laser ~ Parameters Levels of parameters Other parameters
power has the significant effect. 1 2 3

In order to verify the correctness of the above analysis,
and investigate the effect of each parameter on the width. The ~ £ W) 800 1600 2400  v=10 0,=6
single variable method was used to increase the parameters, Y (mms™) 5 10 15 p=1600  Q,=6
the parameters and each level values are shown in Table 3. Qn (gmin™) 3 6 19 P=1600  v=10
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Fig. 13 Melt pool width for different process parameter levels [59]

Figure 13 shows the effect of each parameter on the melt
pool width. It can be seen from the figure that among the
various process parameters, the power has the most influ-
ence, the scanning speed has the less fluctuation, and the
powder feeding rate has almost no effect. Meanwhile, the
experimental results of the positive correlation between the
laser power and the width as well as the negative correlation
between the width and the scanning speed verify the correct-
ness. In order to avoid melt pool variations caused by local
geometry, optical sensors were used to continuously monitor

Fig. 14 Typical output of the

the melt pool in the LAM process [60, 61]. These sensors
will provide feedback on the dimension information to the
real-time circuit, and the required dimension characteris-
tics will be obtained by adjusting the parameters. Optical
sensors were used to monitor the dimension on-line, and
the laser power was controlled by feedback, which reduced
the fluctuation in the melt pool temperature and improved
the surface quality. Craeghs et al. [62] designed an on-line
monitoring closed-loop feedback control system to monitor
the melt pool morphology on-line by the optical sensors,
and the laser power was adjusted on-line by feedback data,
which improved the appearance. Figure 14 shows the melt
pool area, length and width, and the photodiode signal. It can
be seen that the photodiode signal and the area show a good
correlation. The photodiode signal peak is more flattened
compared with the calculated characteristics.

The information on the thermal radiation intensity from
the melt pool was collected on-line; Miyagi et al. [63] estab-
lished an on-line closed-loop feedback control system of
thermal radiation intensity and laser power by adaptive
PID, which improved the dimensional accuracy. Using three
diodes integrated into the laser head, the signal of thermal
radiation, smoke radiation, and laser energy reflected by melt
pool were monitored on-line. The photodiode was used to
monitor the thermal radiation on-line, and an adaptive feed-
back control system of laser power was established accord-
ing to the thermal radiation intensity, which improved the
dimensional accuracy of the 316L stainless steel specimen.
The experimental equipment is shown in Fig. 15.

Image properties compared with photodiode voltage

process sensors: melt pool area,
length and width, and the photo- Area
diode signal [62] [Pixels]
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Fig. 15 Experimental setup for LMD process [63]

The relationship between the dimension structure char-
acteristics and the single deposition layer monitoring infor-
mation was studied. Figure 16 shows the cross-section of
the melt pool under different powers (1000-1700 W) and
the observation of the CCD camera. The observation shows
that the melting area increases gradually with the power
increases. It proves that the results are well correlated with
the cross-section, and the dimension varies with the power.
During the single-deposition layer testing, the average signal
strength was used to characterize the relationship between
the signal strength and the laser power based on the each
monitored intensity stability characteristics. The thermal
radiation signal intensity was used to represent the tempera-
ture relative change in the melt pool area. Figure 17a shows
the relationship between the signal intensity and the laser
power. It can be seen that the average signal intensity of

thermal radiation increases gradually with the laser power
increases, which indicates that the melt pool temperature
increases gradually with the heat input increases. Fig-
ure 17b shows the relationship between the three groups of
melt pool dimensions and the intensity of the thermal radia-
tion. Although the width is related to the thermal radiation
intensity, the height and the penetration depth have little
change as the thermal radiation intensity increases. It indi-
cates that the width can be further controlled by varying the
laser power to adjust the intensity of the thermal radiation.
The results show that the width increases from 1.7 to 3 mm
as the laser power increases from 1000 to 1700 W.

3 On-line monitoring of the quality
3.1 Microstructure

In the LAM process, the deviation between the actual value
and the theoretical value of the element content in the melt
pool is usually caused by the fluctuation of the carrier gas
flow and the rotational speed of the powder feeder motor,
while the content of elements in the forming part can greatly
affect the microstructure and properties. Therefore, it is
of great significance to control the element content in the
melt pool in real time, which requires us to realize the on-
line monitoring of element composition. At present, laser-
induced breakdown spectroscopy (LIBS) is the main method
for on-line monitoring of element composition.

