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Abstract. Laser directed energy deposition (LDED) is one of the most important parts of metal
additive manufacturing, which can provide fast building speed, allows for large building vol-
umes, and is suitable for part repair. LDED can manufacture components layer by layer through
processes of rapid heating, melting, solidification, and cooling with the laser beam as a heat
source. However, deposition quality and repeatability of components produced by LDED are
poor because of the complex thermal cycle and processing environment, hindering the spread
of this technique. Adaptive control technology (ACT) is consistently considered an effective
and potential way to solve the problem. Many studies have focused on LDED and established
the relations of process parameters, process signatures, and product qualities, which promote the
rapid development of ACT, with the development of monitoring devices and data processing
technology. We review and discuss the problems existing in the ACT of LDED. © 2020
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.59.7.070901]
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1 Introduction

Additive manufacturing (AM), a technique that can manufacture a part layer by layer, is contrary
to traditional subtractive manufacturing (e.g., machining and milling).! It has the advantages
of faster processing speed, lower manufacturing cost, and lower energy consumption, and can
produce more complex parts compared with other traditional manufacturing methods. In the
fields of aerospace, automobile, biomedicine, and remanufacturing, AM is considered an impor-
tant manufacturing method. One important field of AM is the production of functional metal
components with complex shapes, including metals, alloys, and metal matrix composites.”
Laser directed energy deposition (LDED) is one of the most commonly used techniques in the
AM of metal. Figure 1 shows that a high-power laser beam is used as the heat source and feed-
stocks are sent into the molten pool in the form of powders or wires in LDED.? Moreover, the
substrate and materials are melted with the movement of a laser beam, then the part will be
manufactured layer by layer after the solidification of the molten pool. LDED enables generating
custom parts with complex shapes and functional gradients, demonstrates the ability to revo-
lutionize manufacturing, and has broad prospects in direct shaping, surface coating, and rema-
nufacturing repair.*

However, several problems, including low quality of layers, difficult and expensive post-
process inspection, and accumulative errors, exist in LDED. Adaptive control technology (ACT)
has been widely used in LDED and reviewed by several scholars.>® Figure 2 shows that ACT
includes monitoring of the process, prediction of the quality based on relations of the parameters,
signatures, and qualities, and adaptive control of the final quality by adjusting the parameters.
Most of the relevant pieces of literature are not comprehensive and systematic, and the relations
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Fig. 1 Schematic diagram of LDED: (a) wire feeding and (b) powder feeding.
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Fig. 2 Main process diagram of the adaptive control of LDED.

of process parameters, signatures, and product qualities are rarely reviewed. This paper tries to
comprehensively review the research progress of the ACT in LDED from process monitoring
(Sec. 2), relations of parameters, signatures, qualities (Sec. 3), and adaptive control methods
(Sec. 4). In addition, the discussion (Sec. 5) and conclusion (Sec. 6) are given.

2 Process Monitoring

Process monitoring has become a research hotspot to obtain high quality and repeatability of
LDED parts. Generally, monitored signatures include geometry and temperature. Vision sensors
and temperature sensors are widely used in monitoring LDED.

2.1 Geometry Monitoring

2.1.1 Devices and basic principles

In LDED, high-speed cameras and three-dimensional (3-D) scanners are used to monitor
geometry signatures. Charge-coupled device (CCD) cameras’® and complementary metal oxide
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semiconductor (CMOS) cameras™'® are two commonly used image acquisition devices.

According to experimental requirements and the actual situation on site, the position of the
camera can be divided into coaxial®!! and off-axis.'> Coaxial monitoring can track the molten
pool movement in real time and record the dynamic change of the molten pool, whereas off-
axis monitoring can capture the information of the whole processing scene and avoid the
interference caused by the vibration of the laser head. Despite frequent use of high-speed cam-
eras in LDED, it is mainly used for process monitoring and analysis instead of ACT due to
limited processing speed. Moreover, the 3-D camera is a combination of monocular or bin-
ocular vision and structural light to monitor the entire shape of the deposited layer. The 3-D
camera can only be installed at a fixed point, which is a limitation for ACT. Another device
applied to geometry monitoring is the high-dynamic camera, which is suitable for monitoring
the dynamic molten pool and other situations with a large brightness span. Although imaging
quality is not very high, the frame rate of 50 fps with a high-dynamic camera can meet the
requirements of ACT.

