
 

 
Abstract—Process monitoring is important for the laser 

welding system, especially for the weld seam deviation 
monitoring. A 10kW high power fiber laser butt joint welding 
of type 304 stainless steel was performed. By combing two 
different band pass filters, high speed photography was 
employed to capture the near-infrared images of molten pools. 
Image difference algorithm was used to obtain the weld seam 
position. By accumulating numbers of near-infrared image, the 
weld deviation could be monitored. Three different kinds of 
welding trajectory were employed in testing the effectiveness of 
weld seam deviation monitoring by using image difference 
algorithm. The experimental results showed that the 
accumulation of difference images could be used in laser 
welding seam deviation monitoring. The maxima gray-value of 
accumulated image indicated the weld seam position while the 
laser beam focus position in the image was constant.   
 

Index Terms— image difference algorithm, laser welding, 
monitoring, near-infrared image 
 

I. INTRODUCTION 

ASER welding has been widely used for its conspicuous 
advantage in small heat-affected zone, high processing 

speed, high aspect ratio, high quality beam profile, capability 
of welding at atmospheric pressure and automate process  
[1,2]. Despite the fact that tight focus attainable with laser 
beams has such advantages as to deliver heat efficiently and 
minimize the heat affected zone, it also leads to problems of 
join alignment and fit up. Since the laser beam diameter is 
very small (normally from 0.1 mm to 0.6 mm), small 
misalignment may cause large changes in welding conditions, 
and even narrow gaps can result in a lack of coupling of laser 
radiation and reduce heating efficiency [3]. It is still a 
challenge to guarantee the laser beam focus on weld seam 
accurately, especially in long weld seam condition and high 
thickness. Consequently, on-line monitoring of laser welding 
process is prerequisite for high quality welding.  

Effective method for monitoring the welding process is 
essential to improve welding quality [4-6]. For instance, 
seam tracking system LPF from Precitec, welding monitor 
from Prometec, and RoboFind from Servo Robot have been 
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commercialized for several years [7]. Also, the laser focus 
deviations from the desired path can be estimated by 
coaxially monitoring the optical signals emitted from the 
weld pool area [8]. The way of reconstructing a 
three-dimensional model of a molten pool and detecting the 
welding state has been a research focus at the present time 
[9,10]. Some research has been conducted on infrared 
temperature measurement of hybrid laser-TIG welding 
process [11]. Several fundamental studies on plasma 
monitoring have been performed to evaluate the stability of 
laser welding [12]. High-speed photography has been proved 
to be an effective method in analyzing the structure and 
dynamic behavior of a keyhole during laser welding process 
[13]. In order to optimize the productivity of laser welding, 
electromagnetic emissions from the weld zone, such as 
reflected light, thermal radiation and plasma radiation, are the 
most important information during on-line monitoring [14]. 
Recently, using near-infrared sensing technology in seam 
tracking and monitoring of laser welding process have been 
investigated [15,16].  

This paper proposes a method of seam deviation 
monitoring during laser welding process. A laser-welding 
head was fixed to a robot which was controlled by the 
computer system. A high speed near-infrared sensitive 
camera was used to capture the molten pool images, and 
difference image processing techniques were applied to 
obtain the weld seam position. By accumulating the 
difference image, the weld seam deviation between 
laser-beam focus and weld seam could be monitored. The 
proposed method provides an effective way for laser-welding 
automation by monitoring the weld seam deviation from 
near-infrared image of a molten pool. 

 

II. EXPERIMENTAL SETUP 

The experimental system consisted of an IPG fiber laser 
welding equipment (laser power 10 kW), the shielding gas 
(argon), a 6-axis robot and a welding platform equipped with 
a high-speed camera, servo motors and fixing device. The 
schematic drawing of the system is shown in Fig.1. The 
welding material was stainless steel plates of 10 mm in 
thickness, 150 mm in length and 100 mm in width. The 
welding speed was 2.5 m/min, with a beam diameter of 200 
m. In order to eliminate interference and obtain clear 
near-infrared image of a molten pool, two narrow band pass 
filters at designated frequency were placed ahead of the 
camera lens. By analyzing the spectrum of a molten pool, it 
was observed that the heat radiation of a molten pool mainly 
covered the near infrared band, while the plume radiation 
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gathered at the ultraviolet band. By using a combination of 
the two filters resulting in a spectral band of 960-990 nm, the 
camera was made sensitive to the molten pool emissions 
(thermal radiation). The response curves and combing results 
of various filters are shown in Fig. 2. Molten pool image 
recording was carried out at 1000 frames /second by a high 
speed CMOS camera. A near-infrared image of molten pool 
captured by high speed camera is shown in Fig. 3. 

