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Image processing of weld pool and keyhole in Nd:YAG laser welding of
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Abstract: In order to obtain good welding quality, it is necessary to apply quality control because there are many influencing factors
in laser welding process. The key to realize welding quality control is to obtain the quality information. Abundant weld quality
information is contained in weld pool and keyhole. Aiming at Nd:YAG laser welding of stainless steel, a coaxial visual sensing
system was constructed. The images of weld pool and keyhole were obtained. Based on the gray character of weld pool and keyhole
in images, an image processing algorithm was designed. The search start point and search criteria of weld pool and keyhole edge

were determined respectively.
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1 Introduction

Since laser beam welding has the characteristics of
high efficiency, high energy density, low heat input, large
ratio of weld penetration to width, less thermal distortion
and easy controlling parameters, it is widely used in
industries. During the process of laser beam welding,
many factors, such as laser-induced plasma, focus
position, workpiece distortion and surface condition,
influence the absorption rate of laser energy, and then the
weld quality may be changed. In order to ensure good
weld quality, the process control should be conducted
during laser beam welding. The key to realize weld
quality control is to obtain information characterizing
weld quality in real time by effective sensors.

Many sensors are used to monitor laser beam
welding[1-5]. Among them, visual sensor is the most
promising sensor. MATSUNAWA et al[6] studied the
dynamic behavior of keyhole in laser beam welding by
means of paraxial visual sensing technology. They used
high speed camera to acquire the weld pool image during
laser beam welding process, and at the same time, the
side shape of keyhole was detected by means of X-ray

transmission aided techniques. The keyhole diameter and
depth were obtained by image processing. But no
relationship between both keyhole and weld pool
geometry and weld penetration was established. CCD
cameras were used to capture the weld pool and keyhole
images from the topside of workpiece[7], and the
relationship between the keyhole depth and the
maximum image gray level was established. But it is still
a doubt whether the maximum gray level is able to
reflect the keyhole depth exactly. BEERSIEK][8] used a
coaxial visual system to capture the weld pool and
keyhole images, and analyzed qualitatively the
relationship between the weld pool width, the keyhole
width and the weld penetration. But the quantitative
relationship was not established. QIN and LZNJ[9]
extracted the radial dimension of weld pool and keyhole
based on the coaxial visual sensing of Nd:YAG laser
welding of carbon steel, but the relationship between the
radial dimension of keyhole and its depth was still not
obtained. Other researchers also used vision system to
capture the images of weld pool and/or keyhole for
obtaining some information on the keyhole depth and
weld penetration[10—15]. However, they just relied on
one or two geometry parameters of keyhole or weld pool
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to describe the weld penetration extent. To establish the
correlation of the weld quality with the keyhole and weld
pool geometry, it is necessary to employ as more
geometric parameters of weld pool and keyhole as
possible in laser beam welding. To this end, clear and
complete images of weld pool and keyhole must be
obtained firstly, and appropriate algorithms of image
processing must be proposed. This study makes some
efforts in this field. A coaxial visual sensing system is
used to capture clear images of weld pool area. And the
image processing algorithm is developed to get the
information on the pool and keyhole boundary. It lays
foundation for keyhole laser welding process control.

2 Coaxial visual sensing system

The sketch of the coaxial visual sensing system is
shown in Fig.1. The main components are the computer,
image grabber, CCD camera, zoom lens, laser output
head with special optical mirrors, narrow-band filter and
neutral filter. The camera is an ordinary color CCD
camera with the resolution of 456x608 and the sampling
rate of 25 frame per second. The center wavelength of
the narrow-band filter is in the scope of 600—650 nm.
The transmission of the neural filter is 10%. In the
optical path, three neural filters and one narrow-band
filter are installed.

The semi-permeable and semi-reflective mirror is
placed in laser output head with an angle of 45° to the
horizontal plane. The Nb:YAG laser with a wavelength
of 1.064 nm can get through the mirror with high
permeable rate. The other wavelength light ray from
weld pool can be reflected to horizontal direction. When
the light ray from weld pool is reflected by the mirror to
horizontal direction, it passes through the neural and
narrow-band filters, and then an image is captured by the
camera. The video signal from the camera is digitalized
by the image grabber and then is stored in the computer.

Nd:YAG laser beam welding experiments were

Camera

Main computer Image grabber

Fig.1 Sketch of coaxial visual sensing system

conducted to capture the images of weld pool and
keyhole. The workpiece was 200 mm in length, 50 mm
in width and 2 mm in thickness. The workpiece material
was 304 stainless steel. The defocusing distance of laser
was 0 mm. The shielding gas was Ar gas and its flow rate
was 15 L/s. Figure 2 shows a frame of typical image
captured by the system.

