INTERNATIONAL JOURNAL OF

MACHINE TOOLS
& MANUFACTURE

DESIGN, RESEARCH AND APPLICATION

Pergamon International Journal of Machine Tools & Manufacture 43 (2003) 51-60

Sensing, modeling and control for laser-based additive
manufacturing

Dongming Hu, Radovan Kovacevic

Research Center for Advanced Manufacturing (RCAM), Southern Methodist University, 1500 International Parkway suite 100, Richardson, TX,
75081, USA

Received 25 June 2002; accepted 20 August 2002

Abstract

Laser-Based Additive Manufacturing (LBAM) is a promising manufacturing technology that can be widely applied to part prep-
aration, surface modification, and Solid Freeform Fabrication (SFF). A large number of parameters govern the LBAM process.
These parameters are sensitive to the environmental variations, and they also influence each other. This paper introduces the researc
work in RCAM on improving the performance of the LBAM process. Metal powder delivery real-time sensing and control is
studied to achieve a controllable powder delivery for fabrication of functionally graded material. A closed-loop control system
based on infrared image sensing is built for control of the heat input and size of the molten pool in the LBAM process. The closed-
loop control results show a great improvement in the geometrical accuracy of the built features. A three-dimensional finite element
model is also established to explore the thermal behavior of the molten pool in the closed-loop controlled LBAM process.

0 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Solid free form fabrication; Cladding; Image Sensing; Control; Powder delivery; Finite element modeling

1. Introduction and a more complicated cladding path can be traced
including four-dimensional and five-dimensional paths.
Building metal parts with good accuracy and mechan- By controlling the mass delivery rate of the metal pow-
ical properties for functional prototypes and products is ders from the different powder feeders, functionally
one of the primary aims of Solid Freeform Fabrication graded materials can also be produced.
(SFF). Several SFF methods have been developed to In 3D laser cladding, a large number of parameters
produce metal parts, such as 3D welding [1-3], micro govern the cladding process [13]; they are sensitive to
casting [4], selective laser sintering (SLS) [5], and pro- the environment variations and influence each other. A
cesses based on 3D laser cladding such as Laser Engindirst set of parameters is related to the equipment used:
ered Net Shaping (LENS) [6], Shape Deposit Manufac- the laser, the focusing and beam shaping optics, the
turing (SDM) [7], Directed Light Fabrication (DLF) [8], nozzle, the powder and gas delivery system, and the sub-
and Laser-Based Additive Manufacturing (LBAM) strate on a moving stage. Another group of parameters is
[9,10], and some other hybrid methods [11,12]. Com- related to the interaction zone. There are two interaction
pared to other SFF methods, processes based on 3D lasarones. One zone is the space below the nozzle exit and
cladding have several advantages. In general, laser proabove the substrate where the powder interacts with
cessing can produce relatively more accurate results withlaser. The second zone is located at the substrate surface
inducing much less heat. Because of the powder deliverywhere a molten pool is formed by the heat of the laser,
feature in 3D laser cladding, no inert-gas protection and the powder is projected into the molten pool to
chamber is required. So, a larger part can be producedadhere to the substrate. Several research pursuits have
been reported to improve the laser cladding process.
Some of the research focuses on controlling the powder
* Corresponding author. Tek:l 214 768 4865. delivery system in order to achieve a stable or control-
E-mail address: kovacevi@engr.smu.edu (R. Kovacevic). lable powder delivery [14,15], or to study the powder

0890-6955/03/$ - see front matter 2002 Elsevier Science Ltd. All rights reserved.
PIl: S0890-6955(02)00163-3



52 D. Hu, R. Kovacevic/ International Journal of Machine Tools & Manufacture 43 (2003) 51-60

stream distribution and laser-powder interaction [16,17].
Others deal with the optimization of the laser cladding
process with closed-loop control, using a CCD camera
[18-21] or a phototransistor [22] as the sensing device.
In order to obtain a robust and controllable laser depo-
sition process, modeling of the laser deposition is
required to understand the thermal behavior of the
molten pool. There are numerous research attempts
reported on the numerical modeling of the laser material
processing such as laser welding and laser cladding
[23-26].

