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In a laser butt joint welding process, it is required that the laser beam focus should be controlled to follow the weld
joint path accurately. Small focus wandering off the weld joint may result in insufficient penetration or unacceptable welds.
Recognition of joint position offset, which describes the deviation between the laser beam focus and the weld joint, is
important for adjusting the laser beam focus and obtaining high quality welds. A new method based on the magneto-optical
(MO) imaging is applied to measure the micro weld joint whose gap is less than 0.2 mm. The weldments are excited by an
external magnetic field, and an MO sensor based on principle of Faraday magneto effect is used to capture the weld joint
images. A sequence of MO images which are tested under different magnetic field intensities and different weld joint widths
are acquired. By analyzing the MO image characteristics and extracting the weld joint features, the influence of magnetic
field intensity and weld joint width on the MO images and detection of weld joint position is observed and summarized.
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1. Introduction

It is required that the laser beam focus is controlled to
follow the weld joint during laser welding, and thus accurately
measuring the weld joint position is an essential prerequisite to
obtain good welds. Laser welding has been widely used for its
advantage in narrowly focusing laser radiation to a small area
and generating high intensity heat source.!!3! Accurate seam
tracking is the key to ensure laser welding quality. However,
this narrow area of the laser weld fusion zone brings about
problems of joint alignment and fit up.*! In recent years, the
main method of weld joint detection is based on machine vi-
sion. The information of the weld joint position is captured by
a visual sensor, and the laser beam focus position is adjusted
to follow the weld joint according to calculation of weld joint
offset. Visual sensor is a very useful tool to capture objects,
and the captured images contain plenty of information of the
objective. >~

Due to factors such as concentrated welding energy, small
laser spot diameter, narrow root opening, smoke, metal plume,
and spatter during laser welding, it is difficult to use the ma-
chine visual method to directly obtain the micro weld joint
information and realize accurate seam tracking. Usually the
welding speed of laser is fast and the root opening is narrow,
which make it more difficult to detect and track the micro
weld joint. Several methods have been experimented to de-

(8-101 For instance, seam tracking system

tect the weld position.
LPF, welding monitor, and RoboFind have been commercial-

ized for several years. The most popular technique used for
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weld joint detection is based on the principle of optical trian-
gulation. However, when the width of a butt joint is less than
0.1 mm, the weld joint is too narrow to be measured directly
by optical triangulation method. The technique of magneto-
optical (MO) imaging, a nondestructive evaluation technique,
is considered applicable to the detection of micro weld joint
during laser welding. An MO sensor is applied to produce
real time images of magnetic fields from workpiece surface

1121 This technique

and subsurface that are easy to interpret.|
has gained great attention largely due to its simple operation,
high accuracy, and high speed of inspection.!'3~!"1 MO imag-
ing method is proved to be an effective way to detect and track
the micro weld joint during laser welding. It is found that
the weld joint position of MO image will change with differ-
ent magnetic field intensity, and almost not change at different

8] In the laser welding process, the magnetic

welding speeds.
field usually fluctuates due to various welding environmental
disturbances. At the same time, the weld joint width varies
because of the high energy of laser resulting in weldment ther-
mal deformation. Based upon the experimental findings, this
paper further researches the MO image characteristics of mi-
cro weld joint under different magnetic field and different weld
joint width. Also, the influence of magnetic field intensity and
width of weld joint on detection of weld joint position is stud-

ied.
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2. Experimental setup

The experimental setup is shown in Fig. 1, which includes
a YAG laser welding equipment, MO sensor, movement work-
table, jigs, shielding gas (argon) device, and magnetic field
excitation means.

The MO sensor is mainly composed by optical system,
MO thin films, light-emitting diode (LED) light source, the
complementary metal oxide semiconductor (CMOS) image
sensor and other components. Detailed parameters of MO sen-
sor are shown by Table 1.

The magnetic field is produced by a magnetic field excita-
tion means which is set under the weldment. The distribution
and intensity of magnetic field change through the weld joint,
basically according to the shape and joint gap width of weld-
ment. As shown in Fig. 2, the weldment is magnetized by an
external magnetic field, and this can cause changes in the in-
cident light polarization direction of MO sensor. According
to Faraday magneto-optical effect, change of the incident light

polarization direction can be reflected by the MO images sen-
sitively. The MO image characteristic related to the weld joint
is different from other regions of weldment, so the weld joint
position can be detected by analyzing the MO images.

laser welding
/mm equipment
@

monitor /7

.gas nozzle

shieildiing gas

. Y-axis drive
weld joint
weldment

X-axis drive ) magnetic field excitation means
Fig. 1. (color online) Experimental equipment of detecting weld joint
using magneto optical imaging.

Table 1. Parameters of MO sensor. A is the light source wavelength, H is the magnetic field intensity and F is the sampling rate.