3 Image processing

Generally speaking, the image processing algorithm
includes filtering, edge enhancement, binaryzation, edge
extracting and so on.

3.1 Image transformation

The image captured by the system adopts RGB
color system, and its three primary colors are red (700
nm), green (546.1 nm) and blue (435.8 nm). In this study,
the central wavelength of the narrow-band filter is in the
scope of 600—650 nm, and this wave band belongs to red
light. In order to increase the speed of image processing,
only red primary color is processed. Thus, the color
image is transformed to gray image according to red
primary color. Figure 3 shows the gray image
transformed from a color image. Two coordinate systems
Oxy and Oij are setup in Fig.3, and Oij is the discrete

coordinate system.

3.2 Image filtering

The noise is introduced in image grabbing and
sampling process, so image filtering is needed. Here
Gaussian function is used to reduce noise, which is
expressed in Eq.(1). It can reserve the edge information
well while reducing the noise.

G, Y,0) = —— exp[—ﬁ(x2 )] (M

2no
where o is Gaussian distribution parameter. In this study,
o=1. Eq.(1) should be discretized as 5x5 model defined
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as follows:

0 2 2 2 0]
2 515 5 2
2 1515 15 2
2 515 5 2

02 2 2 0]

Convolving the image and the model, the Gaussian
filtering is done. Figure 4 shows the image convolved by
the model.

Fig.2 Image captured by system( P=1.8 kW, v=10 mm/s)

Fig.3 Gray image and two coordinate systems

Fig.4 Image convolved by Gaussian model

3.3 Edge enhancing

Generally, edges can be divided into two types, step
type and slope type. In Fig.4, the gray value can be
extracted along the A, B and C lines, and the variations of
gray are shown in Figs.5, 6 and 7. The figures indicate
that the weld pool edge and keyhole edge are slope type
edges. In order to precisely extract the edges of weld
pool and keyhole, the image must be enhanced. So the
enhancing equation is designed as follows:

EnhanceGray(i, j)=k+FilterGray(i+3, j)+FilterGray(i+2,
j)ytFilterGray(i+1, j)—FilterGray(i—1, j)—FilterGray(i—2,
j)—FilterGray(i—3, j) 2)
where FilterGray(i, j) is the gray level of point (i, j) after
filtering by Gaussion function.
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Fig.5 Gray distribution by filtering and by enhancing along
line A
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Fig.6 Gray distribution by filtering and by enhancing along
line B

The function of constant K is to adjust the value into
the gray level scope, so the enhancing result can be
displayed in computer. Figures 5—7 show the filtering
result and enhancing results of lines A, B and C,
respectively. The edge research can be changed to
extreme point research of curve. The left and right edges
of weld pool and keyhole corrspond to the minimum
point and maxmimum point, respectively. Also the upper
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edge and lower edge of keyhole corrspond to the
minimum point and maxmimum point, respectively.
Because of block of plasma, the upper edge of weld pool
isn’t distinguished. Here the weld pool edge is estimated
according to the poistion of maxmimum point.
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Fig.7 Gray distribution by filtering and by enhancing along
line C

3.4 Weld pool edge extracting
Edge tracking is adopted in weld edge extracting.
The accuracy of edge tracking is mainly determined by
two factors. One is the start point selecting. The other is
the criteria of edge tracking. So it is very important to
determine the start point and criteria of edge tracking.
Many weld pool images are analyzed. It is found

that the weld pool edge tracking can be done in two steps:

weld pool rear edge tracking and weld pool front edge
tracking.
3.4.1 Start point selecting

Because there are many points which have the
similar character of edge point, which will affect the
accuracy selection of edge point. From Fig.4, it can be
seen that the weld pool edge approximates to a line in the
middle of weld pool below line B. Making full use of this
feature, the start point can be determined.

Select 21 lines in the middle of weld pool. Among
these lines, the center line is denoted by j. The left edge
point and right edge point are searched in each line
according to the character of weld pool edge mentioned
above. And the average value of the abscissa of all left
edge point is regard as the abscissa of left edge of line j.
Also the average value of the abscissa of all right edge
point is regarded as the abscissa of right edge of line j.
These two points are denoted as i and i, and are taken
as start points.