The controllable powder delivery can greatly improve
the performance of 3D laser cladding. It provides the
feasibility to build a functionally graded material or
alloy. The key component for achieving powder delivery
control is a real-time powder delivery rate sensing and
control unit. Most commercial powder delivery systems
use continuous weight measuring for feedback. The
weight measuring method has a large time delay to achi-
eve adesired stable powder delivery rate. Some research
work provides different methods for real-time powder
delivery rate sensing, such as applying an optoelectronic
sensor [14], and increasing the weight sampling rate by
modifying the structure of the powder feeder [15], but
those works are specific to the particular powder feeders
and focus on the applications of two-dimensional surface
cladding. A study on the system for controlling of the
multiple metal/ceramics powder feeding systems is
also required.

The sensing of the molten pool to control 3D laser
cladding is of great importance. A few attempts on sens-
ing the molten pool have been reported that utilize infra-
red image as a sensing method acquired by a CCD cam-
era[18-21] or a phototransistor [22]. However, the CCD
camera or the phototransistor is usualy instaled from
one side of the nozzle. The distance between the nozzle
and the substrate is very small (<5 mm); so, the field of
view is drastically limited. The images are deformed due
to the large angle between the optical central line of the
camera and laser-nozzle setup. Also, the images acquired
from an asymmetrically installed camera vary because
of the lack of omni-directionality. A coaxial installation
of the camera has big advantages for molten pool sens-
ing [21].

Single-bead wall building is a good study case for
modeling the thermal behavior of the molten pool in the
3D laser cladding because it is a basic geometrical fea-
ture that the 3D laser cladding is capable of building,
and experiences critical processing conditions. However,
only one research work is reported on building the sin-
gle-bead wall by the 3D laser cladding process [27,28]
while the model is limited to two-dimensions without
considering the influence of the thickness of the wall.
There are some difficulties in establishing a three-dimen-
sional numerical model to simulate the process of build-
ing a single-bead wall. The thickness of the wall is ident-

ical to the width of the molten pool, which is determined
by the processing parameters (laser power, traverse velo-
city, etc) and heat balance conditions. The width of the
molten pool varies in the open-loop laser deposition pro-
cess according to the processing conditions in a complex
relationship. It is impractical to build a three-dimen-
sional humerical model with a constant wall thickness
and a predefined laser power for the 3D laser cladding
processes under different processing conditions.

In this paper, research efforts for developing Laser-
Based Additive Manufacturing (LBAM) are introduced.
Sensing and control technologies are applied to improve
the overall performance of the LBAM process for Solid
Freeform Fabrication. Real-time sensing and control of
the metal powder delivery rate is studied to achieve a
controllable powder delivery for the fabrication of func-
tionally graded materials. A closed-loop control system
is developed for heat input control in the LBAM process,
based on the infrared image sensing. The experimental
results of closed-loop controlled LBAM show a great
improvement in the geometrical accuracy of the part
being built. A three-dimensional finite element model is
also established to explore the thermal behavior of the
molten pool in closed-loop controlled LBAM process.
The complexity of the numerical modeling caused by the
variation of the molten pool can be regulated by the
closed-loop controlled LBAM process. A constant width
of the molten pool can be achieved in the closed-loop
controlled LBAM process, and a single-bead wall with
a uniform thickness can be built. It enables the establish-
ment of a simpler but more realistic numerical model
for single-bead wall building in which a constant wall
thickness can be applied. Results from the finite element
therma analysis have provided guidance for process
parameter selection in LBAM, and develop a base for
further residua stress analysis.

2. Sensing and control of powder delivery

The controllable powder delivery can greatly improve
the performance of 3D laser cladding. It provides the
feasibility to build a functionally graded material or
aloy. The key technology to implement powder delivery
control is the real-time sensing of the metal powder
delivery. Most of LBAM systems are equipped with
commercial powder delivery systems designed for a
plasma spray process in which a higher powder delivery
rate is desired. The powder feeder is equipped with an
electronic scale to continuously measure the weight of
the metal powder inside the hopper, and it uses the
change of weight as a feedback to control the powder
delivery rate. Due to the low sampling frequency of the
feedback, a steady delivery rate can only be realized if
the delivery rate is averaged in a long period of time
after the feed screw reaches a stable rotational speed. In
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a smaller time scale, fluctuations in the powder delivery
can be observed.

