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Description

[0001] The present invention refers to a measuring
system and measuring procedure for obtaining simulta-
neously heights of a clad formed by laser metal deposi-
tion and its contact angle.

Background of the invention

[0002] Control of the depositlayer thickness and height
is a critical issue since it impacts on the quality and ge-
ometrical accuracy of the product. For this, an online
feedback height control of the laser metal deposition
"LMD" with proper sensor strategies is required. Harsh
environmental conditions of LMD, high temperature, and
reduced spaces in some cases, dictate the usage of non-
contact measuring techniques and optical techniques are
considered the most suitable ones.

[0003] Various approaches for height monitoring sys-
tems in the LMD process have been reported in literature:
charged couple device (CCD) cameras, laser triangula-
tion displacement sensors, stigmometer, structured light
3D imaging, optical coherence tomography (OCT), and
other.

[0004] Laser triangulation displacement sensors: this
is a well-known technique, however, it requires an addi-
tional system to the laser head and off-line measure-
ments, that is, the process is stopped to scan the whole
area for a number of selected layers; resulting in produc-
tivity losses and does not guarantee a continuous real-
time in line monitoring. Also, in laser triangulation system
occlusion can occur on projected or reflected beam path
due to blocking by deposit geometrical features and re-
sult in loss of accuracy by the shading effect.

[0005] Optical Coherence Tomography, OCT, is coax-
ial method and no shading occurs.

[0006] Disadvantageously, OCT operates point by
point only (an scanner is required). Furthermore, OCT is
more expensive than CCD or laser triangulation systems.
The interaction of powder feeding with the measuring
system may also produce non-controllable noise in the
OCT signal, resulting in poor quality results (scattering).
[0007] With respect to the wetting of surfaces by lig-
uids, this is measured by the contact angle, 6. Thatis the
angle that a droplet of metal makes at the point which it
makes contact with the surface. This provides informa-
tion regarding the surface tension and consequently the
wetting capacity of the surface. This is of special rele-
vance in cladding processes as poor wettability may lead
to undesirable phenomena. The most common method
in welding and additive manufacturing technologies re-
lies on macroscopic imaging of cross-sections and fur-
therimage processing to measure the contactangle. This
is carried out once the sample has been manufactured
and this obviously does not allow any feedback during
the process that may be used as an input for any con-
troller.

[0008] WO 2020/167670 A1 discloses a measuring
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system for obtaining heights of a clad formed by laser
metal deposition, comprising a narrow band light source
for projecting a light line pattern on the deposited material
of the clad, a camera for capturing an image of the dis-
torted projected line of light and a computing means
adapted to obtain a height of the clad based on the anal-
ysis of the captured image.

Description of the invention

[0009] Thepresentinvention referstoameasuringpro-
cedure and a measuring system for both heights of a clad
formed by laser metal deposition and its contact angle.
The technique is based on shape-from-shadow through
an off-axis, continuous, complimentary measuring sys-
tem and a lateral camera for contact angle measurement.
[0010] The proposed measuring approach according
to the presentinvention has the same advantages as the
known triangulation system but unlike in the mentioned
technique, the proposed approach can be used on-line
with no need of production stops and measurement are
carried out just after solidification. Besides, the proposed
technique also permits not only measuring the height but
also studying melt-pool dynamics, and the contact angle
variation. Therefore, the proposed approach offers com-
plementary features with respects to triangulation and
OCT. Furthermore, the current invention can lead to re-
duction of time to fabricate a LMD part, ensure the near-
net-shape fabrication, enable closed-loop height control
and reduce the man-hour by saving labor. Also, the pro-
posed measuring system can be used for laser welding,
laser cladding, and arc welding and wide arc additive
manufacturing.

[0011] Hence in one aspect, the present invention re-
lates to a measuring system for obtaining heights of a
clad formed by laser metal deposition, LMD, the clad
comprising a deposited material and a melt pool. The
system comprises a narrow band light source configured
to project a shadow pattern projection defining a laser-
shadow plane on the deposited material of the clad,
wherein the projected shadow distorts due to the depos-
ited material of the clad. The system also comprises a
first camera configured to capture the distorted projected
shadow on the deposited material of the clad, computing
means comprising a processing unit storing image
processing instructions to obtain a distance d between
a top of the deposited material of the clad and the axis
of the first camera (5) from the captured image, and arith-
metic instructions to obtain a first clad:

h=d/sing,

wherein @is the angle between the laser-shadow plane
of the shadow pattern projection and the axis of the first
camera .