Lighting devices, such as light-emitting diodes, laser diodes, and vertical cavity surface emit-
ting lasers,'>!* are also needed for more accurate visual information. A filter must be used to
eliminate the interference of energy beam radiation and powder and obtain the best image of the
molten pool.”*!” Other related devices will also be described below.

2.1.2 Geometry signature monitoring

At present, many researchers have monitored geometry signatures using different devices and
algorithms in LDED. Geometry signatures include the outline of the deposited layers and the
profile of the molten pool. In these geometry signatures, the widths and heights of the deposited
layers'” and the profile of the molten pool®!® can be monitored by a single industrial camera, and
the entire outline of the deposited layers are commonly obtained by a 3-D camera.'®!” To
improve the calculation speed and efficiency, Tang et al.'® used a laser-based areal topography
measurement sensor to measure the surface and developed a depth image method to process the
data and extract the 3-D features. Moreover, a 3-D scanner of structural light was used to mea-
sure the height of the deposited layers from an external fixed position by Garmendia et al.'’
However, the strong metal vapor in the 3-D reconstruction method based on structural light may
contaminate the optical device and affect the monitoring results. A new method to extract the 3-D
structure based on the position information of the electron beam speckle was proposed to over-
come the deficiency of structural light monitoring.'® In this method, the electron beam is used to
bombard the surface of the part to produce a thermal effect and form speckles, and the 3-D
reconstruction will be achieved based on the structural information of the electron beam in the
vacuum chamber.

During manufacturing, distortion of parts will greatly influence the final geometric accuracy
of LDED. Scholars commonly use displacement sensors for in-sifu monitoring of substrate dis-
tortion. In recent years, digital image correlation (DIC) technology has also been used to monitor
the distortion of LDED. DIC uses binocular stereo vision technology and tracks the speckle
image of the object’s surface; geometric point displacement is obtained using the correlation
algorithm. Studies such as that conducted by Ocelik et al.>* have shown that DIC could measure
the in-situ strain occurring on the substrate during metal deposition, whereas other studies used
this technology to monitor surface distortion of the deposited layers.”' >

In summary, monitoring geometry signatures have high requirements on sensing equipment,
and advanced equipment is the foundation of obtaining accurate process signatures and product
qualities. A fast, reliable image processing algorithm is also a research focus to enhance mon-
itoring ability.

2.2 Temperature Monitoring

Temperature signatures of LDED are directly related to product quality, and temperature mon-
itoring is important for the ACT of LDED. Figures 3 and 4 show that LDED is a cycle of rapid
heating and cooling, which makes monitoring difficult. Therefore, the monitoring sensor needs
high-speed data acquisition and high resolution to capture the temperature signatures in LDED.*®
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Fig. 3 (a) IR image, (b) isotherm, and (c) surface temperature gradient of molten pool in LDED.2*
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Fig. 4 Model of temperature field and pool shape for the first, third, and fifth layers.2

2.2.1 Devices and basic principles

Methods of collecting temperature signals include contact measurement and noncontact
measurement.

Contact measurement is generally monitored by a thermocouple, which consists of two metal
wires of different materials to form a closed loop. The temperature gradients at both ends gen-
erate a thermoelectric electromotive force and convert the temperature signal into an electrical
signal. A thermocouple has the advantages of low cost and high accuracy, but its application in
LDED is limited by the dynamic molten pool, high temperature, and high-energy beam inter-
ference. Thus, it is used for monitoring substrate temperature, such as welding thermocouples to
the underside of the substrate to record the thermal cycle during deposition.>**’ Moreover, sev-
eral measures, such as using protective sheets, are necessary to decrease the risk of destroying the
thermocouple wires.”®

Noncontact measurement is based on the principle that the infrared (IR) radiation of an object
changes with temperature. According to Planck’s law, the radiation of a blackbody is*

G

L(Tg,4) = W

. 6]
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where C; = 2hc?, C, = h—kc L is the radiation of the blackbody, / is the Planck’s constant, k is the
Boltzmann constant, c is the velocity of light, 4 is the wavelength, and T is the absolute temper-
ature. The radiation of an object can be expressed as the product of a blackbody’s radiation and
the emissivity e.