Free calibration, calibration curve, and chemometrics are
the commonly used quantitative analysis methods for LIBS.
Among them, the relationship between spectral intensity and
element content was established by the free calibration using
the Boltzmann distribution [64], and the free calibration was
successfully applied to the determination of solid samples
[65—-68]. Calibration curves were constructed by the calibra-
tion curve method based on the relationship between the
spectral characteristics and the elemental concentrations

Fig. 16 Cross-sections of melt
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Fig. 17 Results of in-process monitoring (v=10 mm/s, D;=36 mm, P;=0.01 g/mm): a relationship between signal intensity and laser power; b
relationship between deposit shape and thermal radiation signal intensity [63]

[69]. The relationship between spectral characteristics
and elemental concentrations was calculated by machine-
learning algorithm, and the element composition prediction
model was established by the chemometrics [70-74]. By
means of the partial least squares method, Andrade et al.
[70] quantified the element composition in brass samples,
and the study found that the effect was better than the tra-
ditional calibration curve. At the same time, the accuracy
of the artificial neural network algorithm for element com-
position [71] was investigated, which was superior to the
calibration curve. Ayyalasomayajula et al. [72] found that
the multiple linear regression calibration model was better
than that of the single model. Sirven et al. [73] found that the
monitoring accuracy of element composition was twice than
that of the calibration curve by the artificial neural network
algorithm. Through the combination of the neural network
and the LIBS, Ferreira et al. [74] analyzed the copper in soil.

The feasibility of on-line quantitative analysis of multi-
elements in LAM was demonstrated based on the LIBS.
In order to estimate the influence of nickel enrichment on
LIBS analysis, a series of samples with different WC pow-
der feeding rates were prepared, and the LIBS was used to
on-line measure the melt pool and the surface of the ther-
mally solidified coating [75]. In order to remove the sur-
face layer (about 200 pm), as a control experiment, some
samples were grinded after cooling, and others were not
grinded (Fig. 18a). It can be seen that the ungrinded sample
has a lower concentration of WC particle compared with
the grinded sample. EDX analysis clearly shows that the
WC concentration on the ungrinded sample is 2 times lower
than that after grinding (Fig. 18b), and the same results are
obtained by XRF analysis. The on-line measurement of the
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melt pool and the surface of the thermally solidified coat-
ing by LIBS shows that the EDX and the XRF are relevant.
Therefore, LIBS analysis can be performed within the melt
pool to quantitatively analyze W and C.

During the synthesis of WC particle-reinforced Ni alloy
wear-resistant coating, the quantitative chemical analysis of
the element composition (Ni, W) was performed in real time
by developing a compact LIBS probe and equipped with
an industrial robot with a laser melting head. Due to the
uneven distribution of WC particles on the coating surface,
LIBS will be performed within the melt pool. In order to
quantitatively estimate the influence of particle breakdown
on LIBS plasma emission [76], the correlation analysis was
carried out in the experiment (Fig. 19). Data for greater
flow of WC particles are marked with pink color, while low
concentration WC flows are shown with green color. It can
be seen that the “reflected by particles” signal is positively
correlated with the laser plasma emission indicating that
the “off LIBS laser beam” spikes are caused by the particle
reflection plasma emission. It is assumed that the laser abla-
tion at powder particles will reduce the laser pulse energy
that delivered to the melt pool surface. One can expect a
negative correlation between these two signals. However,
a positive correlation between laser plasma emission and
“breakdown at particles” signals is observed for flows with
different concentrations of WC. This indicates that “break-
down at particles” signal is partially due to the “reflection”
rather than the micro plasmas formed on the particle surface.

By adjusting the temperature to adjust the scanning path
of each laser, Nassar et al. [77] ensured that the tempera-
ture inside the deposited layer was within the set threshold,
thus improving the forming quality and forming a uniform
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Fig. 18 Scanning electron
microscopy images a of original
(black) and ground (red) coat-
ing surfaces. Electron energy
X-ray-dispersive (EDX) analysis
results for tungsten b in case

of virgin and ground surfaces.
Laser-induced breakdown
spectroscopy (LIBS) results for
tungsten signals (ratio Int.(W
11207.91)/Int.(Ni 11 208.57) in
cases of melt bath (cyan) and
hot-solidified clad (orange)
sampling [75]
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microstructure. By investigating the relationship between
the spectral signal and the microstructure, Song et al. [78,
79] found that the changes in laser-induced plasma signal
characteristics were caused by the changes in microstruc-
ture. When the samples with the same microstructure and
different elements were scanned, the laser-induced spectral
intensity ratio was linearly correlated with the element com-
position. When the samples with different microstructures
and element compositions were scanned, the laser-induced
spectral intensity ratio was nonlinearly correlated with the

by particles (a.u.)

