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HIGHLIGHTS

® In-process monitoring of melt pool cross sectional geometry in a high rate deposition laser direct energy deposition process.

® In-process monitoring of material solidification grain growth directions.
® These have been verified by experiments with over 90% accuracy.

ARTICLE INFO ABSTRACT

Understanding the behaviour of melt pool during laser directed energy deposition (L-DED) is essential for the
prediction and control of process quality. Previous effort was focused on the observation of melt pool surface
characteristics. In this paper, a coaxial imaging system was employed to determine the melt pool cross sectional
geometry and to predict solidified grain orientation during a high deposition rate L-DED process. The image
processing procedure, deposition track cross-sectional profile prediction and the relationship between melt pool
shape and melt pool dynamics, and grain growth orientation were investigated. Results show that sharp melt
pool edges can be obtained so that melt pool width can be predicted with an accuracy of more than 95%. The
estimation method of melt pool length has an accuracy of 90%. With the experimental melt pool width and depth
data, the cross-sectional profiles of deposited track are predicted at an accuracy of 92% and a good match with
experimental data is obtained. The melt pool formation is found to be able to allow the prediction of crystal
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growth directions during solidification.

1. Introduction

Laser directed energy deposition (L-DED) is a near net shape ad-
ditive manufacturing process that fabricates three-dimensional parts
layer-by-layer. This technique utilises a laser beam to generate a melt
pool on the substrate or the previously formed layer and simultaneously
melts the feedstock material which is being delivered into the melt pool
in the form of a power stream or wire, either coaxially to the laser beam
or off-axis. Typical applications of L-DED include surface cladding,
additive manufacturing and repair of metallic components. Many stu-
dies have been carried out on L-DED process including the influence of
the processing parameters on deposited track geometry and the elim-
ination of defects, as well as the microstructural characteristics and
properties of the deposited layers or additive manufactured parts.

To achieve a higher deposition rate and higher powder utilisation
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efficiency, some previous investigations on high deposition rate laser
directed energy deposition (HDR-L-DED) technique have been carried
out. To increase the material deposition rate, higher energy input is
required. Tuominen et al. [1] used a 15 kW fibre laser to clad Inconel
625 with a powder deposition rate of 15.6 kg/h. A number of efforts
have been made to integrate additional heat sources including electric
arc or induction heating in laser cladding processes to increase the heat
input for melting filler materials. Zeng et al. [2,3] combined laser
cladding and induction heating to increase the heat input, in a laser
induction hybrid cladding (LIHC) process to increase the deposition
rate. At a powder feed rate of 75.6 g/min (mixed NiCrBSi and WC
powder), a laser scanning speed of 2200 mm/min was achieved [4].
It should be noted that the powder utilisation efficiency in the
studies introduced above was in the range of 60-80%. Therefore, there
is room to increase powder utilisation efficiency to achieve higher
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effective deposition rates and less material waste. Researchers from
Fraunhofer ILT developed an HDR-L-DED process with a powder utili-
sation efficiency of more than 90%, and the laser scanning speed was
increased to 200 m/min by injecting the powder steam into the laser
beam and melt them before they reached the substrate surface [5]. The
principle was to increase the interaction time between powder stream
and laser beam so that a higher temperature of powder particles could
be obtained, making the powder particles more easily caught by the
melt pool. Zhong et al. [6-8] investigated an HDR-L-DED process for
the applications of cladding and additive manufacturing of IN718.
Their studies included the influences of the processing parameters on
the defect formation in the deposited layers [8], the relationship be-
tween powder stream characteristic and deposition quality [6], as well
as the solidified material microstructure and properties [7,9]. Schop-
phoven et al. [5] optimised the process parameters of ultra-high-speed
L-DED as a new coating technology. Their result showed that ultra-
high-speed L-DED had the potential to be an alternative to hard chrome
plating and thermal spraying for the application of wear and corrosion-
resistant coating. However, the studies of using HDR-L-DED as an ad-
ditive manufacturing process for multiple layer material deposition are
few. In L-DED processes, the geometry of deposited track is an essential
factor that affects the manufacturing resolution and the process para-
meters for multi-track or multi-layer deposition, including overlap
distance and powder delivery nozzle to workpiece stand-off distance. A
number of analytical models for both single track and multi-track de-
position have been established to describe the track cross-sectional
profile. They were conducted based on the track size measured after the
deposition, which was not an online process. However, during the metal
deposition, the track geometry is not uniform due to the heat accu-
mulation or process fluctuation [10]. Calculating the track shape in
real-time may help adjust the overlap distance or stand-off distance in
real-time.