G
/15((3%—1>

The absolute temperature of an object can be restored based on the radiation data acquired by
sensors and the wavelengths. Compared with a thermocouple, IR sensors neither need to directly
contact the objects nor affect temperature distribution. The short response time and the ability to
monitor the dynamic pool make IR temperature measurement widely adopted in LDED.

In addition to commonly used IR equipment, a spectrometer is a noncontact measurement
instrument for temperature. Several studies®*~? used the spectral information within the emitted
light of the molten pool to form a key enabling element in the estimation of emissivity and to

reveal the temperature information.

L,(Tp.2) =eL(Tp.2) = ¢ )

2.2.2 Temperature signature monitoring

Objects of temperature monitoring are classified into temperature change of a single point, tem-
perature distribution of the molten pool, and temperature distribution of the deposited layers.
In the current studies, a thermocouple was mainly used for the single-point temperature of the
substrate, whereas more studies used IR devices to monitor temperature signatures. For example,
Bi et al.*3 detected the IR radiation flux of the molten pool with a germanium photodiode and
converted it into an IR temperature signal. Moreover, several studies used the monochromatic
pyrometer to record the thermal cycle of deposition.**’ However, the calibration of devices is a
limitation of IR temperature measurement because determining emissivity is difficult and further
complicated by physical transformations that the material undergoes during processing.®
Measurement with a two-color pyrometer'>**! is an effective method to avoid unknown emis-
sivity and particle interference and to obtain an accurate value of temperature. Because the emis-
sivities of an object with two close wavelengths are approximately equal, according to Eq. (2),
the ratio of radiation energies in two wavelengths will reduce the effect of emissivity. Moreover,
Pavlov et al.* and Doubenskaia et al.*> monitored the temperature of the molten pool for a more
stable signal with a multicolor pyrometer. Temperature distribution is usually monitored by IR
imaging equipment. For example, Yang et al.** used an IR camera to collect the surface temper-
ature of the deposited parts and studied the thermal behavior. Farshidianfar et al.***® used IR
cameras and image processing technology to capture the temperature changes and cooling rates
in real time.

The application of multiple devices can obtain more comprehensive temperature signatures
because of the different monitoring objects of various devices. Smurov et al.*” comprehensively
analyzed deposition by monochromatic pyrometer, multiwavelength pyrometer, and IR camera,
and presented a fusion method of diverse temperature data. In the research conducted by Liu
et al.,*® the variation of the molten pool temperature was measured by a pyrometer; temperature
distribution, molten pool size, and cooling rate were studied by an IR camera.

According to the current research, temperature monitoring is easily affected by the environ-
ment. Several measures must be taken to avoid interference caused by the complex environment
and ensure data accuracy. Emissivity is an important factor affecting accuracy of noncontact
measurements. Thus, determination of emissivity and multidevice coupling are also effective
methods for improving accuracy. Table 1 summarizes devices used for temperature monitoring
in different references.

2.3 Other Monitoring

Several researchers also monitored other signatures that may affect the final qualities, such
as detection of particle-in-flight velocity with a diagnostic tool based on CCD camera*’ and
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Table 1 Devices for temperature monitoring.

