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Abstract A method is introduced to investigate the inter-
relationships among welding penetration rate, spatter num-
ber, metallic vapor, and welding quality by simultaneously
observing both top surface and bottom surface of low
carbon steel weldment during high-power disk laser
welding. Color image segmentation algorithm which is
based on K-means clustering algorithm is used to process
the image data. Different welding conditions including dif-
ferent weld power, weld speed and weld joint width are
applied, and the microstructures of fusion part are also
analyzed. Experiment results show that the color image
segmentation algorithm is effectively for recognition of
welding penetration condition, and welding quality is bet-
ter when the penetration rate is around 74.5 %.

Keywords High-power laser welding - Full-penetration
condition - Color image segmentation algorithm - Welding
characteristic detection

P4 Xiangdong Gao
2gaoxd666@126.com

Guangdong Provincial Key Laboratory of Computer Integrated
Manufacturing, School of Electromechanical Engineering,
Guangdong University of Technology, No.100 West Waihuan Road,
Higher Education Mega Center, Panyu District, Guangzhou 510006,
China

Joining and Welding Research Institute, Osaka University, 11-1
Mihogaoka, Ibaraki, Osaka 567-0047, Japan

Guangzhou Panyu Gofront Dyeing & Finishing Machinery
Manufacturer Co.,Ltd, Guangzhou 511400, China

1 Introduction

Laser welding is an effective and reliable method for material
joint processing, due to its various advantages such as the
concentrated heat power, small heat-affected zone, high-
speed production and high-quality shaping, laser welding is
largely applied in plenty of industrial productions [ 1-4]. Low-
carbon steel is the most wildly used in many engineering
machinery structures due to its desirable mechanical proper-
ties including good weld ability [5]. The various phenomena
generated during laser welding have very close relationship
with welding quality and stability, such as plume, spatter [6],
and dynamic molten pool [7, 8]. There are lots of researches
for detecting the welding quality through observing the vari-
ous phenomena, which are captured mostly based on visual
sensor, and analyzed by different on-line [9] or off-line image
processing algorithm [10—13]. Moreover, all these phenomena
are related to penetration condition, which is depended on the
focal position while the welding condition is the same [14,
15]. When laser power is relatively lower, weld would be lack
of penetration which may cause weld defeats such as porosi-
ties and cracks. And when laser power becomes higher, weld
would be full penetration which is an ideal state of welding.
And if laser power continues to become stronger, weld defeats
such as excessive penetration, surface depression, cracks and
even laser cutting would be generated [16, 17]. Therefore,
penetration condition is an important characteristic for
welding quality detection.

In order to figure out the relationship between welding
quality and penetration condition, the situation of bottom sur-
face should be observed directly. Multi kinds of visual sensor
is wildly sued in various aspects as detection and monitoring,
for its advantages such as non-contact, visualized, high-speed,
and convenient to capture different kinds of images, like in-
frared image, ultraviolet image, radiographic image, magneto-
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optical image, and visible image, which are containing lots of
information of the observation objects [18-21]. And multi-
sensor systems have been investigated in recent years for en-
suring product quality [22]. In which color image contains
more feature information of observed object as it could be
segmented into multi-level images [23-25]. This paper pre-
sents an experimental system which has two high-speed cam-
eras and could inspect both top surface and bottom surface of
weldment during high-power disk laser welding process, and
the one focus on bottom surface of weldment acquires visible
images. Laser power, weld joint width, and weld speed are
changed, and spatter, metallic vapor, and keyhole of bottom
surface characteristics are calculated under these different
welding conditions. The rules are summarized through color
image segmentation algorithm, microstructures of weldment
are also observed. The result shows the characteristics are
closely related to welding quality.

2 Experimental setup

The experiment facility is shown as Fig. 1. It is performed
with a high-power disk laser equipment TruDisk-16002, the
maximum power of which is 16 kW, the laser wavelength
is 1030 nm, and the laser beam diameter is 280 um. Two

Table 1  Chemical composition of low-carbon steel SS400
Material C Mn P S
SS400 - - <0.05 % <0.05 %

Laser beam

Image recorder

™ Top high-speed
camera (TC)

n
—

high-speed cameras and a computer are used as imaging
capture system. Top high-speed camera (TC) is in front of
the weldment and perpendicular to the welding direction,
infrared-visible optical filter is used to capture metallic va-
por and spatter of weldment top surface. Bottom high-
speed camera (BC) is placed beside the weldment and fo-
cuses on the laser focuses position, which is reflected by
the mirror; visible optical filter is used to obtain the phe-
nomena of weldment bottom surface. Metal active gas
(MAG, which is combined by 80 % of Ar and 20 % of
CO,) is used as shielding gas, its flow is set as 30 L/min
and the nozzle angle is 42°. Low-carbon steel SS400 is
used as weldment and its components content are shown
as Table 1. The size of one piece of weldment plate is
150 mmx60 mmx>x6 mm (length x width x thickness). In
order to get full penetration, the focus of laser is set as
—2 mm.