Compared with conventional L-DED processes, more heat accumu-
lation and larger melt pool volume are generated in an HDR-L-DED
process, resulting in lower manufacturing resolution and more un-
evenness. For additive manufactured components, especially those with
large size or complex geometry, the issues of heat accumulation and
process fluctuation will significantly influence the performance. As
more molten materials are deposited, the influence of the added ma-
terial on the melt pool dynamics is more significant. Accordingly, it is
essential to monitor and control the process stability in HDR-L-DED
processes. The most commonly monitored melt pool-related features
during the L-DED processes are temperature and the dimensions.

For the temperature measurement, pyrometry and thermal imaging
are usually applied. Bi et al. [11,12] presented a temperature-based
process control method for an L-DED process. Since this work aimed to
develop a closed-loop process control. Salehi and Brandt [13] used a
two-colour pyrometer to measure the absolute temperature of the melt
pool in the range of 800-2500 °C. Tang and Landers [14] developed an
online melt pool temperature control process for L-DED. An IR py-
rometer (Mikron Infrared MI-GA 5-LO) with a measurement range of
400-2500 °C was mounted on the powder feed nozzle to measure the
melt pool temperature. Song and Mazumder [15] developed a pyro-
metry-based feedback control of the melt pool temperature during laser
cladding processes. By integrating off-axial CCD cameras into this
feedback control process, both the melt pool temperature and the clad
height could be monitored and controlled [16]. Nassar et al. [17] de-
veloped an temperature-based intra-layer closed-loop control system
for L-DED processes. A single-wavelength pyrometer was applied to
measure the average temperature in a 4.5 mm diameter spot around the
melt pool. Griffith et al. [18]. Investigated the thermal behaviour in the
Laser Engineered Net Shaping (LENS) process with thermal imaging. A
high-speed off-axial camera was applied to monitor the lateral view of
the melt pool, and the temperature was obtained using a standard
pyrometric technique. Wang et al. [19] developed a monitoring system
to investigate the thermal process of LENS of stainless steel 410. A Si-

Optics and Laser Technology 129 (2020) 106280

based digital off-axial CCD camera was used to capture the side view of
the melt pool, while a two-wavelength imaging pyrometer tracked the
temperature at a dynamic range from 1450 °C to 1860 °C. Liu et al. [20]
developed an optical monitoring process of high power laser cladding.
A pyrometer with a temperature range from 470 °C to 3000 °C was
applied to measure the temperature of the melt pool. An IR-camera
(FLIR Thermovision A40) was used to record the melt pool temperature
distribution. Khanzadeh et al. [21,22] carried out an investigation on
predicting the porosity distribution in L-DED products. Muvvala et al.
[23] investigated the thermal cycles with a pyrometer-based tempera-
ture measurement process in laser cladding of IN718, and a correlation
between the thermal behaviour and the microstructure was established.