Monitoring signatures Devices References
Temperature of substrate Thermocouple 24, 27, and 28
Temperature of molten pool Monochromatic pyrometer 33, 36, 37, and 47
Two-color pyrometer 15, 38-41, and 48-50
Multicolor pyrometer 42 and 43
Hyperspectral 30-32
Photodiode 33, 34, and 51
Temperature distribution of deposited layers IR camera 24, 44, 47, 49, and 50
2-D pyrometer 35
Temperature distribution of molten pool IR camera 42, 43, 45, 46, and 48

monitoring of powder flow using a photoelectric sensor.’* In general, cracks and pores are impor-
tant symbols of defects in LDED and are difficult to monitor. The earliest attempt was to monitor
cracks using acoustic emission sensors,”>>* but it was easily affected by external interference in
field monitoring. Vargas et al.> studied the scaling of the x-ray fluence and energy with electron
beam properties and laser power. The high-contrast imaging of various test objects clearly
showed the defects in AM, and the possibility of field measurement of AM in the future was
discussed. Wolff et al.>® performed field high-speed x-ray imaging of individual powder particles
flowing into the molten pool, and the effect of beam—matter interaction on flow and pore for-
mation of powder was revealed. In addition, Sharples et al.’’ developed a spatially resolved
acoustic spectroscopy (SRAS) system, which is a laser ultrasound inspection technique for im-
aging the material microstructure of metals. SRAS uses a pulse laser to generate acoustic waves
on a surface and measures surface disturbances using another laser and a detector. This technique
is also sensitive to surface and subsurface pores, and has been used to identify and classify sur-
face defects and pores in AM.7*%0

In LDED, several key elements can define the properties of the deposited parts.®' At present,
x-ray fluorescence and energy-dispersive spectroscopy have been widely used for element analy-
sis, but neither method is suitable for online monitoring. Laser-induced breakdown spectroscopy
(LIBS) has already been demonstrated as a powerful instrument for in-situ quantitative analysis
and is suitable for high-speed monitoring in the industrial field.” Recently, LIBS was also
applied to AM monitoring. Song and Mazumder® used LIBS to analyze real-time chromium
composition in LDED. Moreover, Lednev et al.®' developed a remote LIBS system to quanti-
tatively analyze light (carbon and silicon) and heavy (tungsten and nickel) elements in LDED.
This technique can provide good analytical results without affecting deposited qualities. In the
future, online quantitative analysis in LDED will be essential to ensure the high quality of parts
with a specifically designed gradient of elemental composition.

Traditional monitoring devices have been used in many studies and have allowed much
progress in LDED. However, more advanced technologies must be applied in further research
of LDED, which is very helpful for process understanding. The ACT of LDED will be greatly
improved with more accurate, detailed process information.

3 Relations of Parameters, Signatures, and Qualities

LDED is a complex process with multiparameter interaction. Before adaptive control of product
qualities, the relations of process parameters, process signatures, and product qualities must be
determined. In the ACT of LDED, the deposited qualities are taken as a function of the param-
eters, and the qualities can be improved by changing the parameters according to the monitoring
signatures.
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3.1 Relations of Parameters, Geomelry Signatures, and Qualities

In LDED, geometry signatures, such as width and height of the deposited layers and morphol-
ogy of the molten pool will affect the final geometric accuracy. Therefore, establishing the
relations of parameters, geometry signatures, and qualities is crucial for adaptive control.
The following is the related research. Ocelik et al.** used a statistical analysis method to estab-
lish the process diagram between process parameters and cross-section geometric parameters
and studied the relations of scanning speed, laser power, powder rate, and main geometry sig-
natures of a single-laser track. Qi et al.®® proposed a more accurate quadratic regression transfer
function to predict the width of the deposited layers and identified that the first three most
important factors affecting wall thickness are laser power, scanning speed, and defocus dis-
tance. Another study observed that laser power is the main parameter that affects the geometry
qualities of deposited layer; clad height, dilution, temperature, and stress all increased with the
increase of laser power.®® Moreover, Sreeraj and Kannan®’ reviewed the research progress of
using neural network technology to establish cladding geometry prediction models and applied
the basic idea of an artificial neural network to geometric modeling and prediction of composite
materials.