[0012] In a second aspect, the present invention re-
lates to a method for obtaining the contact angle between
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the surface and the metal droplet. The systems compris-
es the same narrow band light source as for the clad
height measurement together with a second camera.
This second camera, synchronized with the former, cap-
tures images of the metal droplet from lateral view. This
also includes computing means comprising a processing
unit storing and image processing instructions to obtain
the angle @that forms the surface with respect to droplet
tangent line.

Brief description of the drawings

[0013] For a better understanding the above explana-
tion and for the sole purpose of providing an example,
some non-limiting drawings are included that schemati-
cally depict a practical embodiment.

Figure 1 shows a measuring system according to
the present invention.

Figure 2 shows images captured by the height meas-
uring camera and the melt pool lateral camera.
Figure 3 shows the geometrical arrangement of the
measuring system (100).

Figure 4 shows the image processing procedure per-
formed in captured pictures.

Description of a preferred embodiment

[0014] The proposed measurement technique carried
out by a proposed measuring system according to the
present invention is an active triangulation technique for
3D geometry measurement. In particular the proposed
technique can measure a height of a LMD deposit, where-
in a shadow pattern is projected instead of light. Thus,
depending on the height of the LMD deposit, the project-
ed shadow will distort correspondingly. Furthermore, im-
age capturing by a CCD camera of the distorted projected
shadow can be performed before an image processing
step for extracting the LMD deposit height.

[0015] An example of a proposed measuring system
(100) according to the present invention is show in figure
1. Figure 1 shows the measuring system (100) that com-
prises a narrow band light source (1) which comprises a
mask (2) and lens (3) for shadow pattern projection (4).
[0016] The narrow band light source (1) is a pulsed
laser with a capability to emit short pulses (u.s range) of
spectrally and spatially coherent light at certain wave-
length in visible range (640nm in the current embodiment
of figure 1). For this particular embodiment, a pulsed di-
ode laser was used with 640nm wavelength (visible red),
output power 300W, pulse duration 10 ns -10 us and
frequency up to 100 kHz. Asingle line pattern was chosen
for shadow pattern projection (4).

[0017] The divergent output laser beam was focused
down on the clad with resultant light spot 4x4mm with a
shadow line width ~400um.

[0018] The mask (2) is transparent for the light source
(1) and includes introduced non-transparent single or
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multiple line pattern generation features. The shadow
pattern projection (4) falling on deposited material (12)
will distort correspondingly and the images acquired by
the CCD camera are processed and height data is ex-
tracted. The lens (3) is a lens configured to focus emitted
light from the light source (1) and the shadow pattern
projection (4).

[0019] The measuring system (100) comprises a syn-
chronized height measuring camera (5) that comprises
a lens (6), an optical filter (7), a camera CCD (Charged
Couple Device) imaging unit (8), and a video signal
processing unit (9).

[0020] The height measuring camera (5) which is the
imaging device in the embodiment is configured to in-
clude a lens (6), an optical filter (7), a camera CCD
(Charged Couple Device) imaging unit (8), and a video
signal processing unit (9). The height measuring camera
(5) is positioned at the given angle to the working scene
for triangulation. The lens (6) is a lens configured to focus
a captured image on the CCD imaging unit (8). The op-
tical filter (7) is a filter which transmits only the visible
light in a wavelength band of the light source (1) to filter
out a process light emission (10) of the cladding head
and a stray light.

[0021] The CCD imaging unit (8) senses a range of
light from the shapes of the clad that comprises a melt
pool (11) zone and a deposited material (12) zone and
converts these into electric signals.

[0022] The video signal processing unit (9) performs
calculation processing on the electric signals inputted
from the CCD imaging unit (8), the calculation processing
performed to clearly display, on one screen, animage in
a working scene set in the center of the screen, from a
low luminance portion to a high luminance portion.
[0023] For this particular embodiment, the images
were captured with CCD camera with 656 x 494 pixels
resolution, 90 frames per second, dynamic range 54 dB
with focusing optics and narrowband filter.

[0024] Furthermore, the measuring system (100) com-
prises a melt pool lateral camera (13). The melt pool lat-
eral camera (13) has the same configuration and is syn-
chronized with the light source (1) as the height meas-
uring camera (5), but it is positioned laterally to monitor
the melt pool (11) contact angle variation.

[0025] The measuring system (100) comprises a com-
puter connected to the cameras (5, 13) and the narrow
band light source (1) with the image processing and light
source control software.