Vision-based monitoring processes have been developed to measure
the melt pool dimensions. Hu and Kovacevic [24] developed a coaxial
infrared (IR)-image sensing setup to monitor the melt pool during an L-
DED process. An IR filter was mounted on a high-speed CCD camera,
and the radiation wavelength of 700-1060 nm was received. The melt
pool was identified based on the grey level distribution. Hofman [25]
develop a coaxial camera-based melt pool monitoring system for laser
cladding. A monochrome CMOS camera (PixeLINK PL-A741) was ap-
plied to measure the melt pool dimensions in real-time. Further, a
feedback control was implemented based on the transient melt pool
width. Ocylok et al. [26] studied the influence of the processing para-
meters on the melt pool geometry during L-DED by coaxial melt pool
monitoring. A CMOS-camera was installed coaxially and recorded the
back reflection of the melt pool. A sensing and control system was
developed by Ding et al. [27] for a robotised L-DED process, where a
coaxial CCD-camera was used to monitor the melt pool. The shape and
the size of the melt pool was monitored to evaluate the process stability.
Similar vision-based coaxial melt pool monitoring system was also re-
ported by Vandone et al. [28]. High-speed cameras were also applied to
analyse the melt pool dynamics in L-DED processes. Abe et al. [29] used
an off-axial high-speed camera with a frame rate of 500 fps to in-
vestigate the track formation and the molten powder behaviour in a
laser cladding process. Haley et al. [30] investigated the powder-melt
pool impact in L-DED process. Four high-speed cameras (Photron SA-Z,
Phantom V2512, Shimadzu HPV-2 and iX i-SPEED 720) were used to
record the melt pool and powder flow field at a frames rate from 10 to
200 kHz. The powder-injection caused ripple on the melt pool surface
was observed, as well as the floating particles. Wirth et al. [31] de-
veloped a coaxial monitoring system based on a high-speed camera
(Vision Research Phantom v12.1) with a frame rate of 40,000-67,000
fps. By tracking the floating particles on the melt pool surface, the flow
velocity field on the melt poo surface was reproduced.

For the vision-based monitoring system, the camera can be installed
coaxially or off-axially to the laser beam. With an off-axial setup, the
captured melt pool images are affected by the angle between the
camera and the deposition direction. With a deposition pattern where
the melt pool movement direction is not fixed, the angle between the
camera and the deposition direction is changed. Hence, the image
processing is more complicated. Meanwhile, the melt pool edge may be
blocked by the already deposited track in the lateral view [32]. Al-
though the use of multiple cameras can avoid this blocking effect
[33,34], the cost and the complexity of the monitoring system are in-
creased. On the other hand, only the top surface can be captured by the
coaxial camera, and hence the track height cannot be obtained.

Despite various effort in the use of coaxial cameras for the mon-
itoring of L-DED processes, little is known on the relationship between
the observed images and the cross sectional profiles of the melt pool or
the microstructural behaviour of solidified deposition. Furthermore, no
reported work is seen on the coaxial visual inspection of HDR-L-DED
processes.

In this paper, we show a coaxial in-situ imaging system for a high
deposition rate L-DED process and a method to predict the cross-sec-
tional profiles of both single track and multi-track deposition in real-
time. Melt pool dynamics and relationship between melt pool
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characteristic with material solidification grain growth properties are
discussed. For the HDR-L-DED process which has a larger melt pool, a
melt pool boundary fitting process is applied to estimate the melt pool
size.

2. Experimental material and procedure
2.1. Experimental setup

Experiments were carried out using a coaxial HDR-L-DED imaging
system through the deposition nozzle, with an IPG YLS-16000 con-
tinuous wave fibre laser having a maximum output power of 16 kW.
The laser beam was delivered through an optical fibre with a core
diameter of 300 um and emitted from the end of the fibre. A lens col-
limated the beam with a 150 mm focal length was focused through a
lens with a 400 mm focal length. The measured focus spot diameter was
0.8 mm. In this study, a defocused laser beam was set to obtain a large
laser spot size. A deposition head (PRECITEC 0260) with a concentric
powder feeding nozzle was connected to the laser head. The laser head
with the deposition head was mounted on a 6-axis KUKA robot. The
powder was delivered to the deposition head with a SULZER METCO
TWIN 10-C powder feeder. Before the deposition process, the powder
feed rate under different powder delivery parameters was measured.
The deposition nozzle is shown in Fig. 1(a). Fig. 1(b-d) presents the
transient powder stream and relative powder stream intensity dis-
tribution (Powder feed rate: 24 g/min, Carrier gas flow rate: 6 L/min).