Dilution rate is an important index, which is not only substantial for evaluating the quality,
but also directly affects the interlayer bonding strength of as-formed parts. Figure 5 shows the
cross section of deposited layers. Dilution can be calculated as follows:®®

Ay

_ 3
T= A + A, )

where A; is the cross-sectional area of deposited layers and A, represents the area of the molten
zone of the substrate. The dilution of LDED is difficult to monitor and is generally calculated by
models or other signatures of the molten pool. Hofman et al.*” established a model to determine
the geometry qualities and dilution of LDED, and this model was used to study the correlation
between signatures of the observable molten pool and dilution. Moreover, Xi et al.” established
a theoretical model to study the relation between power and dilution rate, and obtained the cor-
relation coefficients of cladding area, fusion area, and dilution rate. This model can provide a
basis for estimating dilution rate in LDED.

3.2 Relations of Parameters, Temperature Signatures, and Qualities

The complicated temperature field is one of the most important signatures of LDED and has an
important effect on cooling rate and internal phase transformation. Much literature has consid-
ered thermal behavior in LDED. Bi et al.** studied the influence of laser power, scanning speed,
and feeding speed on molten pool temperature, and found that the dilution and size of cladding
have a good correlation with the temperature signal. In addition, transient models are commonly
used tools for thermal analysis and have been widely used in LDED, such as for the investigation
of heat transfer in molten pools,’! analysis of solidification processes, and prediction of micro-
structure. For example, Huang et al.”* developed a thermal model to correlate the process param-
eters to the localized transient thermal signatures and solidification parameters and predict the
microstructural evolution. Their conclusion can also be used for parameter optimization and
in-situ microstructural control.

A

=
= A,

A

Substrate

Fig. 5 The cross section of deposited layers.
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Residual stress and part distortion have become the bottleneck of LDED because of rapid
thermal cycles in manufacturing. Many experiments and models were established by scholars to
investigate the relationship between distortion and parameters. Denlinger et al.”’ studied the
effect of interlayer dwell time on thermal distortion and residual stress of the substrate. The
experiment showed that adding dwell time to allow additional cooling could reduce the distortion
and stress of Inconel 625, whereas the result of Ti—-6A1-4V was the opposite. Mukherjee et al.”
used strain parameters and well-tested 3-D numerical models of heat transfer and fluid flow to
reveal the effects of key process variables such as power and scanning speed on thermal strain.
Then they used a coupled thermal, fluid flow, and a mechanical model to investigate the evo-
lution of stresses and strains for Inconel 718 and Ti—-6Al-4V and the relation of heat input and
layer thickness.”* Moreover, Yan et al.”*?® summarized the typical thermal models, proposed the
relations of process parameters, thermal behavior, and product quality, and expounded the in-
fluence of process parameters on thermal distortion of the workpiece. However, traditional
numerical methods are limited by the long calculation time with the increase of the overall size
of the component. Xie et al.”> proposed an efficient equivalent temperature field method to pre-
dict thermal distortion by extracting the quasisteady temperature field as the thermal boundary of
mechanical analysis to solve this problem. This model greatly saved more than 90% of the cal-
culation time in mechanical analysis and successfully predicted the distortion of 266-layers thin
walls in a few hours.

For a generalization of the studies surveyed above, relations of parameters, signatures, and
qualities are summarized in Table 2. In this table, quality is classified into geometric accuracy,
defects, and microstructure with the comprehensive consideration of Ref. 5 and the actual proc-
ess of manufacturing.

Table 2 Relations of parameters, signatures, and qualities.

Qualities Parameters Signatures References
Geometric Scanning speed, laser power, Height, width, and dilution 64 and 76-78
accuracy and powder feeding rate
Scanning speed, laser power, Pool shape 79
and powder feeding rate
Laser power Width 65
Laser power and scanning speed  Pool size 34, 80, and 81
Scanning speed and laser power Dilution 68 and 82
Laser power, height increment, Width 83
and cooling times
Defocusing distance Height 84
Dwell time Temperature and distortion 27
Laser power, scanning speed, Temperature and distortion 24 and 73-75
and substrate thickness
Defects Laser power and scanning speed  Cooling rate 53 and 85
Laser power, scanning speed, Laser-matter interaction 56
and feeding rate
Microstructure ~ Dwell time Molten pool size and cooling rate 11
Laser power Temperature and pool size 34
Scanning speed and laser power  Temperature and cooling rate 72
Scanning speed and laser power  Temperature and cooling rate 86
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4 Adaptive Control Methods

Based on data obtained from online monitoring and established relations, process parameters can be
appropriately adjusted to realize adaptive control and ensure product quality. This section will
review adaptive control methods from three views. According to control time, LDED includes on-
line control and layer-to-layer control. From the view of the relation between monitoring signatures
and concerning characteristics, LDED contains direct control and indirect control. From the clas-
sification of quality, LDED contains the control of geometric accuracy, defects, and microstructure.