Welding conditions are changed in three aspects, weld
joint width are set as 0, 0.05, and 0.1 mm, weld power are
set as 3 and 4 kW, weld speed are set as 1, 1.5, and 2 m/
min. Fifteen groups of experiments are performed in total.
Details of each welding condition are denoted by Table 2, in

Table 2  Details of each welding condition

D/mm 0 0.05 0.1

P/kW 4 3 4 3 4 3
V(m/min) 1 15 2 1 15 1 152 1 151 152 115
No. ab cde fg hij k1 mmno
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which D represents width of weld joint, P represents laser The top view and bottom view of all the welded weldments
power, V represents weld speed and No. is sequence of the  are shown as left column of Fig. 2, and one of their relevant
image data. top surface condition and bottom surface condition images at
Fig. 2 Top view and bottom Top view and bottom view of welded weldments

view of weldments and their
relevant images

BC
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Fig. 3 Sequence images of
bottom view during high-power
laser welding

t+ 0ms

t+0.5ms t+ 1ms

t+1.5ms

t+ 3ms

the indicated position, obtained by top high-speed camera and
bottom high-speed camera during high-power laser welding,
are shown as TC and BC in Fig. 2.

3 Characteristic information extraction of welding
data

3.1 Principle of color image segmentation algorithm

The image data recorded by the high-speed camera which
is focused on the bottom surface are colorized, then the

Fig. 4 Image process, a is
original RGB image of bottom
surface, b is L X a % b color space
image, c¢ is pixels marked image
by K means clustering algorithm,
dis “L” layer image, e is “a” layer
image, and f is “b” layer image

(d)
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t+2ms t+2.5ms
t+3.5ms t+4ms

main characteristic information of laser welding could be
observed. A sequence of bottom surface image is shown
as Fig. 3.

Because the visual sensor of bottom surface is colorized,
then a color image segmentation algorithm is used to process
the images. The principle of color image segmentation algo-
rithm is that the RGB image could be transform into other
color spaces, and single-dimensional histogram of each space
could be work out, then the most significant peak value would
be selected as threshold [21]. Clustering algorithm is a self-
trained classifier, which means it can perform image classifi-
cation and extract various types of characteristic value

(b) (c)
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Fig. 5 Capture of characteristics,
a is capture of spatter, b is capture
of metallic vapor, ¢ is judgment of
full-penetration condition

iteratively. Fuzzy K-means clustering algorithm is an unsuper-
vised statistical algorithm and it does not need training
sample.

First step of fuzzy K-means clustering algorithm is to av-
erage each of current categories, and then follow the mean
value of the new generation to reclassify the pixels, the pixels
will be classified into the most recent category. The details of
process is shown as follow.

Step 1. Take any K attribute values (Y (n), Y>(n), ...,

Y/(n), Yi(n)) as the centers of the initial groups.

Set cycle number as N and set its initial value

as 1.

Step 2. Xrepresents all property value vectors and it is
classified as formula (1), in order to make vec-
tor value of vector set {X} belongs to S;(n),
S>(n), ..., Si(n), Si(n), which are corresponding
subsets of Y (n), Y>(n), ..., Y(n), Yi(n).

d; = min{d;}—>XeS,(n),N={1,2,...,K} (1)

Step 3. d; is the distance between X and Y(n), defined as
follow:
d=[[X=Y;(n)]| (2)

Step 4. New center Y (n+ 1) of each subset S(n)(/={1,2,3,
...,K}) is calculated as follow:

1
Y/(l’l + 1) = EZ){ESLM)X (3)

in which, N, is element number of set S(n).
Step 5. The circular process is over when the formula below
is tenable for all groups,

Y;(nJrl):Y;(n),leNK (4)

Otherwise, return to step 2 to continue processing.

3.2 Image data processing

K means clustering algorithm is used for image segmen-
tation based on the color space. A color image of bot-
tom surface is taken as example shown as Fig. 4. The
color space of the image is changed from RGB color
space into Lxaxb color space. Then K means cluster-
ing algorithm is used to classify the color of Lxaxb
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Fig. 6 Characteristics aggregate
of weldment a, in which a is top

view, b is bottom view, ¢ and d ( ) (b)
are spatter number captured by a
top and bottom high-speed
cameras respectively, e is metallic
vapor area captured by top high- 15 Spaners 25 Spetters
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color space, and mark the pixels of image according to
the classified result.