Stainless steel (SS) 316L powder (from Hogands Belgium) was ap-
plied as the deposition material in this study. The powders were
spherical with a diameter range from 50 um to 150 pm. The substrates
used in this study were SS 316L flat sheets in a dimension of
100 mm X 100 mm X 10 mm. Before the deposition, the powder was
dried in a vacuum drying cabinet at 120 °C for two hours. The para-
meters used in this experiment are listed in Table 1. The camera focus
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Table 1

Processing parameters applied in this study.
Parameter
Laser power (LP) 3.5 kW
Travel speed (TS) 10 mm/s
Powder feed rate (PFR) 24 g/min
Carrier Ar gas flow rate 6 L/min

Laser spot diameter (D) 5 mm
Stand-off distance (D,) 11 mm

position affects the imaging quality. With different deposition para-
meters, although the height of the melt pool may vary, the melt pool
edge is always on the substrate or the surface of previously deposited
layer. Therefore, in this study, the camera was focused on the substrate
or previously deposited layer, so that the boundary of the melt pool
could be clearly observed even the melt pool dimension is different.

Specimens, after the laser deposition, were cross-sectioned using
electrical discharge machining (EDM). After grinding, polishing and
electrolytic etching (5 V in 10% oxalic acid solution), the cross-sections
of single track and multi-track were examined with a digital microscope
(Keyence VHX-5000).

2.2. Acquisition and processing of melt pool transient images

A Phantom Miro 4 camera was applied to observe the melt pool
during the deposition process. Both coaxial and off-axial cameras were
installed in this study, as illustrated in Fig. 2(a, b). For the off-axial
installation of the camera, an illumination laser source (from Oxford
Lasers Ltd) was used to provide lighting for the high-speed imaging and
a bandpass filter (from Edmund Optics) was mounted on the camera to
filter off the interference light. With the off-axial configuration, the
whole area of the melt pool was observed, as shown in Fig. 2(c). With
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Fig. 1. The laser deposition head and powder stream intensity: (a) the set up for the off-axial camera; (b) the set up for the coaxial camera; (c) side view of the powder
stream; (d) the transverse powder stream intensity; (e) the cross-sectional powder stream intensity and (f) the coaxial camera visual field.
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Fig. 2. Schematic setup of the imaging system: (a) coaxial camera installation; (b) off-axial camera installation; (c) melt pool morphology observed using off-axial
imaging system; (d) illustration of laser beam and powder stream at processing area; (e) size of vision area through powder feeding nozzle.

the off-axially observed melt pool, the real length (L) of the melt pool
can be calculated as

L= L - H_.cosf3

B sinf (@)
where L’ is the measured melt pool length on the image, H, is the de-
posited track height and f is the angle between the camera lens and
deposition direction. As shown in Fig. 2(d), laser defocus position was
applied to obtain a processing area with a diameter (D, = 5 mm)
slightly larger than the powder stream converge diameter (around
4.5 mm). As the camera was mounted on the laser head for either
coaxial or off-axial configuration, the motions of the camera and the
processing position were synchronous. In the off-axial configuration,
the camera was installed in front of the deposition head, as is illustrated
in Fig. 1(a).

The camera installed coaxially to the laser beam was used to ob-
serve the processing area through the deposition nozzle central axis.
The diameter of the vision area through the coaxial camera was around
13.5 mm (see Fig. 2(e)). By adjusting the focus position, aperture size
and exposure time of the camera, the amount of the light that reached
the camera was controlled. In this study, the camera focus position was
adjusted at the processing plane, small aperture size and medium ex-
posure time were selected to prevent overexposure of melt pool. Table 2
presents the parameters for melt pool imaging.

A captured melt pool image is shown in Fig. 3(a). As shown in
Fig. 3(b), gamma correction was applied to enhance the greyscale
gradient in the dark area on the melt pool snapshots, which is described
in the following equation [35],

Gour = AGJ: 2)

where G, and Gj, are the output and input greyscale of a pixel, re-
spectively, y is the power of the correction and A is a constant. The
effect of the gamma correction (y = 0.3, A = 1) is shown in Fig. 3(b). A
correction method was employed to remove the noise attributed from

Table 2
The parameters for melt pool imaging.