3.4.2 Criteria of rear edge tracking

As metioned in section 3.3, the edge research is
changed to extreme point research of curve.

1) Left edge must be the minimum extreme point,
and right edge must be the maximum extreme point.

2) If there are more than one minimum extreme

point, compare the most minimum extreme point and the
second minimum extreme point. If the difference is less
than 5, then take the one that is closer to upper line edge
point as candidate point of left edge point in this line. In
other situation, take the most minimum extreme point as
candidate point.

3) If the difference between the abscissa of
candidate point of left edge in this line and that in upper
line is less than 3, the candidate point is taken as the left
edge point, otherwise, add 1 to the abscissa of left edge
point in upper line and take this value as abscissa of left
edge point in this line.

4) If there are more than one maximum extreme
point, compare the most maximum extreme point and the
second maximum extreme point. If the difference is less
than 5, then take the one that is closer to upper line edge
point as candidate point of right edge point in this line. In
other situation, take the most maximum extreme point as
candidate point of the right edge in this line.

5) If the difference between the abscissa of
candidate point of right edge in this line and that in upper
line is less than 3, the candidate point is taken as right
edge point, otherwise, subtract 1 from the abscissa of
right edge point in upper line and take this value as
abscissa of right edge point in this line.

3.4.3 Criteria of front edge tracking

1) Front edge must be the maximum extreme point.

2) If there are more than one maximum extreme
point, compare the most maximum extreme point and the
second maximum extreme point. If the difference is less
than 5, then take the one that is closer to left column
edge point as candidate point of rear edge point in this
column. In other situation, take the most maximum
extreme point as candidate point of the rear edge in this
column.

In order to reduce the computation time, the search
scope is limited. Here the vertical coordinate of the front
edge determined in left column is denoted as j. The
search scope is [j—30, j+30]. Considering the
continuation of edge, mean filter is done. Figure 8 shows
the edge searched by the algorithm.

3.5 Keyhole edge extracting

The keyhole tracking can be done in three steps:
middle edge tracking, front edge tracking and rear edge
tracking.
3.5.1 Start point selecting

The position of keyhole has close relationship with
laser spot. The center of the keyhole varies little with the
welding parameters. So, in one image, the keyhole center
is found by hand and denoted as (i., j.). This point is
taken as keyhole center in all images. Here i.=381 and
je=115. The line number [95, 135] is defined as middle
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Fig.8 Weld pool edge searched by image process algorithm

part of keyhole.
3.5.2 Criteria of middle edge tracking

1) The left edge must be the minimum extreme
point, and the right edge must be the maximum extreme
point.

2) The most minimum extreme point is taken as the
left edge point. The most maximum extreme point is
taken as right edge point.

3.5.3 Criteria of front and rear edge tracking

1) The front edge must be the minimum extreme
point, and the rear edge must be the maximum extreme
point.

2) The most minimum extreme point is taken as the
front edge point. The most maximum extreme point is
taken as the rear edge point.

The search strategy is searched line by line or
column by column. The middle edge searching is
conducted line by line and the rear or front edge

searching is conducted column by column.

Because the size of keyhole has closer relationship
with laser spot, the edge search scope can be determined
according to center point. According to the maximum
size estimated, the middle edge searching scope is
defined as [311, 451]. Thus, the computation time is
reduced and the accuracy is increased also.

After finishing the middle edge searching, the
column that the left edge point in the 95th line locates is
taken as the start column of front edge searching and the
right edge point as the end column. The column that the
left edge point in the 135th line locates is taken as the
start column of rear edge searching and the right edge
point as the end column.

Figure 9 shows the keyhole edge searched. Figure
10 shows the keyhole and weld pool edge searched under
different welding parameters. It can be seen that the
image process algorithm mentioned above can extract the
edge well.

Fig.9 Keyhole edge searched by image process algorithm

Fig.10 Weld pool-keyhole edge searched by image process algorithm under different welding conditions: (a) P=1.8 kW, v=10 mm/s;
(b) P=2 kW, v=13.3 mm/s; (c) P=1.8 kW, v=13.3 mm/s; (d) P=1.6 kW, v=13.3 mm/s
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4 Conclusions

1) An coaxial visual sensing system is constructed,

and the clear image of weld pool and keyhole is
captured.

2) Based on the analysis of the image character of

weld pool and keyhole, Gaussian filter algorithm, edge
enhancing algorithm and edge tracking algorithm are
designed. The start point and searching criteria of weld
pool and keyhole edges are determind, and the weld pool
and keyhole edges are well extracted.
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