Sensor light source A/mm L x W/mm?

Sensor image HI/KA-m-! F/fs™!

resolution /pixel?

LED 590 20x15
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Fig. 2. (color online) Schematic diagram of magnetic field distribution
on weldment. (a) External magnetic field direction is perpendicular to
the joint of the weldment. (b) Schematic diagram overlooking the mag-
netic field perpendicular to the weldment.

The magnetic field excitation means is an electromagnet
which can produce different and accurate intensity of magnetic
field by changing the control voltage. The scope of magnetic
field intensity is in MO sensor measuring scope. Low car-
bon steel is used as the experimental weldment, as its strength,
plasticity, and welding performance are desirable and there-
fore it is widely used for its good comprehensive performance.
The heat affected zone of low carbon steel is usually small, so
in most cases it is unnecessary to process the material by heat
treatment.

The experiments are carried out and 20 groups of data are
obtained. These data are measured under the conditions of dif-
ferent magnetic field intensity and different weld joint width.
The voltage of magnetic field excitation is set at 16.5 V, 19V,

21.5 V, and 24 V respectively in order to produce different
magnetic field intensity, and the weld joint gap width is set as
0 mm, 0.05 mm, 0.10 mm, 0.15 mm, and 0.20 mm, respec-
tively. Different weld widths are tested to investigate the MO
image characteristics of weld joint. The experimental condi-
tions are shown in Table 2.

Table 2. Experimental conditions of micro weld joint detection. S is the

distance between MO sensor and weldment, V' is the work table move-

ment speed, U is the magnetic field excitation, and Wy is the weld joint
gap width.

S/mm  LxW x H/mm? V/mm-s~! UV
15 100x82x1.8 4 16.5-24

Wy/mm
0-0.2

3. MO image processing and analysis
3.1. Transition zone of MO image

When a linear polarized beam passes through an optical
rotation medium, the vibration plane rotation of the light will
be rotated. If an external magnetic field H is applied on the
medium along the direction of light propagation, the rotation

angle 0 is the effect of Faraday rotation angle
0 =VBd, €))

where B is the magnetic induction intensity, V is the Verdet

constant, which is related to material properties, temperature,
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and the frequency (wavelength) of light, and d is the path
length of light penetrating through the material.

For most MO medium, the Faraday rotation angle is pro-
portional to the magnetic field intensity. When the magnetic
field exceeds a certain limit, the magnetization tends to reach
saturation value and Faraday rotation angle 6 will become
saturated.!'3! A photo of weldment whose joint gap width is
0.1 mm is shown in Fig. 3.

Fig. 3. A photo of weldment surface.

The same position of the weld is chosen while the voltage
of magnetic field excitation is 16.5 V, and weld joint width is
set as 0 mm, 0.05 mm, 0.1 mm, 0.15 mm, and 0.2 mm, respec-
tively. Figure 4 shows the weld joint surface images captured
by a microscope. Though the weld joint can be seen clearly,
the angle of view and the depth of focus are small, and it is
only applicable to a static observation of weld joint. It is diffi-
cult to focus on a moving weldment. Thus, it cannot be used
to detect and track the weld joint path in laser welding pro-
cess while the weldment is moving. The MO images of weld
joint are shown in Fig. 5, where the original MO images show
the same position of the weld joint, while the voltage of the
magnetic field excitation is 16.5 V.

Fig. 4. Top view of weld joint surface. (a) Weld joint width is close to 0 mm, (b) weld joint width is 0.05 mm, (c) weld joint width is
0.1 mm, (d) weld joint width is 0.15 mm, (e) weld joint width is 0.2 mm.
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Fig. 5. (color online) MO images of weld joint. (a) Weld joint width is close to 0 mm, (b) weld joint width is 0.05 mm, (c) weld joint
width is 0.1 mm, (d) weld joint width is 0.15 mm, (e) weld joint width is 0.2 mm.

It can be clearly seen from the MO image that there
are two different areas, which reflect the two separated steel
plates. A magnetic field excitation setup is arranged to make
the external magnetic field direction perpendicular to the joint
of the weldment. When the magnetic field goes through the
weld joint gap in horizontal direction from the N pole to S
pole, the weldment is magnetized and the intensity of mag-
netic field changes due to different magnetic properties be-
tween weldment and weld joint gap. This causes correspond-
ing changes in the Faraday rotation angle. Figures 2 and
6 show the magnetized weldment and MO image principle.
When the weldment is magnetized by external magnetic field,
N pole and S pole are formed on both sides of weld joint re-
spectively, where the N pole magnetic field causes the inci-

dent light polarization of MO sensor to rotate clockwise along
the plane of polarization for 6 angle, and the S pole magnetic
field causes a counterclockwise rotation of the incident light
polarization angle 6 along the plane of polarization. Conse-
quently, the gray scale of a weld joint MO image changes,
which produces different colors related to both sides of weld
joint, respectively, and the clear weld joint MO images can be
obtained.