4.1 Online and Layer-to-Layer Control

In online control of LDED, researchers need to adjust parameters based on real-time monitoring
signatures to ensure that the signatures (height, width, and temperature) follow a reference curve
such that the quality within the same deposited layer can be kept stable. Online control requires
high-response speed to information; thus, scanning speed and laser power are usually selected as
the parameters to be changed. Fathi et al.®” designed a proportional integral derivative (PID)
feedforward controller to compensate the deviation of cladding height according to the relation
between speed and height. Experiments showed that the feedforward PID controller could effec-
tively control the process and reduce the response time and overshoot. In addition, Song and
Mazumder.*' proposed a generalized predictive control strategy with constraints, which made the
molten pool temperature follow the reference curve by adjusting the power. Hofman et al.’
obtained the width of the molten pool through a CMOS camera and adjusted the power through
a feedback control system in real time to keep the width of the molten pool at the reference value.

Layer-to-layer control is realized by compensating the deviation of the previous layer. At the
end of each layer, signatures of the entire deposited layer are extracted and compared with the
expected results; then, the deviation can be compensated by modifying the scanning track and
process parameters. Generally, the layer-to-layer control focuses on the control of height. For
example, Garmendia et al.'” proposed a method to modify the number of layers to ensure accu-
racy of the deposition height and developed a new computer-aided manufacturing program that
can calculate the subsequent scanning track according to the measured height and reduce the
error between the actual value and the measured value. Moreover, Arrizubieta et al.*® developed
a powder flow control system to regulate deposition height with the method of layer-to-layer
control because the response speed of the powder feeding rate is slow and not suitable for online
control. However, neglecting the dynamics that describe how the process evolves from layer to
layer in modeling and process control can lead to dimensional instability because LDED is a
two-dimensional (2-D) dynamic process. Sammons et al.**** proposed a 2-D model to describe
the process dynamics quantitatively and qualitatively and designed a layer-to-layer controller
with a theory of repetitive process control to improve LDED stability.

Several researchers have tried combining the two methods because it may not be able to
compensate the deviation quickly only with online control or layer-to-layer control. Tang and
Landers**° proposed an online molten pool temperature controller based on the empirical model,
which can track the temperature reference of the single layer very well. Moreover, the layer-to-layer
controller was established to adjust the power of the next layer using the iterative learning control
method to ensure consistency of morphology in a multilayer deposition. Moreover, with a hollow
laser beam’! that can optimize the distribution of laser intensity, Shi et al.”> manufactured parts with
a variable width. At the end of each layer, the scanning speed of the next layer was adjusted to
compensate the deposition height error according to the height of the previous layer. Another com-
bination of two methods was conducted by Garmendia et al.,'® who used a 3-D scanner based on
structured laser light to measure the height of a part. The average height deviation between layers
was highly corrected by recalculating the track to be deposited in the next layer, and the local height
deviation within the layer was adjusted by simultaneously changing the scanning speed.