element composition. After the analysis of the microstruc-
ture, in order to monitor the change of Cr content inside the
sample during laser deposition, the relationship between the
fitting spectral intensity ratio, plasma temperature, and elec-
tron density and the Cr content was studied. Among them,
the plasma temperature and electron density had little cor-
relation with the Cr content, and the real-time monitoring
of Cr content can be realized by fitting spectral intensity
ratio. Figure 20 shows the predicted Cr percent by the fit-
ting spectral intensity ratio [78]. According to the average
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Fig.20 Real-time chromium composition measured during direct
metal deposition of alloyed H13 tool steel powder with certified Cr
concentration of 5.27at.% [78]

predicted values of the four fitting spectral intensity ratios,
the average content of Cr is 5.21%, the error is 0.06%, and
the standard deviation is 4.28%.

During the synthesis of Fe and Ti, the composition of
the elements was adjusted, and the corresponding plasma
spectrum was monitored and analyzed [80]. Figure 21 shows
the relationship between the four Fe-I/Ti-II line ratios and
Ti weight percentage. We can observe that the line intensity
ratio of the eutectic point is lower than the sides. At each
side of the eutectic point, the Fe/Ti line ratios decrease with
the decrease of Fe. Figure 22 shows the SEM morphology
of Ti-Fe alloys with different compositions. The primary
dendrite of TiFe phase with B2 CsCl structure is formed
in hypereutectic alloy. The dendrite size decreases with the
decrease of the Fe content. The hypoeutectic alloy is char-
acterized by a small volume fraction of §-Ti+ TiFe eutectic,
which is distributed at the grain boundary of the $-Ti solid
solution. The microstructure of the eutectic alloy is com-
posed of fishbone S-Ti+ TiFe eutectic with an average layer
spacing of 0.6 pm. The dispersed TiFe (light color) phase is
the dominant in the eutectic, and the $-Ti solid solution is
formed between the TiFe eutectic phases.

3.2 Property

Through on-line preheating of the forming matrix surface,
the temperature gradient can be reduced to a certain extent.
At the same time, the thermal deformation and defects can
be reduced, and the mechanical properties can be improved.
In the LAM preheating process, the matrix preheating is
the main method, and a few adopt the surface irradiation/
radiation heating. However, the metal powders on the pow-
der bed, forming the surface and matrix will change the
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chemical composition and cause segregation defects after
excessive preheating. The temperature gradient is initially
reduced by preheating, and then the temperature field on-line
monitoring closed-loop feedback control system was used
to reduce the temperature gradient and the growth direction
of the parts, which cannot input different heat to different
temperature gradient distribution areas, and only in this way
can the mechanical properties be better controlled.

By preheating the matrix to 200-500 °C, Maly et al. [81]
found that the increase in preheating temperature was lin-
early correlated with the reduction in thermal deformation,
while preheating reduced the temperature gradient, thermal
stress, and thermal deformation. The melting and solidifi-
cation process of Ti powder was monitored by the X-ray
synchrotron radiation. Sato et al. [82] found that there was
a positive correlation between the preheating temperature
and the surface smoothness when the Ti parts were formed
by a matrix with different preheating temperatures. By pre-
heating the formed substrate at high temperature, Ali et al.
[83] found that when the formed matrix was preheated to
570 °C, the residual stresses were significantly reduced, and
the strength and the ductility were significantly improved,
which increased by 3.2% and 66.2%, respectively. By inves-
tigating the effect of substrate preheating temperature on
the microstructure and residual stresses in 12CrNi2 alloy
steel formed parts, Ding et al. [84] found that the matrix
preheating reduced the residual stresses, and the increase of
preheating temperature was accompanied by the decrease of
martensite/bainite and the increase of ferrite. Kempen et al.
[85] found that the preheating reduced the thermal stress,
thermal deformation, cooling rate, and brittle martensite by
comparing the matrix without preheating and with different
preheating temperatures, which reduced the macroscopic
cracking. Through preheating, Fallah et al. [86] found that
the cracks in the coating were significantly reduced and the
mechanical properties were greatly improved.