As shown in Fig. 6, when there is no magnetic field, the
projection of the incident light polarization direction on the de-
tector polarization direction is OB, and ¢ is the angle between
the incident light and detector polarization direction. When
the weldment is magnetized by external magnetic field, as al-
ready mentioned above, N pole and S pole are formed on both
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sides of weld joint respectively. The N pole magnetic field
causes the polarization to rotate clockwise along the plane of
polarization for 6 angle, and the S pole magnetic field causes
a counterclockwise rotation of the polarization angle 0 along
the plane of polarization. The corresponding amplitude com-
ponents of N pole and S pole are OA and OC respectively.
The quantity of 0 is based upon the magnetic induction inten-
sity, as shown in Eq. (1). This causes different properties of
weldment images with different magnetic field distribution in-
tensities, and has the gray-scale change in an MO image of the
weld joint.

Magnetic property changes along the magnetic field dis-
tribution and different gray scales of MO image represent dif-
ferent intensities of magnetic field, as shown in Fig. 7. Also,
by using a magnetic field measuring instrument for calibra-

tion, the magnetic field intensity corresponding to MO images
can be calculated. The weld joint width changes from 0 mm
to 0.20 mm with a step of 0.05 mm, and different magnetic
field intensities of the same position under different voltages
of magnetic field excitation are shown in Figs. 7(e)-7(i).

~~ detector polarization
FB direction

incident light

polarization direction
effect of S pole on the

® /incident light

\~{ polarization direction

effect of N pole on the
incident light —]
polarization direction ]

Fig. 6. Schematic diagram of weld joint MO image principle.

saturated
100
2 kA/m
300 0 kA/m
—2 kA/m
500 500 saturated
100 300 500 100 200 300 100 200 300
(a) (b) (c) (d)
TE 1.0 P 2
= (e) g
< < (f)
~ 0.5 2
= ~
e = 1
E= o=
&
£ 0 2
g k3
% 0.5 £ 0
@ 3
g —16.5 V g — 165V
S 1.0 - 19V - —— 19V
> ——21.5V © _1} =215V i
& 24V 4 3 g ——24 V &
§ _1'50 100 200 300 400 500 é 0 100 200 300 400 500
= Ordinate of MO image E Ordinate of MO image
7 7 7
g 2 g 2 g 2
< (&) | = (h) | < (i)
=4 I~ =
5 5 3
5 1 / < 1 o 1 /
& i) i}
2 A 2 2 4
) = i)
g ~ g 5 -
§0 0 B %} 0 & 0 B
g — 165V g g —16.5V
3 oV % DEET ) = 19 V
B e 215V o ——215V ¥ o
> —1 5, —1 24V o, —1f =215V
hat —+—24 V + e 5 5
Z; ford = e} = ——24 'V o {
2 0 100 200 300 400 500 é 0 100 200 300 400 500 E 0 100 200 300 400 500
= Ordinate of MO image = Ordinate of MO image = Ordinate of MO image

Fig. 7. (color online) Different intensity of magnetic field corresponds to MO images and voltages of magnetic field excitation setup. (a) Original MO
image of weld joint, (b) clipped middle 300 columns of the original MO image, (c) grayscale image, (d) grayscale corresponding to the intensity of
magnetic field. (e)—(i) Intensity of magnetic field corresponding to ordinate of MO images. Weld joint widths are (e) 0 mm, (f) 0.05 mm, (g) 0.10 mm,

(h) 0.15 mm, and (i) 0.20 mm, respectively.
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The region between two areas A and C in an MO image
is related to the actual weld joint, which can be deemed as
the weld joint transition zone B. In order to extract the weld

joint position from an MO image, the characteristic of transi-
tion zone B should be analyzed. The width of transition zone

B and the centerline of MO images are chosen as the area of

research interest. For each experiment, a total of 580 frames
of MO images of weld joint are collected by the MO sensor.
Here, the 320th frame of the 3rd group of MO images is se-
lected as an example to show the image processing procedure.
The size of MO original image is 512x512 pixel?, the weld
joint width is 0.1 mm and the magnetic field excitation voltage

100 ) 100

Pixel
Pixel
Pixel

0
100 300
Pixel

100 300 500
Pixel

100
Pixel

(c)