[0026] In one example, the measurement approach
consists in simultaneous in-line monitoring of the melt
pool (11) dynamics, measurement of its contact angle
and a measurement of the height of just solidified depos-
ited material (12) in laser welding, laser cladding, laser
metal deposition, arc welding and wide arc additive man-
ufacturing.

[0027] The resolution and the size of the working area
in the deposited material (12) of the clad being captured
are determined by the cameras resolution and lenses



5 EP 4 015 987 B1 6

used. The distance from light source to the clad working
area and from cameras to the clad working area depends
on lenses used. The non-transparent single or multiple
line pattern generation features may have different di-
mensions and geometries depending on the process re-
quirements.

[0028] The images captured by both the height meas-
uring camera (5) and melt pool lateral camera (13) are
depicted on Fig. 2. In particular, figure 2A shows a clad
image (a) captured by the height measuring camera (15)
wherein the shadow pattern projection (4) is projected
on the deposited material (12) and the melt pool (11) is
shown. Figure 2B shows a clad image (b) captured by
the melt pool lateral camera (13) wherein the shadow
pattern projection (4) is projected on the deposited ma-
terial (12) and the melt pool (11) as well as the powder
flow are also shown.

[0029] Figure 3 shows the geometrical arrangement of
the measuring system (100).

[0030] The clad, i.e. the LMD deposit having a depos-
ited material (12) has a height h which appears as dis-
tance d in the camera images obtained by the height
measuring camera (5) and it is related to the clad height
h through:

h=d/sing

where @is the angle between the laser-shadow plane of
the light source (1) and the axis of the height measuring
camera (5).

[0031] Preferably, to obtain more accurate values of
clad height one must convert number of pixels received
by the CCD camera to pm. The conversion coefficient
was found empirically k = 9.86336. Thus, a second clad
height can be

[0032] Single track off-line height measurement by
means of shape from shadow and some of the image
processing steps are shown in Figure 4.

[0033] Figure 4 shows the image processing proce-
dure performed in the captured pictures to obtain the
height of the clad. Image "ORIGINAL" is the original pic-
ture obtained by the height measuring camera (5) con-
figured to capture the distorted projected shadow on the
deposited material (12) of the clad.

[0034] Then, the image processing software of the
measuring system (100) performs image processing
consisting of cropping, thresholding, denoising, closing
and binarization techniques can be used to enable edge
detection in the captured figure as shown in image "BI-
NARY".

[0035] Furthermore, sobel edge detection algorithm
and B-spline interpolation can be used to acquire depos-
ited track profile and profile acquisition in image "PRO-
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FILE" to obtain the heights h and H.

Claims

1. A measuring system (100) for obtaining heights of a
clad formed by laser metal deposition, LMD, the clad
comprising a deposited material (12) and a melt pool
(11), the system comprises:

- a narrow band light source (1) configured to
project a shadow pattern projection (4) defining
a laser-shadow plane on the deposited material
(12) of the clad, wherein the projected shadow
distorts due to the deposited material (12) of the
clad;

- a first camera (5) configured to image capture
the distorted projected shadow on the deposited
material (12) of the clad; and

- computing means comprising a processing unit
storing:

image processing instructions to obtain a
distance d between a top of the deposited
material (12) of the clad and the axis of the
first camera (5) from the captured image;
arithmetic instructions to obtain a first clad
height h,

wherein h =d/ sin 6, and

wherein @ is the angle between the laser-
shadow plane of the shadow pattern projec-
tion (4) and the axis of the first camera (5).

2. The measuring system (100) according to claim 1,
further comprising second camera (13) for image
capturing melt pool (11) of the clad, wherein the
processing unitstores instructions to obtain a contact
angle of the melt pool (11) with respect to the sub-
strate based on the captured images..

3. The measuring system (100) according to claims 1
or 2, wherein the processing unit further stores arith-
metic instructions to obtain a second clad height H,
wherein

wherein K is a first camera (5) pixel coefficient.

4. The measuring system (100) according to previous
claims, wherein the first camera (5) comprises:

a lens (6),

an optical filter (7),

a camera CCD (Charged Couple Device) imag-
ing unit (8), and

a video signal processing unit (9),
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A method for obtaining heights of a clad formed by
laser metal deposition, LMD, the clad comprising a
deposited material (12) and a melt pool (11), the
method comprising:

- projecting a shadow pattern projection (4) de-
fining a laser-shadow plane on the deposited
material (12) of the clad, wherein the projected
shadow distorts due to the deposited material
(12) of the clad;

- image capturing the distorted projected shad-
ow on the deposited material (12) of the clad;

- obtaining a distance d between a top of the
deposited material (12) of the clad and the axis
of the first camera (5) based on the processing
of the captured image; and

- obtaining a first clad height h = d/ sin 6,

wherein 6 is the angle between the laser-shadow
plane of the shadow pattern projection (4) and the
axis of the first camera (5).