Parameter Value & unit
coaxial Exposure time 30 us
Frames per second 100
Off-axial Camera lens-powder nozzle 320 mm
distance
The angle between the camera 30°
lens and deposition direction
Exposure time 150 us
Frames per second 100
Illumination laser source (for ~ Pulse duration 10 ps
off-axial imaging) Emitted wavelength 808 nm
Bandpass filter bandwidth 810 + 10 nm
spatters, as expresses as:
G = Gin, ifGin — Gy < Gr
out — ..
Gy, ifGin — Gy = Gr 3

where Gy, is the median greyscale of the pixels in the surrounding area
of a noise pixel and Gt is a threshold greyscale difference to detect the
noise pixels. In this study, the points within the distance of 10 pixels to
the noise pixel were identified as the surrounding points and G was set
as 0. The effect of noise removal can be seen in Fig. 3(c). After the noise
removal, the contrast of the melt pool was enhanced as is shown in
Fig. 3(d). Then we used a fixed threshold greyscale 130 to find the melt
pool, and the outermost melt pool pixels were recognised as the melt
pool boundary. The extracted melt pool boundary is shown in Fig. 3(e).

Since the camera was installed coaxially with the laser beam, the
visual field was limited by the powder nozzle exit diameter (13.5 mm).
As for the deposition process, the melt pool size is larger, making it
difficult to directly measure the melt pool length, as it is well beyond
the viewing field as demonstrated in Fig. 4(a), where the green arc is
the nozzle edge which blocks the tail part of the melt pool. In order to
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deposition direction

~

Fig. 3. The melt pool boundary extraction procedure: (a) original image; (b) gamma-corrected image; (c) noise-removed image; (d) contrast-enhanced image and (e)
edge extraction of the melt pool.

Nozzle edge

5mm

Fig. 4. An illustration of melt pool outline estimation procedure: (a) partially covered melt pool morphology; (b) edge extraction; (c) pixels extraction for curve
fitting; (d) fitted melt pool shape.
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obtain the melt pool length, a curve fitting algorithm was conducted to
estimate the melt pool profile. In this study, the melt pool shape was
assumed as an ellipse, and the fitting procedure is illustrated in Fig. 4.

As shown in Fig. 4(b), the observed melt pool edge was detected,
and then part of the edge pixels located on the real melt pool boundary
(marked in red in Fig. 4(c)) was extracted to be used to fit an ellipse to
predict the profile of the sheltered part of the real the melt pool. A
coordinate was established, where the origin was the laser spot centre.
An ellipse can be expressed in the form of

Ax?* 4+ 2Bxy + Cy* + 2Dx + 2Ey + F=0 (©))

Here we used Taubin method to fit Eq. (4), and the implementation
was given by Kanatani et al. [36,37]. The relative position between the
camera and the deposition head was fixed. Thus, the position of the
nozzle edge in each frame was unchanged. Therefore, the nozzle-edge
points were predefined to be excluded from the fitting process. Fig. 4(d)
shows the predicted melt pool shape.

In this study, a program was developed with a graphical language
LabVIEW to perform the collecting and the processing of the images.
The script of the image processing was created in MATLAB and it was
invoked through the LabVIEW program. The program was run on a
laptop computer (i7-7500 CPU @2.70 GHz, 16 GB RAM). The proces-
sing time for one frame was tested as 8.12 ms (averaged over 20
frames), which was shorter than the time interval (10 ms for 100 fps) of
image acquisition.

2.3. Estimation of deposition track height based on transient melt pool size
in real-time

With the measured melt pool width, the deposit height (H,) can be
estimated in real-time. For the estimation of H,, the curve type of the
cross-sectional outline requires to be assumed. Different kinds of shapes
including parabolic [38-41], arc [42-47], sinusoidal [40] and elliptic
[48] have been used for the fitting of bead cross-sectional profile in
cladding process. Among these shapes, parabolic and arc are the most
applied. Thus, in this study, these two curves were selected for the
fitting of single-track cross-section.

By assuming the cross-sectional profile as parabolic and arc, the
area (A.) of track cross-section can be expressed by Eq. (5) for parabolic
[39] and Eq. (6) for arc [43].