4.2 Direct Control and Indirect Control

In LDED, several characteristics, which are important to the qualities and can be monitored
easily, such as temperature, height, or width of the deposited layers and shape of the molten
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pool, can be controlled directly based on monitoring signatures. Direct control can avoid the
error caused by a complex transformation relation and make the process more intuitive and accu-
rate. In several studies of direct control, only one input and one output were selected to reduce
the complexity of the controller. Moralejo et al.'® adjusted the laser power to control the final
width based on the pool width monitored by CMOS cameras. Recently, the trend of direct con-
trol is from a single input, single output to multiple inputs, multiple outputs. Song et al.'> pro-
posed a dual-input, single-output hybrid control system, including a master height controller and
a slave temperature controller, to control the height of each deposited layer and the molten pool
temperature. When the pool height exceeds the specified layer thickness, the main height con-
troller prevents the control action of the temperature controller and reduces the laser power to
avoid excessive accumulation. If the pool height is lower than the specified layer thickness, the
temperature controller bypasses the height controller and dynamically adjusts the laser power to
control the pool temperature. Cao et al.”>~ proposed a control-oriented multiple-input multiple-
output (MIMO) model. Laser power and scanning speed are taken as inputs to capture coupling
dynamics, and deposition height and molten pool temperature are taken as outputs. Many differ-
ent types of literature on direct control are available in Refs. 10, 52, and 96-99.

Unlike direct control, indirect control needs to establish the relationship between monitoring
signatures and concerning characteristics. Several characteristics that are difficult to be moni-
tored, such as dilution rate, are usually controlled by indirect control. Generally, dilution rate can
be controlled by adjusting the width® or temperature®® of the molten pool according to the cal-
culation models. Chakraborty and Dutta®® proposed a simple linear regression model based on
the energy balance method for dilution rate control. Moreover, the shape of the molten pool can
be indirectly reflected by the specific isotherm according to Planck’s law because the contour of
the molten pool is determined by the melting point of materials. Ding et al.’> obtained the image
of the molten pool using an IR imaging device and determined the isotherm corresponding to the
contour of the molten pool in the IR image. A uniform pool size was obtained during LDED by
adjusting the power. Furthermore, Devesse et al.>!#>1%%1%1 proposed an isotherm migration
method to track the isotherm of a workpiece and established a dynamic control system based
on the physical model. Then, the width of the molten pool was controlled by adjusting the power
according to the isotherm.

4.3 Geometric Accuracy, Defects, and Microstructure Control

The purposes of adaptive control include improving geometric accuracy, reducing defects, and
improving microstructure. Generally, control of geometric accuracy is the most common, intui-
tive method, and much research has provided references. Qi et al.%> proposed an accurate quad-
ratic regression transfer function to obtain a stable width by changing the laser power or scanning
speed. Miyagi et al.>' developed an adaptive shape control system, which consists of a process
monitoring system and a PID controller. In this system, the deposited shape is successfully con-
trolled as required using the profile accuracy of the deposited layers. Moreover, distortion must
be suppressed in the process to ensure the geometric accuracy of parts. In LDED, thermal stress
caused by a complex temperature field is one of the most important factors leading to distortion,
and many studies have been conducted to suppress distortion by decreasing the laser power or
increasing the scanning speed. Heigel et al.'”” proposed a new metric, cladding heat, which
provides a new direction for distortion control. The formula for cladding heat is as follows:'%*

Ph
clad heat = —, 4)
v

where P is the laser power, £ is the overlap spacing, and v is the scanning speed. In addition to
laser power and scanning speed, they also considered the effect of overlap rate on the thermal
distortion. Preheating and scanning paths are also effective methods to suppress distortion.
Normally, cracks and uneven pore distribution are common defects in LDED. If these defects
cannot be effectively suppressed, they may lead to part failure or low part performance. Chen
et al.* investigated the mechanism of cracks in LDED and reduced the sensitivity of cracks by
reducing heat input. One team at Mississippi State University'®~'% proposed the layer-wise
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Table 3 References regarding the control of LDED.

Control objects Parameters References
Height Laser power and scanning speed 92-95, 99, and 111
Feeding rate 112 and 113
Scanning speed 16, 17, and 114
Width Laser power and scanning speed 65
Spot diameter and laser power 92 and 111
Pool size Laser power and scanning speed 93-95 and 99
Laser speed 51
Shape Laser power 51
Preheating 115117
Scanning paths 118 and 119
Cracks Synchronized cooling, laser power, and scanning speed 85
Porosities Magnetic field 120
Microstructure Scanning speed 45
Laser power and scanning speed 107-109
Energy density 110
Dwell time 11

processing method of multilinear principal component analysis, which can extract low-
dimensional features of the molten pool to detect abnormalities in the process. The relation
between molten pool morphology and microstructure anomalies was established by a machine
learning framework, and the appearance of pores was predicted by a simulation model. This
work considered spatial distribution of defects and proposed correction actions based on costs.