An optoelectronic sensor is developed to sense the
metal powder delivery rate in real-time. The sensor con-
sists of alaser diode, a photo diode, and a glass window.
The components are installed in such away that the laser
beam emitted from the laser diode passes through the
powder stream flowing inside the glass chamber and is
received by the photo diode (Fig. 1 (). The carrier gas
and the metal powder are mixed well so the powder par-
ticles distribute uniformly in the carrier gas. Because of
the diffusion, absorption, and reflection of the powder
particles to the laser beam, the laser energy received by
the photo diode decreases if the powder delivery rate
increases, which means there is higher percentage of
powder particlesin the carrier gas. The laser diode emits
a red light with a wavelength of 600-710 nm and a
power less than 500 mW. The photo diode is charac-
terized with a good linearity between the illumination
energy received by the diode and the output current that
is converted later to a voltage signa through a current
signal pick-up circuit. Fig. 1 (b) shows the setup of the
metal powder delivery rate sensor.

A group of experiments are set up to test and calibrate
the sensor. By setting the feed screw of the powder
feeder at different rotational speeds, a series of powder
delivery rates can be obtained. The feed screw runs at
the preset rotational speed for about 2 min before any
measurement is taken to ensure that a static delivery
status has been reached. The averaged powder delivery
rate is then calibrated by measuring the time period and
the weight of the powder delivered during that time per-
iod. The corresponding sensing signal from the sensor
is also acquired at 10 Hz by a data acquisition card
installed on a PC. The averaged sensor output voltage
presented in Fig. 2 exhibits a near linear relationship to
the averaged powder delivery rate in the range of 3-22
g/min. In most of LBAM applications, the powder feed
rate is below 15 g/min. In such a range, the sensor pro-
vides a good sensing and feedback feature for the further
control of the metal powder delivery rate. The sensing
signal of the powder delivery rate from the developed
sensor is utilized as a feedback to control the rotational
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Fig. 1. Powder delivery rate sensor. () Schematic of the powder
delivery rate sensor. (b) Setup of the powder delivery rate sensor.
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Fig. 2. Output performance of the powder delivery rate sensor.

speed of the feed screw. The real time sensing at a higher
sampling freguency provides the powder feeder with a
feasibility of a more uniform and controllable powder
delivery. A precise delivery of the functionally graded
material can also be implemented based on the powder
delivery sensing and simultaneously controlling multi
powder feeders.

A new embedded powder controller is developed. As
a standalone controller, the powder feeder controller
acquires the weight of the whole powder feeder from the
electronic weight scale through the RS232 connection,
and reads the powder delivery rate from the optoelec-
tronic sensor through an A/D converter. The motor speed
is controlled based on the feedback from the weight scale
and the optoelectronic sensor; so, a stable powder deliv-
ery rate can be reached. Several controllers can be linked
to the central control PC computer through Ethernet or
R$485 seria connections to form a control system for
controlling multiple powder feeding systems. Each con-
troller controls one powder feeder. A system control
software supports TCP/IP, and seria port communi-
cation protocols are running on the central PC. Sending
the commands through Ethernet or RS485 serial connec-
tions, the desired delivery rate of each kind of powder
is controlled by the central PC in real time. Up to four
powder feeders can be controlled simultaneously by the
central PC. Functionally graded material can be fabri-
cated by synchronizing the motion, laser operating para-
meters, and powder delivery rates according to the
design of the material. Fig. 3 shows the schematic and
real setup of multiple powder feeding systems.