Stress variations within the material can affect the LAM
process as well as the overall performance, so we need to
control the stress variations through on-line monitoring
techniques. Based on the temperature field, the residual
stresses in the coating were accurately calculated by Zhang
et al. [87] and Farahmand et al. [88]. Qi et al. [89] and
Zhao et al. [90] accurately calculated the residual stress
by introducing the phase transformation process into the
calculation model, and combined with the parameters, and
the residual stress study provided the data basis for the
subsequent post-processing test. By means of neutron dif-
fraction, Moat et al. [91] and Pratt et al. [92] measured the
residual stress distribution of Ni-based high-temperature
alloy samples. Oliveira et al. [93] measured the residual
stresses within the Co-based coating by X-ray diffraction
(XRD). However, neither mathematical simulation nor
back testing can achieve the purpose of repairing parts.



The International Journal of Advanced Manufacturing Technology (2023) 125:25-46

39

(a)

1.2 1
g
S04 *
s
<
=
z
F0.81 %
P *
=
oY
[ \
0.6 *
*
T T T 1
55 60 65 70 75
Weight percent Ti
C
©)..
*
E 124
N
~
=
=
-
g 1.0
=
o
< *.
(=}
S
5 *
£ 0.8 / \
* *
T T T T T T T 1
55 60 65 70 75
Weight percent Ti

®),,

—_
(=)}
1

Fe-1407.2nm/Ti-11 416.4nm
N
1
*

T T T 1
55 60 65 70 75
Weight percent Ti

2.0 4

1.8

Fe-1407.2nm/Ti-1I 417.4nm

1.4+ W

1.2 T T T T T T T 1
55 60 65 70 75
Weight percent Ti

Fig.21 Relationship between the four Fe-I/Ti-II line ratios and Ti weight percentage. a Fe-I1 404.6 nm/Ti-II 416.4 nm; b Fe-I 407.2 nm/Ti-IL
416.4 nm; ¢ Fe-1404.6 nm/Ti-11 417.4 nm; d Fe-1407.2 nm/Ti-1I 417.4 nm [80]

The indirect measurement to reflect the state of the deposi-
tion layer by on-line monitoring the residual stress changes
in the back of the matrix has become the main method of
on-line monitoring residual stress. By linear variable dif-
ferential transformer (LVDT), Andreas et al. [94] meas-
ured the deformation in the central region at the back of
the matrix, but it cannot directly reflect the changes inside
the deposited layer. Biegler et al. [95] measured the vari-
ation of the residual stress at the bottom of the matrix by
digital image correlation (DIC). This method has a large
measurement range, and it can more intuitively reflect
the residual stress change than LVDT. However, due to
the continuous change of material shape and solid-liquid
interface, the residual stress inside the deposited layer can-
not be measured by this method. Therefore, the further

research is needed for on-line monitoring of residual
stresses inside the deposited layer.

Firstly, the matrix was preheated at 1050 °C to obtain
the crack-free sample, and then the tensile test of the laser
deposited sample was carried out at room temperature [96].
The results are shown in Table 4. It is found that the yield
strength (YS) and ultimate tensile strength (UTS) are 14%
and 44% higher than those of other studies [97], and the
elongation (EL) is 44% higher.

Figure 23 shows the fracture surface of the specimen.
It can be seen that the crack initiates near the fracture sur-
face, and the shear lip area is small, as shown in Fig. 23a.
In the radial region (Fig. 23b), dendrites with dimple pat-
tern appear, indicating that the fracture preferentially occurs
between dendrites and is a ductile fracture. It can be seen
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Fig.22 SEM morphology of the
Ti-Fe alloys. a Ti;;Fe,, alloy;

b Ti,Fes, alloy; ¢ Tig; sFes, 5
alloy; d Tig,Fesq alloy; and e
Tis¢Fe,, alloy [80]

Table 4 Tensile properties of LSF Inconel 738LC alloy at room tem-
perature [96]

Sample YS (MPa) UTS (MPa) EL (%)
As-deposited 871 1074 10.8
Cast reference [48] 765 945 7.5

from the high-magnification morphology (Fig. 23c) that
there are massive particles in the pits, which are (Ti,Ta)
C carbides analyzed by EDS. The large-sized carbides are
not conducive to the increase of elongation, while the size
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of block carbides is less than 1 pm, so the elongation is
improved.