2WH,
A, = ¢
¢ 3 (5)
2 2 2
AC=E(K+4 M_Hﬂ)
3°2 8 4 (6)

According to the mass conservation of filler powder, with a given
powder utilisation efficiency (E,), the track cross-section area is pre-
sented as

PFR X E,
T pxTS @)

where p is the density of filler powder material (kg/m®). By the si-
multaneous solving of Egs. (5)—(7), the track height H. can be calcu-
lated. In general, the estimation of the track cross-section shape is used
to calculate the cross-section area so that the powder utilisation effi-
ciency can be obtained. As to estimate the track height, powder utili-
sation efficiency is required to be pre-set. Deposition trials were carried
out to obtain the powder utilisation efficiency using the weighting
method [49]. The measured E, was 0.9 + 0.02, and for the calculation,
0.9 was employed as the value of Ej,.

For multi-track-single-layer deposition, the cross-section of the de-
posited layer is illustrated in Fig. 5. The newly deposited track overlaps
the previous track. Thus, the melt pool becomes partially inclined. It
results in a change of layer height. A multi-track-single-layer model was
built based on the work by Ocelik et al. [50,51]. As illustrated in Fig. 5,
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o Fn-1(x) =% Fn(x)
(n-7mth track
P'n-1 P

Fig. 5. A schematic representation of the adjacent tracks.

F,(x) indicates the function of the n-th track cross-sectional profile, W,
is the measured melt pool width and Ax is the overlap distance. Point
B,:(nAx—%, E,_1(nAx — %) donates the intersection point of the n-th

track and (n-1)-th track while P;, = (nAx + % 0) is the intersection
point of the n-th track and the substrate. Therefore, an equation set can
be built as Eq. (8). The function of track cross-sectional outline can be
obtained by solving Egs. (7) and (8) (see Fig. 5).

E,(B) = F,_1(R)
F((P)=0

Wn Wn—1
nAx+—5- (n—1)Ax——"==
A = et b= Sy © B ®

It was reported that in multi-track laser deposition, the powder
utilisation efficiency was not a constant, but increasing gradually due to
the increase of bulk substrate temperature [50,52]. Thus, a track
number dependent correction of E, was adopted as

Ey=E,+(n—1):A ©)

where n is the number of deposited track and A is a coefficient that
indicates the inclination of Ej,. In the prediction model of cross-sectional
profiles for multi-track-single-layer deposition, the substrate for the n-
th track is the (n-1)-th track and the base plate. For multi-track-multi-
layer deposition, the substrate for the predicted track is the previously
deposited track and tracks in the previous layer. Hence, by including
the area of previous layers under the integral segment, the cross-sec-
tional profile of multi-track-multi-layer can be estimated [50].

3. Results and discussion
3.1. Accuracy of the melt pool size measurement

To analyse the measurement accuracy of melt pool width based on
the imaging system, the width of the deposited track was experimen-
tally measured, and a comparison between melt pool width and track
width was made. The deposited track is slightly narrower than the melt
pool width due to the shrinkage during solidification. In this study, this
effect was minimal so that it was ignored. With given deposition
parameters and image acquisition parameters, the corresponding posi-
tion in the deposited track to an image can be located. The track widths
at different positions (see Fig. 6) were measured using the three-

S TR 245 -

Depositon direction

Fig. 6. Single deposited track and the measurement position using 3D scanning.
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Fig. 7. The comparison of measured melt pool width and track width.

dimension (3D) scanning function of Keyence VHX-5000 digital mi-
croscope. Fig. 7 presents the comparison of the melt pool width and
track width. It shows a good agreement between the melt pool width
measured from the transient melt pool image and the deposit width
measured by 3D scanning. The melt pool width started to increase after
the laser was switched on and reached a stable value after about 0.5 s.
740 frames of melt pool were captured, and 35 positions of the de-
posited track were measured for validation. The standard deviation of
the in-process measurement, in this case, was around 0.082 mm. In
practice, average track width was applied to adjusting the overlap
distance without considering the width fluctuation. The average width
of the melt pool in the homogenous part of the track was about
5.41 mm while the average measured track width was about 5.32 mm,
indicating an accuracy of more than 98% can be reached.