3. Control the molten pool based on infrared image
sensing

A coaxiad infrared image sensing setup with respect
to the metal powder delivery nozzle has been devel oped.
Asshown in Fig. 4 (a), the laser head consists of a partial
reflective mirror and lens set. The Nd: YAG laser beam
inducted by the optical fiber is reflected from the partia
reflective mirror, and it is focused on the substrate by
the set of lenses arranged in the laser head. The optical
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Fig. 3. Multiple powder feeding system. () Schematic of multiple
powder feeding system. (b) Newly designed powder feeder and con-
troller. (c) Part built by multiple powder feeding systems.

part of the laser head forms another optical path for the
observation of the laser processing. A high frame-rate
(up to 800 frames/s) camera installed at the top of the
laser head takes gray images with a 128 x 128 resol-
ution. The radiation from the molten pool produced by
the laser beam passes through the partia reflective mir-
ror and forms an image on the CCD chip of the camera.
A Nd: YAG laser blocker (1.06 um) is utilized to protect
the camera from laser damage. An iris is used to adjust
the intensity of the radiation received by the camera to
prevent over exposure. In order to get the infrared image
of the molten pool to reduce the high intensity light from
the molten pool and eliminate the image noise from the
metal powder, an infrared filter is selected ( > 700 nm)
and installed between the iris and the camera. During
the LBAM process, the camera acquires images of the
build up process at a constant frame rate. Images are
transferred to a frame grabber installed on a PC that car-
ries out the image processing and control process. The
real setup of the infrared image acquisition system is
shown in Fig. 4 (b).

Fig. 5 (a) provides the origina infrared image
acquired by the coaxialy installed camera. Because the
observation is directly from the top of the molten pool,
a full field of view of the molten pool can be acquired
without any blocking. With a right combination of the
Nd: YAG filter and the IR filter as well as aright adjust-
ment of the iris, a clear image of the molten pool and
the surrounding thermal area can be obtained without the
noise from the metal powder. The radiation wavelength
received by the camera is between 0.7 and 1.06 um. The
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Fig. 4. Infrared image acquisition system. () Schematic. (b) Experi-
mental setup.
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Fig. 5. Infrared image acquired. (a) Origina infrared image. (b) Grey
level isotherms.

infrared images acquired reflect the temperature distri-
bution in the molten pool and surrounding area.

Fig. 5 (b) shows the grey level isotherms of the infra-
red image that indicate the temperature distribution in
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the molten pool and surrounding area. In order to deter-
mine the grey level value corresponding to the liquid-
solid transient edge of the molten pool in the infrared
image, an ultra-high shutter speed camera with a pulsed
nitrogen laser is installed on the side of the laser head.
The powder delivery nozzle is removed to provide suf-
ficient installation space and to ensure an undisturbed
view under the Nd: YAG laser head for the high shutter
speed camera. Calibrations to the physical dimensions
for both of the cameras are accomplished first by taking
images of a referenced target. Then, the ordinary and
infrared images of the molten pool are acquired simul-
taneoudly by synchronizing the two cameras while the
Nd: YAG laser is projected on the moving substrate. The
pulsating nitrogen laser emits light with the wavelength
of 337 nm to provide an illumination in the laser pro-
cessing area for the high shutter speed camera. A notch
filter of 337 nm is aso instaled inside the high-speed
shutter camera that alows light to pass with a wave-
length only around 337 nm. The pulsating illumination
synchronized with the high-speed shutter on the camera
suppresses the intensive light from the molten pool, and
ensures the successful acquisition of clear images of the
molten pool. The ordinary images acquired from the
high-speed shutter camera are processed with a Canny
edge detector to find the edge of the molten pool [19].
By mapping the position of the edge of the molten pool
from the ordinary image to the corresponding infrared
image through a coordinate transformation, it is determ-
ined that agrey level of 70 represents with enough accu-
racy the transition between the molten pool and the sur-
rounding solid.