Figure 24 shows the microhardness of the specimens.
It can be seen that the average microhardness preheated at
800 °C, 900 °C, and without is approximately the same.
And the average microhardness preheated at 1050 °C is
lower than that of the others. In particular, at 1050 °C, the
average microhardness regularly increases from bottom to
top, while the microhardness of the other specimens has
no significant difference along the height direction. This
indicates that the higher temperature preheating affects the
correlation between the microcosmic phases and the main
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Fig. 23 Fracture surface a
radial region; b dimple pattern
in radial region; ¢ of LSF IN-
738LC alloy [96]
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Fig. 24 Microhardness of the LSF IN-738LC samples under different
preheating conditions [96]

reinforcement phase of the matrix, resulting in the decrease
of the microhardness.

Through the above analysis, we can design an on-line
monitoring system for LAM based on multi-source infor-
mation control system. As shown in Fig. 25, the advanced
algorithms, including machine learning, deep learning, digital
twinning, and cloud data processing, work together with the

new monitoring technologies, including laser ultrasonic (LU),
X-ray computed tomography (XCT), and X-ray backscatter
imaging (XBT). By establishing an on-line monitoring system
for LAM based on multi-source information control system,
we can study the non-equilibrium rapid solidification behavior
and heat exchange mechanism of the molten pool under mul-
tiple process parameters; explore the behavior essence of heat
transfer, convection, and other phenomena in the molten pool
under the condition of heat exchange; carry out the applica-
tion research of on-line monitoring and control methods for
different LAM processes; and establish an on-line regulation
model between various process parameters and molten pool
information, which is to realize the process monitoring and
adaptive control of the melt pool temperature, melt pool mor-
phology, melt pool dimensions, microstructure, properties, and
dimensional accuracy of parts. The designed LAM on-line
monitoring system can get personalized manufacturing parts,
improve the properties of the parts, and meet the subsequent
production and conditions.

4 Conclusions
The summary and analysis of the on-line monitoring tech-

nology of LAM can effectively detect the defects, improve
the forming quality by real-time regulating the process
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Fig.25 Frame diagram of
on-line monitoring system for
LAM based on multi-source
information control

parameters, and eliminate the restrictions on the develop-
ment caused by various process defects. Future on-line
monitoring techniques should focus on the following:

(1) The monitoring tools commonly used in LAM have
limitations in accuracy and response time, and the
monitored sample information is limited. In the process
of data processing, only to ensure the joint improve-
ment of software and hardware can a large number of
measured data be quickly analyzed, and it is also an
important method to ensure the real-time of on-line
monitoring system. Therefore, we need to develop the
new on-line monitoring tools and new on-line monitor-
ing technologies, develop special technologies that are
suitable for LAM, and establish accurate correspond-
ence between the defects and the signals. Thus, some
new monitoring techniques such as laser ultrasound
(LU), X-ray computed tomography (XCT), and X-ray
backscatter imaging (XBT) have greater application
potential in on-line monitoring. Although these new
monitoring techniques are more difficult to integrate
into LAM on-line monitoring systems, they can meas-
ure more information inside the sample. The integrated
and collaborative research of software in LAM and
on-line monitoring will become an important research
direction of LAM on-line monitoring technology in the
future.

(2) In the LAM process, a variety of defects are gener-
ated, and a single monitoring technology can only
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accurately monitor one type of defect, so we need to
make multiple monitoring technologies work together
to establish an integrated on-line monitoring system.
The internal defects of LAM parts are the most critical
to the forming quality, but there are few studies on the
on-line monitoring. Therefore, the on-line monitoring
will become the key breakthrough direction of future
detection technology.

The algorithms are the core of the closed-loop feed-
back control system and the data processing. PI and
PID control algorithms are commonly used in on-line
monitoring technology, and algorithms such as SVR,
ANNSs, and PLSR can also be applied to data process-
ing. With the development of big data and artificial
intelligence, we can combine the advanced algorithms
such as neural network, machine learning, deep learn-
ing, digital twinning, and cloud data processing with
the LAM on-line monitoring process and create the
new development vitality. This is also a hot research
direction of LAM on-line monitoring technology in the
future.
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