The method for obtaining heights of a clad formed
by laser metal deposition, LMD, according to previ-
ous claim, according to claim 5, further comprising:

- obtaining a second clad height H= h - k
wherein K is a first camera (5) pixel coefficient.

The method for obtaining heights of a clad formed
by laser metal deposition, LMD, according to previ-
ous claims 5 or 6, further comprising:

image capturing the melt pool (11) of the clad;
and

obtaining a contact angle of the melt pool (11)
of the clad with respect to the substrate

Patentanspriiche

1.

Messsystem (100) zur Ermittlung von Hoéhen einer
durch Laser-Metallabscheidung (LMD) gebildeten
Beschichtung, wobei die Beschichtung ein abge-
schiedenes Material (12) und ein Schmelzbad (11)
umfasst, wobei das System Folgendes umfasst:

- eine Schmalband-Lichtquelle (1), die zur Er-
zeugung einer Schattenmusterprojektion (4) zur
Bildung einer Laserschattenflache auf dem ab-
geschiedenen Material (12) der Beschichtung
ausgelegt ist, wobei der projizierte Schatten be-
dingt durch das abgeschiedene Material (12)
der Beschichtung verzerrt ist;

- eine erste Kamera (5), die zur Bilderfassung
des auf das abgeschiedene Material (12) der
Beschichtung projizierten verzerrten Schattens
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ausgelegt ist; und

- eine Recheneinrichtung mit einer Verarbei-
tungseinheit, die Folgendes eingespeichert ent-
halt:

Bildverarbeitungsbefehle, um aus dem auf-
genommenen Bild einen Abstand d zwi-
schen der Oberseite des abgeschiedenen
Materials (12) der Beschichtung und der
Achse der ersten Kamera (5) zu ermitteln;
Rechenbefehle zur Ermittlung einer ersten
Beschichtungshoéhe h,

wobei h = dIsin 6, und

wobei 6 der Winkel zwischen der Laser-
schattenflache der Schattenmusterprojekti-
on (4)und der Achse der ersten Kamera (5)
ist.

Messsystem (100) nach Anspruch 1, das ferner eine
zweite Kamera (13) zur Bilderfassung des Schmelz-
bades (11) der Beschichtung umfasst, wobei die Ver-
arbeitungseinheit Befehle zur Ermittlung eines Kon-
taktwinkels zwischen Schmelzbad (11) und Trager-
material anhand der erfassten Bilder eingespeichert
enthalt.

Messsystem (100) nach Anspruch 1 oder 2, wobei
die Verarbeitungseinheit ferner Rechenbefehle zur
Ermittlung einer zweiten Beschichtungshéhe H ein-
gespeichert enthalt, wobei

H=h-k

wobei K ein Pixelkoeffizient der ersten Kamera (5)
ist.

Messsystem (100) nach den vorstehenden Anspri-
chen, wobei die erste Kamera (5) Folgendes um-
fasst:

ein Objektiv (6),

ein optisches Filter (7),

Eine CCD (Charge Coupled Device)-Kamera-
bildgebungseinheit (8) und

eine Videosignalverarbeitungseinheit (9),

Verfahren zur Ermittlung von Héhen einer durch La-
ser-Metallabscheidung (LMD) gebildeten Beschich-
tung, wobei die Beschichtung ein abgeschiedenes
Material (12) und ein Schmelzbad (11) umfasst, wo-
bei das Verfahren Folgendes umfasst:

- Erzeugung einer Schattenmusterprojektion (4)
zur Bildung einer Laserschattenflache auf dem
abgeschiedenen Material (12) der Beschich-
tung, wobei der projizierte Schatten bedingt
durch das abgeschiedene Material (12) der Be-
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schichtung verzerrt ist;

- Bilderfassung des auf das abgeschiedene Ma-
terial (12) der Beschichtung projizierten verzerr-
ten Schattens;

- Ermittlung eines Abstands d zwischen der
Oberseite des abgeschiedenen Materials (12)
der Beschichtung und der Achse der ersten Ka-
mera (5) anhand der Verarbeitung des aufge-
nommenen Bildes; und

- Ermittlung einer ersten Beschichtungshdhe h
=d/sin 6,

wobei 6 der Winkel zwischen der Laserschattenfla-
che der Schattenmusterprojektion (4) und der Achse
der ersten Kamera (5) ist.