The LBAM system comprises four subsystems: a 1-
KW Nd:YAG laser source, a metal powder delivery sys-
tem, a 3-axis positioning system, and an infrared image
acquisition system. The 3D metal part is produced layer
by layer by synchronizing the X-Y-Z motion, the
Nd:YAG laser, and the injection of metal powder. The
infrared image acquisition system takes the images of the
molten pool in real time and cal cul ates the dimensions of
its area. It compares the recorded information to the pre-
set value and creates a feedback control value to modify
the output of laser source. In this way, a stable molten
pooal or its corresponding thermal filed area with desired
dimensionsis obtained, and thusit is possible to produce
stable and repetitive layers if a stable powder flow rate
is ensured. A simple PID controller is applied to build
the closed-loop control system. Because of the existence
of some‘lag’ (less than 100 ms) in laser-computer paral-
lel port communication, a feed forward compensation is
also introduced for control of the molten pool area.

Two single-bead walls are built respectively by an
open loop and closed-loop controlled LBAM process to
compare the processing results. The nozzle moves along
the positive direction of the X axis first to build one
layer, moves up for a small increment along the Z axis

after the layer is built up, and then moves back along
the negative direction of the X axis for the next layer's
deposition. The threshold for counting the area of the
molten pool in the number of pixelsis set to 70 indicat-
ing the grey level of the edge of the molten pool. The
images are recorded continuously with an image-pro-
cessing rate of 15 frames/sec during the wall building.
The substrate material utilized in the experimentsis mild
steel, and the metal powder is an H13 tool steel powder
with a + 100/—325 mesh size. The powder delivery
rate is kept constant.

A 50-layered single-bead wall is built first by the
uncontrolled LBAM process. The processing parameters
utilized in the experiment are a 5-mm/s scanning speed,
a 4 g/min powder delivery rate, a 0.25-mm Z-height
increment, and a 420-W constant laser power. Fig. 6
shows the signal of the molten pool area valued in the
number of pixels greater than the preset threshold. The
number of frames can be regarded as the processing time
due to the constant image acquisition rate. Each pulse
in Fig. 6 represents one cladded layer. Fig. 6 (a) displays
the signal of the whole process from which the overall
variation trend can be observed. The zoomed-in signal
for two selected layersis given in Fig. 6 (b). This signal
provides the information for the variation of the molten
pool area aong one cladded layer. The finished part is
shown in Fig. 6 (c).

The uncontrolled LBAM is affected by the changes
in the heat loss. At the beginning of the wall building
due to the large heat conduction of the substrate, the
created beads are narrower. As the wall grows up, there
is less heat conduction along the built wall, and the bead
becomes wider until it reaches a new equilibrium value.
From the cross-section of the wall shown in Fig. 6 (c),
it can be seen that the root of the wall is narrower than
the upper part of the wall. It can also be observed from
Fig. 6 (a), that the pixel number of the molten pool area
is 4000 for the first layer, and it gradually increases to
around 10,000. The molten pool area aso changes along
one cladded bead. The two ends of the bead have less
time to cool down than the middle segment of the bead.
So, without laser power control, the two ends of the bead
can reach a higher temperature reflected by the peak of
molten pool area shown in Fig. 6 (b). The higher tem-
perature results in more powder melting and cladding,
and causes the higher build up at both ends of the wall
that can be seen in Fig. 6 (c). It is a very common situ-
ation in 3D laser cladding that heat loss varies according
to the part’s geometric features and scanning paths. So
without a closed-loop control, LBAM cannot provide a
uniform geometry of the built layers.

A closed-loop controlled LBAM is carried out using
the same processing parameters to build a 60-layered
single-bead wall in order to test the performance of the
developed control system. The reference value of the
molten pool area is set to 5000. The molten pool area,
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Fig. 6. Experimenta results by open-loop LBAM. (a) Molten pool
area signa of fifty layers. (b) Molten pool area signal of two layers.
(c) Single-bead wall built.