Fig. 8 shows the comparison of the transient melt pool length ob-
tained by the estimation and experimental measurements. From the
result, the melt pool kept increasing for 1.2 s after the laser was swit-
ched on, and then reached a stable value. The estimation accuracy in
the melt pool length increasing stage (before 1.2 s) was good with an
error of less than 0.4 mm. In the stable melt pool length stage, the
estimation error was higher with a maximum error of 1.03 mm. The
average melt pool length by the experimental measurement and esti-
mation are 10.4 mm and 11.1 mm, respectively, which means an

14 1s s 6s
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Fig. 8. The comparison of measured and estimated melt pool length: (a) mea-
sured and estimated melt pool length; (b) the error distribution of melt pool
length estimation.
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estimation accuracy of around 90% could be obtained.

3.2. Deposition height estimation based on the in-process measured melt
pool width

To investigate the accuracy of the track height predicted in real-
time. Single tracks with different parameters were deposited, and the
cross-sections were fitted based on the real-time measured melt pool
width. Fig. 9 presents the track cross-section and the fitted track profile.
The track height of measured and the calculated track height are shown
in Fig. 10. It is seen that the curvature of the track central area is
smaller than the fitting curve of both parabolic and arc, while the
curvature of the track cross-section near track root is greater. Therefore,
the estimated height was greater than the real track height. As shown in
Fig. 10, the error of track height estimation using parabolic for fitting
was less than 6% while the maximum error of estimation using arc was
8%. Fig. 10 demonstrates that the fitting curves of parabolic and arc
both well matched the track cross-sectional outline and using parabolic
curve fitting one could obtain a better estimation result than using an
arc. With a constant E,, the intermixing of clad and substrate had no
effects on the net volume of deposited tracks.

Layers with multi-track were deposited, as shown in Fig. 11, and the
blue curves are the layer cross-sectional outlines calculated based on
the melt pool width in real-time. Parabolic curves were selected as the
fitting curves due to their higher accuracy for single-track fitting and
faster calculating speed. Fig. 11(a—c) show the cross-sections and fitting
curves of multi-track-single-layer with overlap percentage varies from
25% (4.5 mm) to 35% (3.9 mm). A good match can be obtained of the
multi-track fitting with a small mismatch in the overlapping area of two
adjacent tracks. In Fig. 11(d), a two-layer deposit (overlap percentage
35%, 7 tracks) is exhibited. For the case in this experiment, the gradual
increase of E, was neglected as the correction coefficient A was 0. It is
due to that in this deposition trial, and the generated melt pool width
was 5.4 mm which was greater than the powder stream convergence
diameter (see Fig. 1). A higher E, could be obtained initially, and the
increase of melt pool size did not significantly influence E,. This result
was in agreement with the single track depositions (Figs. 9 and 10) for
the single tracks with different deposition parameters, and the E, did
not change remarkably. On the other hand, the relative stability of E,
made the prediction reliable due to that the fluctuation of E, can be
neglected.

3.3. Correlation between melt pool dynamics and melt pool geometry

It is well known that in a cladding or welding process, with different
processing parameters, various crystal orientations are formed. They
are formed based on the different heat gradients and solidification di-
rections in the melt pool. According to solidification theory, the crystal
morphology is governed by the normal velocity and thermal gradient in
the local liquid. Therefore, knowledge of melt pool shape would be
useful for predicting the crystal growth direction during the solidifi-
cation of the melt pool. As the melt pool contour can be acquired in
real-time, the solidification direction (crystal orientation) can be pre-
dicted in situ. Fig. 12 illustrates the procedure of generating the crystal
growth direction from the aligned melt pool outlines. The aligned melt
pool boundaries indicate the liquid isotherms. M, is a point on the n-th
fitted melt pool boundary, and L, is the normal line of the outline
through M,. M, is the intersection point of L, and the (n + 1)-th
fitted curve, and L, ; is the normal line through M,,, ;. To connect the
intersection points, crystal orientation could be obtained. To simplify
the calculation, the melt pool can be assumed as having a constant
dimension when the deposition process reaches a steady state.