Verfahren zur Ermittlung von Héhen einer durch La-
ser-Metallabscheidung (LMD) gebildeten Beschich-
tung nach vorstehendem Anspruch, nach Anspruch
5, das ferner Folgendes umfasst:

- Ermittlung einer zweiten Beschichtungshéhe
H=h k

wobei K ein Pixelkoeffizient der ersten Kamera (5)
ist.

Verfahren zur Ermittlung von Héhen einer durch La-
ser-Metallabscheidung (LMD) gebildeten Beschich-
tung nach den vorstehenden Anspriichen 5 oder 6,
das ferner Folgendes umfasst:

Bilderfassung des Schmelzbades (11) der Be-
schichtung; und

Ermittlung eines Kontaktwinkels zwischen
Schmelzbad (11) der Beschichtung und Trager-
material.

Revendications

Systeme de mesure (100) pour obtenir des hauteurs
d’'unrevétementformé par dépot métallique au laser,
LMD, le revétement comprenant un matériau dépo-
sé (12) et un bain fondu (11), le systeme comprend :

- une source de lumiere a bande étroite (1) con-
figurée pour projeter une projection de motif
d’ombre (4) définissantun plan d’'ombre de laser
surle matériau déposé (12)durevétement, dans
lequel 'ombre projetée se déforme di au maté-
riau déposé (12) du revétement ;

- une premiére caméra (5) configurée pour cap-
turer des images de I'ombre projetée déformée
sur le matériau déposé (12) du revétement ; et
- des moyens de calcul comprenant une unité
de traitement stockant :
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des instructions de traitement d’'image pour
obtenir une distance d entre une partie su-
périeure du matériau déposé (12) du revé-
tement et I'axe de la premiére caméra (5) a
partir de 'image capturée ;

des instructions arithmétiques pour obtenir
une premiére hauteur de revétement h,
dans lequel h = dIsin 6, et

ou @ est I'angle entre le plan d’'ombre de
laser de la projection de motif d’'ombre (4)
et 'axe de la premiére caméra (5).

Systeme de mesure (100) selon la revendication 1,
comprenant en outre une deuxiéme caméra (13)
pour capturer des images du bain fondu (11) du re-
vétement, dans lequel l'unité de traitement stocke
des instructions pour obtenir un angle de contact du
bain fondu (11) par rapport au substrat sur la base
des images capturées.

Systeme de mesure (100) selon les revendications
1 ou 2, dans lequel l'unité de traitement stocke en
outre des instructions arithmétiques pour obtenirune
deuxiéme hauteur de revétement H, dans lequel

H=h-k

ou K estun coefficient de pixelde la premiere caméra

(5).

Systeme de mesure (100) selon les revendications
précédentes, dans lequel la premiére caméra (5)
comprend :

une lentille (6),

un filtre optique (7),

une unité d'imagerie de caméra CCD (dispositif
a couplage de charge) (8), et

une unité de traitement de signal de vidéo (9),

Méthode pour obtenir des hauteurs d’'un revétement
formé par dép6t métallique au laser, LMD, le revé-
tement comprenant un matériau déposé (12) et un
bain fondu (11), la méthode comprenant :

- projeter une projection de motif d’'ombre (4)
définissant un plan d’'ombre de laser sur le ma-
tériau déposé (12) du revétement, dans lequel
I'ombre projetée se déforme di au matériau dé-
posé (12) du revétement ;

- capturer des images de I'ombre projetée dé-
formée sur le matériau déposé (12) du
revétement ;

- obtenir une distance d entre une partie supé-
rieure du matériau déposé (12) du revétement
et I'axe de la premiére caméra (5) sur la base
du traitement de I'image capturée ; et
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- obtenir une premiere hauteur de revétement h
=d/sin 6,

ou festI'angle entre le plan d’'ombre de laser de la
projection de motif d’'ombre (4) etl'axe de la premiére
caméra (5).

Méthode pour obtenir des hauteurs d’'un revétement
formé par dép6t métallique au laser, LMD, selon la
revendication précédente, selon la revendication 5,
comprenant en outre :

- obtenir une deuxiéme hauteur de revétement
H=h-k

ou K estun coefficientde pixel de la premiére caméra

(5).

Méthode pour obtenir des hauteurs d’'un revétement
formé par dépo6t métallique au laser, LMD, selon les
revendications précédentes 5 ou 6, comprenant en
outre :

capturer des images du bain fondu (11) du
revétement ; et

obtenir un angle de contact du bain fondu (11)
du revétement par rapport au substrat.
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