The microstructure, which is affected by temperature signatures, is related to the properties of
the deposited parts, and the control of the microstructure can effectively reduce the complex
postprocessing. Gockel et al.'” "' determined the proportional relation between the width
of the grain and the molten pool. The size and shape of the molten pool were stable, and the
solidified structure was controlled indirectly by controlling the laser power and scanning speed.
Moreover, Zhang et al.'' controlled the shape of the beta grain in a relatively narrow processing
parameter window by adjusting the energy density. At present, several studies have proven that
effective control of the cooling rate can improve the microstructure in LDED. Farshidianfar
et al.* adjusted the scanning speed to keep the cooling rate near an ideal point and ensured
the stability of the microstructure. Akbari and Kovacevic'! obtained the empirical correlation
between the molten pool area and cooling rate, and controlled the final solidification structure
scale by maintaining the molten pool size in real time.

In the current research, most scholars have controlled geometric accuracy, but the control of
defects and microstructures is difficult; thus, the mechanical properties of parts cannot be guar-
anteed. Therefore, more attention needs to be paid to monitoring and control of defects and micro-
structure to obtain high-quality products. Table 3 shows references related to the control of LDED.

5 Discussion

The development of LDED is of great significance to solve the manufacturing bottleneck
of several complex components. However, many shortcomings remain in the current ACT of
LDED, restricting its applications.
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Compared with acquired process signatures, several important types of data, such as the
microstructure and internal defects in LDED, are difficult to obtain by online monitoring.
Meanwhile, traditional equipment is easily disturbed by the external environment. Therefore,
more advanced equipment and technologies, such as high-speed x-ray imaging, spatial-
resolution acoustic spectrum, and LIBS must be applied to obtain the key information.

The relation between composite parameters (such as line energy and mass energy) and qual-
ities remains unclear, which makes establishing an MIMO control model difficult. Therefore, a
more explicit, comprehensive relation between parameters and qualities is needed. In addition,
LDED initially achieved the manufacturing of precise, complex construction, but the control of
stress, strain, and distortion is mostly based on experience and lacks scientific guidance at
present. Establishing a large-scale, efficient simulation model of thermal, microstructure, stress,
and strain to prediction qualities effectively will be one of the most important goals.

Furthermore, the ACT of LDED has made some progress, but defects such as porosity and
cracks are difficult to overcome just by ACT. Several studies employed other auxiliary methods,
such as using external magnetic field to control internal pores'?’ and using heat treatment®>-?! or
adding alloy components®® to inhibit cracks. Moreover, adaptive control in LDED has difficulty
meeting the final industrial requirements, while the combination of AM and subtractive manu-
facturing will be an important way to solve this problem. Finally, the combination of digital twin
and LDED will be another direction of development because LDED is a full digital manufac-
turing process. Each product in LDED is a natural digital twin that contains full life cycle infor-
mation, and product quality can be continuously improved through online upgrades of process
data and optimization algorithms.

6 Conclusion

LDED is a fast, low-cost, and sustainable manufacturing technique, but the quality and repeat-
ability of parts have hindered its spread. Scholars have explored ACT in LDED to improve
the stability of parts. In recent years, obtaining monitoring signatures in LDED accurately and
timely, which promotes the development of the ACT in LDED, has been possible with the appli-
cation of advanced monitoring equipment and processing algorithms.

This paper comprehensively reviews the application of ACT in LDED from three aspects:
process monitoring; relations of process parameters, signatures, and product qualities; and adap-
tive control methods. Signatures such as geometry and temperature in the process can be
obtained by monitoring equipment. Then, qualities such as geometric accuracy and mechanical
properties can be predicted according to these signatures. Finally, product qualities will be
improved by different adaptive control methods in LDED. This paper also discusses existing
problems and development directions in the ACT of LDED and should enable researchers to
obtain a clear vision of the research status.
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