laser power control signals and the built part are
presented in Fig. 7. The closed-loop controlled LBAM
system shows a very good performance. As shown in
Fig. 7 (), the molten pool area is controlled around the
reference value during the wall building process. The
laser power is decreased from 80 to about 60% to keep
the molten pool area constant (Fig. 7 (b)). In one single-
bead cladding process, the increase of the molten pool
area at the both ends of the bead indicates the higher
temperature is reduced due to the action of the closed-
loop control. The built wall shown in Fig. 7 (d) is charac-
terized by a uniform thickness. There are no build-ups
at the end of the wall. From the cross-section of the wall,
it can be seen that the width of the wall is constant.
To further compare the processing results, single-bead
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Fig. 7. Experimenta results by closed-loop controlled LBAM. (a)
Molten pool area signal of sixty layers. (b) Laser power control signal
for sixty layers. (c) Molten pool area and laser control signal for two
layers. (d) Single-bead wall built.

walls are built under the following three processing con-
ditions [9]. The first type of sample is built with no pre-
heating to the substrate and no closed-loop control of
the heat input. The second type of sample is built with
pre-heating but no control, and the third type of wall is
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built utilizing the closed-loop control function without
preheating. The average width of the wall W, is calcu-
lated by averaging the ten width measurements taken at
ten evenly spaced heights from the substrate surface.
W, in means the minimum width of the wall that nor-
mally corresponds to the root of the wall. A geometrical
variation coefficient n is introduced to express the width
variation of each wall sample that is calculated by the
following formula:

Wd_Wmin

W] x 100% )

The geometrical change of the walls as a function of
laser power is shown in Fig. 8. When no heat input con-
trol is applied, a preheating procedure contributes to the
improvement of the geometrical accuracy of the wall,
especially when the laser power is less than 500 W. With
an increase of laser power, the influence of preheating
becomes | ess important because a higher laser power can
compensate the heat loss for the different thermal con-
ditions. It can also be observed that under all laser power
levels, the geometrical variation of the cross sections of
the built walls with a heat input control is much lower
than those without control. When the laser power is
below 400 W, there is nearly no width variation along
the wall height if a control function is applied. Even
a higher laser power levels, the geometrical accuracy
gradually goes down but still is still much higher than
a wall built without a control function. More complex
3D parts are built by the closed-loop controlled LBAM
process (Fig. 9). The parts show sufficient geometrical
accuracies.

Fig. 9. Samples built by closed-loop controlled LBAM process.

4. Finite element modeling of thermal behavior of
molten pool

The complexity in numerical modeling cased by the
variation of the molten pool can be regulated by the
closed-loop controlled LBAM process. A constant width
of the molten pool can be achieved in the LBAM pro-
cess, and a single-bead wall with a uniform thickness
can be built. The closed-loop controlled LBAM enables
the establishment of a simpler but more realistic numeri-
cal model for single-bead wall building in which a con-
stant wall thickness can be applied. A three-dimensional
finite element model is devel oped using ANSY S to study
the thermal behavior of the molten pool in building a
single-bead wall via a closed-loop controlled LBAM
process. The building process of one layer on top of the
single-bead wall with a certain height h is simulated. The
model of the single-bead wall has a constant thickness
w. The input laser power is varied to ensure the width
of the molten pool is identical to the thickness of the
wall during the deposition process. The temperature dis-
tribution, geometrical feature of the molten pool, and
cooling rate for different process conditions are investi-
gated.

A numerical simulation is carried out to anayze the
therma behavior of the closed-loop controlled LBAM
process. Fig. 10 shows the results of the simulation of
one layer building that applies the following processing
parameters. v = 5mm/s, w = 1 mm, h = 10 mm, and
L = 40 mm. The laser power parameter in Fig. 10 is
proportional to the laser output power and is adjusted
according to the shape of the molten pool. By varying
the laser power, the maximum temperature on the wall
edge is controlled around the melting point; so, the width
of the molten pool identical to the width of the wall can
be obtained. In the simulation, the maximum tempera-
ture on the wall edge is controlled in the range of 1785—
1788 K. The shape of the molten pool and fusion depth
are kept constant during the layer building by closed-
loop controlled LBAM; athough, the cooling condition
varies due to the geometrical feature of the single-bead
wall. In the simulation of building one layer, the cooling
condition changes at the two ends of the wall. During
the wall building process, the cooling condition varies
with the height of the wall, substrate temperature, etc.