The “L” layer image is selected to calculate the
number of spatter, “a” layer image is used to detect
the metallic vapor, and “b” layer image is served as
judgment for full-penetration condition. As “L” layer
represents luminance, spatial filter processing is used
to remove noise, image enhancement processing is used
to enhance contrast, then metallic vapor section is
subtracted, and the number of spatters could be calcu-
lated. And morphological image processing and spatial
filter processing are also used to capture the metallic
vapor characteristics of “a” layer. Because the location
of keyhole is fixed, then the section of keyhole is se-
lected as object. Color image segmentation processing
is used to mark and segment the keyhole section of “b”
layer, and after image processing, if the number of
marked pixels (which are equal to 1) of the selected
section, is greater than a constant, it would be judged

@ Springer

as full penetration. The brief processing procedures are
shown as Fig. 5. Detection of spatter, metallic vapor
and full-penetration condition are shown as Fig. 5a, b,
¢, respectively. As Fig. 5c¢ shows, the amount of pixel
which is 1, is more than half of the amount of all
pixels of the selected section after image processing,
then the condition at this moment is judged as full
penetration.

The characteristics detection of weldment a are
shown as Fig. 6. In which, panel a is top view of
weldment a, panels ¢ and e are the statistical analyses
of spatter number and metallic vapor area, which are
captured by top high-speed camera of weldment a.
Panel b is bottom view of weldment a, panels d and f
are statistical analyses of spatter number and judgment
of full-penetration condition, which are captured by bot-
tom high-speed camera of weldment a.

The characteristics detection of weldment b are
shown as Fig. 7. And panel a is top view of weldment
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Fig. 7 Characteristics aggregate
of weldment b, in which a is top
view, b is bottom view, ¢ and d
are spatter number captured by (a)
top and bottom high-speed

cameras respectively, e is metallic

vapor area captured by top high- Spatters
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b, panels ¢ and e are statistical analyses of spatter num-
ber and metallic vapor area, which are captured by top
high-speed camera of weldment b. Panel b is bottom
view of weldment b, Panels d and f are statistical anal-
yses of spatter number and judgment of full-penetration
condition, which are captured by bottom high-speed
camera of weldment b. All these characteristics have
obvious fluctuation along with welding forming and
welding quality.

4 Analysis of welding results

In order to investigate the relationship between the full-
penetration condition and welding quality, the macro-
structure of weldments’ transverse section are shown
as lift of Fig. 8, and penetration condition judged by
proposed color image segmentation algorithm based on

®

K-means clustering algorithm, are shown as right of
Fig. 7, in which full-penetration condition is represented
by 1, and incompletely penetration condition is repre-
sented by 0.

By comparing panels a and b of Fig. 8, it is obvious
that more weld defects like weld porosities are prone to
arise while the welding penetration is incompletely, and
these pores may cause serious damages, which is not
good for welding quality. In comparison of real macro-
structure and penetration condition, which is worked out
by proposed color image segmentation algorithm, shows
that this algorithm is credible for judgment of full-
penetration condition, and could offer a theoretical foun-
dation for welding quality monitoring.

Microstructures of fusion section are shown in Fig. 9,
in which A is fusion zone, B is heat-affected zone and
C is base material. Relationships between weld joint
width, welding speed, laser power, spatter number, and
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Fig. 8 Macrostructure of
weldments’ transverse section, a
is macrostructure and penetration
condition judgment of weldment
a, b is macrostructure and
penetration condition judgment of
weldment b

@ Springer

Welding penetration condition

Welding penetration condition

Welding penetration condition

(b)

S«
(3}

Welding penetration condition
o
(3,

o

o

-0.

o

0

(=]

-

o

w

Welding penetration condition

Welding penetration condition

4348 4350 4352 4354 4356 4358

Frame

7035 7038 7040 7042 7044
Frame

Welding penetration condition

(=)

(3]

1344 1346 1348 1350 1352
Frame

Welding penetration condition

o

2474 2476 2478 2480 2482
Frame



Int J Adv Manuf Technol (2017) 88:1141-1150

1149

Fig. 9 Microstructures of weld
transverse section obtained by
optical microscope

penetration condition of bottom surface are shown as
Fig. 10.

5 Conclusion
Compared with macrostructure of weldment transverse sec-
tion, the proposed color image segmentation algorithm based

on K-means clustering algorithm is credible for detecting
characteristics through image data captured by high-speed

Fig. 10 Relationships between

Mean value of penetration rate

cameras, and this could provide a theoretical guidance for
welding quality automatic control.

Rules for high-power laser welding of low-carbon steel
SS400 which thickness is 6 mm are summarized as fol-
lows. (1) Tendency of penetration rate and spatter number
are consistent. (2) Penetration rate and spatter number are
fluctuating decreasing as the weld speed increasing. (3)
Penetration rate and spatter number are sharply decreas-
ing as laser power decreasing. (4) Penetration rate and
spatter number are increasing as weld joint width

Mean value of spatters
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increasing. (5) Under this welding condition, the best full
penetration rate is around 74.5 %, which could obtain a
sound welding quality.
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