Figs. 13 and 14 show the comparisons of predicted solidification
directions and experimental crystal orientations (from top view). The
surface of the solidified track was observed without etching. The pre-
diction agrees well with the observed result. With a travel speed (TS) of
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Fig. 9. Track cross-section and the fitted track profile.
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Fig. 10. Comparison of track height obtained by measurement and estimation: (a) track height with different laser power; (b) track height with different travel speed;

(c) track height with different powder feed rate.

10 mm/s, the melt pool was in the shape of distorted ellipse, and the
angle between the grain growth direction and deposition direction
decreased from the track root to the central line. While with a higher TS
of 20 mm/s, melt pool shape was more like a teardrop, the grain grew
along a fixed direction. During the deposition process, the melt pool
front end denoted the location where the melting was about to start,
and the tail end of the melt pool denoted the area where solidification
was over. The solidification front moved in a velocity R; = TS X cos6,
where 6 is the angle between the solid-liquid interface normal or-
ientation and the deposition direction. Therefore, based on the esti-
mated melt pool shape, the solidification direction at the melt pool
boundary can be obtained and thus the crystal morphology from the top
view can be predicted in process.

The melt pool behaviour in the L-DED process is quite complicated

due to the existence of turbulence. Besides, in this study, the melt pool
behaviour is qualitative instead of quantitative. Basically, for the ma-
terials (ideal black body) with a melting point above 1000 K and va-
porisation temperature above 3000 K, the spectral radiance is strong in
the visible near-infrared range, which can be detected using conven-
tional CCD or CMOS devices [53]. As for the real object that is not black
body emitter, a value of emissivity is required to describe the com-
parison of the measured object to the black body. However, the emis-
sivity is uncertain because it varies with temperature, emitted wave-
length and surface condition. Measurements with more than one
wavelength were used to avoid directly applying the Planck’s law, and
the temperature can be obtained by solving Eq. (10) [53].
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Fig. 11. Cross-sections of multi-track deposition and the fitting curves: (a) 5 tracks one layer, overlap percentage 25%; (b) 6 tracks one layer, overlap percentage
30%; (c) 6 tracks one layer, overlap percentage 35%; (d) 7 tracks two layers, overlap percentage 30%.

n-th fitted curve

(n+17)-th fitted curve

Fig. 12. Illustration of solidification direction through aligned melt pool
boundaries.

Solidification direction
e obtained base_d on melt
pool outlines

Fig. 13. Comparison of the predicted solidification rate and crystal orientation
at a TS of 10 mm/s: (a) aligned melt pool outlines and solidification direction;
(b) crystal orientation from the top view of the deposited track.
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where I; and I, are intensities at wavelengths ??; and ??,, A1 and A2
are the combined efficiencies at the applied wavelengths, €; and €, are
the emissivity, h. is the Planck’s constant and kg is the Boltzmann’s
constant. For the camera used in this study, the temperature cannot be

Solidification direction
obtained based on
melt pool outlines

Fig. 14. Comparison of the predicted solidification rate and crystal orientation
at a TS of 20 mm/s: (a) aligned melt pool outlines and solidification direction;
(b) crystal orientation from the top view of the deposited track.

reliably measured. As for further research, multiply wavelengths mea-
surement is to be made to obtain the temperature field of the melt pool.

4. Conclusions

To observe the melt pool characteristics in real-time in a HDR L-DED
process, a coaxial imaging system has been utilised. The morphology of
the melt pool and the cross sectional dimension of the solidified track
and grain structures of the solidified tracks were predicted. The con-
clusions of this work are drawn as:

(1) A sharp melt pool edge was obtained. The measured melt pool
width of the homogenous part of the track can reach an accuracy
that is higher than 98%.

(2) A curve fitting method was applied to estimating the melt pool
shape partially blocked by the deposition nozzle from the coaxial
viewing camera. The error of the estimated melt pool length was
less than 10%.

(3) Based on the obtained melt pool shape parameters, a new approach
to predict the cross-sectional profile of the deposited track was in-
troduced. For both single track and multi-track, a good match be-
tween the predicted and real cross-section was achieved.

(4) The obtained melt pool shape has a relationship with the heat
transfer and mass flow in the melt pool. The melt pool boundary
shape can predict the crystal growth direction.
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