300

is 19 V. The middle 300 columns are clipped as the object for
the image processing, and the original MO image is converted
to grayscale image. By extracting the edge of the transition
zone, the center of MO image of the welding line can be cal-
culated. The image processing procedure is shown in Fig. 8.
MO images of different magnetic field intensity and dif-
ferent weld joint width are processed respectively. When the
weld joint width changes from 0 mm to 0.2 mm with a step of
0.05 mm, the changes of transition zone under different volt-
ages of magnetic field excitation are shown in Fig. 9, where

the voltage changes from 16.5 V to 24 V with a step of 2.5 V.
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Fig. 8. (color online) Schematic diagram of MO image processing of weld joint. (a) Original image, (b) clipped middle 300 columns
of the original image, (c) grayscale image, (d) transitional zone edge, (e) transitional zone and center line of grayscale image, and (f)

transitional zone and center line of clipped image.
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Fig. 9. (color online) Transition zone width of MO images. Weld joint width is (a) 0 mm, (b) 0.05 mm, (c) 0.1 mm, (d) 0.15 mm, and

(e) 0.2 mm, respectively.

In order to clearly observe the changes of transition zone
width related to different weld joint width, figure 10 shows an-
other combination of experimental data. Here, the voltage of
magnetic field excitation is also changed from 16.5 Vto 24 V
with a step of 2.5 V, and the weld joint width is changed from
0 mm to 0.2 mm with a step of 0.05 mm. The widths of MO
image transition zone under different conditions are shown in

Table 3.
Table 3. Width of MO image transition zone (pixel).
We=0 Wy;=0.05 W;=01 W;=0.15 W,;=0.2
U=165 147.02 92.00 68.57 65.58 47.57
U=19 13516 87.48 59.60 49.86 40.57
U=215 13020 77.40 54.60 40.27 36.54
U=24 11490 61.48 49.37 35.90 29.02
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Fig. 10. (color online) Transition zone width of MO images. The voltages of magnetic field excitation are (a) 16.5 V, (b) 19 V, (c)
21.5V, and (d) 24 V, respectively.

3.2. Measurement of weld joint center

Weld joint center/pixel

While the weld joint width changes from 0 mm to 0.2 mm
with a step of 0.05 mm, different centerline positions of the
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MO images related to different voltages of magnetic field ex-

citation are shown in Fig. 11. Here, the voltage changes from

16.

5 V to 24 V by increasing 2.5 V each time.
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Fig. 11. (color online) Weld joint center of the MO images. Weld joint widths are (a) 0 mm, (b) 0.05 mm, (c) 0.1 mm, (d) 0.15 mm,
and (e) 0.2 mm, respectively.
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The calibration value is 100 pixel/mm when the weld joint
width is 0 mm, and the calibration value is 140 pixel/mm when
the weld joint width is 0.05 mm. The error between the detec-
tion values and the actual values of weld joint center under dif-
ferent voltages of magnetic field excitation is shown in Fig. 12.
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Fig. 12. (color online) Errors of weld joint detection. The weld joint
width is (a) 0 mm and (b) 0.05 mm, respectively.

Table 4. Errors (cm) of detecting weld joint center at a weld joint width
of 0 mm.

Max Min Mean Var Std
U=165V 0.147 0.137 0.029 0.070 0.005
U=19V 0.198 0.153 0.026 0.083 0.007
U=215V 0.122 0.034 0.034 0.088 0.007
U=24V 0.294 0.086 0.022 0.085 0.007

Table 5. Errors (cm) of detecting weld joint center at a weld joint width
of 0.05 mm.

Max Min Mean Std Var
U=165V 0.191 0.096 0.058 0.081 0.006
U=19V 0.220 0.155 0.045 0.111 0.012
U=215V 0.214 0.117 0.054 0.103 0.010
U=24V 0.224 0.170 0.029 0.124 0.015

Tables 4 and 5 show the statistical results of micro weld
joint detection when the weld joint widths are 0 mm and

0.05 mm, respectively. The statistical results include the maxi-
mum error, minimum error, mean error, variance, and standard
deviation of joint detection.

4. Conclusions

A magneto-optical imaging method based on the princi-
ple of Faraday magneto effect is studied to measure the micro
weld joint whose gap is less than 0.2 mm. The experiments
are carried out under the conditions of different magnetic field
intensity and the different weld joint width. From the exper-
imental results, the conclusions can be drawn as follows. (i)
When the weld joint gap is constant, the width of weld joint
transition zone of MO image decreases and the weld center
line of MO image moves slightly as the magnetic field strength
increases. (ii) When the magnetic field intensity is constant,
the width of weld joint transition zone of MO image decreases
as the weld joint width increases. (iii) When the weld joint
gap is larger than 0.15 mm, the magnetic field intensity varia-
tion has less influence on the weld joint center position of MO
image. (iv) When the magnetic field intensity increases, the
errors of detecting the weld joint position become fewer. The
micro weld joint can be detected by using the magneto optical
imaging, and experimental results show that this method is ef-
fective for accurately measuring the micro weld joint position
and seam tracking.
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