The average temperature in the laser-material interac-
tion zone contributes to the thermal residual stresses. The
cooling rate at the edge of the molten pool determines
the microstructure. The fusion depth determines the
depth of the dilution of one layer into the other. These
concerned thermal behaviors of the molten pool are not
easily determined experimentally but can be analyzed
from the numerical simulation result. Fig. 11 (a) gives
the average temperature in the processing zone (the
molten pool and the surrounding area) and the average
cooling rate on the edge of the molten pool from the
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Fig. 10. Simulation results for building one layer by closed-loop controlled LBAM.

same simulation result shown in Fig. 10. Although the
cooling rate on the edge of the molten pool is much less
than the cooling rate of solidification because the time
interval is 0.2 s for each calculation, it reflects the quali-
tative trends of the cooling rate of solidification. The
corresponding results from the simulation of an uncon-
trolled LBAM is also presented for comparison. The
curvesin Fig. 11 (a) show that a controlled LBAM achi-
eves a more stable average temperature, which predicts
even thermal residual stresses. The cooling rate is heav-
ily influenced by the cooling conditions (in this case, the
heat conduction in different positions). However, it can
be regulated in a smaller range by controlling the heat
input. Such an improvement results in more uniform
microstructures.

Different combinations of the traverse velocity and
width of the wall are applied in different simulations to
investigate the influences brought about by the pro-
cessing parameters. Fig. 11 provides a comparison of
simulated and experimental results. It can be seen from
the figure that as the width of the molten pool increases,
the depth and length of the molten pool, and average
temperature in the processing zone increase. For the pro-
cess in which the width of the molten pooal is kept con-
stant, the traverse velocity contributes little to the vari-

ations of the geometrical features of the molten pool and
the average temperature in the processing zone. The
average cooling rate is influenced significantly by the
traverse velocity. A roughly proportiona relationship
can be found between the traverse velocity and the aver-
age cooling rate. Although the average cooling rate
decreases as the width of the molten pool increases, the
variation is only considerable when the traverse velocity
is high. It can be concluded that the fusion depth and
the average temperature in the processing zone can be
regulated effectively by controlling the width of the
molten pool; whereas, the desired average cooling rate
can be reached by changing the traverse velacity. When-
ever a constant width of the molten pool is achieved,
constant geometrical features of the molten pool are
obtained; so, controlling the area of the molten pool
takes the same effort as controlling the width of the
molten pool.

5. Conclusions
An optoelectronic sensor is developed that is capable

of sensing the powder delivery ratein real time at a high
sampling frequency. The sensing signal has a good lin-
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Fig. 11. Simulation results in building a single-bean wall. (a) Aver-
age temperature and cooling rate in one building layer. (b) Depth of
molten pool under different processing conditions. (c) Length of the
molten pool under different processing conditions. (d) Average tem-
perature and cooling rate under different processing conditions.

earity with the averaged powder delivery rate. The suc-
cessfully developed powder delivery sensor is a base for
further study on the powder delivery control that ulti-
mately will lead towards a precise functionally graded
material delivery. Infrared image sensing is an efficient
sensing method to improve the performance of LBAM.
The coaxial installation of the camera ensures that the
clear infrared images of the molten pool and its sur-
rounding thermal area can be acquired easily with a short
nozzle-substrate distance and different scanning direc-
tions. The infrared image can eliminate the image noise
caused by the metal powder and is easy to be processed
in real-time. The image reflects the temperature infor-
mation that is a significant parameter affecting the clad-
ding result. The closed-loop controlled LBAM based on
infrared image sensing can overcome the effect of the
therma variation and, thus, achieve a consistent pro-
cessing quality. A three-dimensiona finite element
model is developed successfully using ANSY S to study
the thermal behavior of the molten pool in a building
single-bead wall via a closed-loop controlled LBAM
process. The temperature distribution, geometrical fea-
ture of the molten pool, and cooling rate in different pro-
cess conditions are investigated. The results from the
finite element thermal analysis provide a guidance for
the process parameter selection in LBAM, and develop
a base for further residual stress analysis.
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