 
 

 

Fig. 1.  Experimental setup of high power fiber laser welding monitoring 
system with high speed near-infrared sensing 

 

 

Fig. 2.  Optical filter response curves and the result of optical filters 
combination 

 

 

Fig. 3.  Near-infrared image of a molten pool captured by high speed camera 
with filter combination  

III. IMAGE DIFFERENCE PROCESS 

A. Difference Image Accumulation 

The near-infrared images contained three primary 
information of laser welding process, which were molten 
pool, keyhole and seam gap position. As seen from Fig.3, it is 
difficult to accurately identify seam gap position from the 
image. Considering that the exact position of laser beam spot 
in the image can be obtained from the guiding laser before 
welding process, the welding deviation between laser beam 
focus and weld seam can be monitored from the gray-value 
variation of seam gap area in near-infrared image. 

Suppose the near-infrared image at time t is ft (x, y). The 
difference images between near-infrared image at time t and 
time t+1 is Ft (x, y). By accumulating difference images from 
time t to time t+n, the maxima gray-value variation of 
near-infrared images, which indicated the weld seam position, 
could be obtained. The image difference process is shown by 
Fig.4. 

 

Fig. 4.  Image difference process of near-infrared images of molten pool 

Considering the gray-value of gray-scale image arrange 
from 0 to 255, accumulating more than 100 difference image 
would lead to huge gray-value, which cannot be shown in the 
gray-scale image after the image process. So the difference 
images would be divided by the number of m. In this case, 
1000 near-infrared images would be accumulated to obtain 
the laser welding deviation and m would be set on 100. The 
difference images accumulation Gt (x, y) is expressed as 
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To examine the effectiveness of image difference 
algorithm in laser welding process monitoring, three different 
kinds of laser trajectories were used in the laser welding 
performance. First, the laser beam focused on the weld seam 
center during the welding process. The schematic of 
trajectory and weld seam surface are shown by Fig.5 (a) and 
(b), respectively. Second, the laser beam deviated from the 
weld seam center to the right in 0.3 mm during the whole 
welding process. The schematic of trajectory and weld seam 
surface are shown by Fig.6 (a) and (b), respectively. Third, 
the laser beam deviated from the weld seam center to the right 
at the beginning of welding process, and then moved toward 
the right side of the weld seam center gradually.  At the end 
of welding process, the laser beam focused on the left of weld 
seam center. The schematic of trajectory and weld seam 
surface are shown by Fig.7 (a) and (b), respectively. 
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(a) 

 

 (b) 

 

(c) 

 

 (d) 

Fig. 5.  Difference images accumulation results during laser beam focus on 
the weld seam center (a) schematic of beam trajectory on weld seam center (b) 
weld bead surface (c) 2D view of accumulation results of 1000 difference 
images (d) 3D view of accumulation results of 1000 difference images 
 

B. Laser Beam Focus on Weld Seam  

In the first experiment, 1000 continuous near-infrared images 
were used to perform image difference algorithm. The 
monitoring region of welding process is shown by Fig.5 (b). 
Because the laser head and high speed camera maintained a 
relatively constant position, the laser beam horizontal 

position in the near-infrared image was fixed, which is shown 
by Fig.5 (c). As shown in Fig.5 (c) and (d), the maxima 
gray-value of accumulation image of 1000 difference images 
appeared in the weld seam area, which was the same 
horizontal position of  laser beam focus in the first welding 
experiment.

 
(a) 

 

 (b) 

 

    (c) 

 

        (d) 

Fig. 6.  Difference images accumulation results when laser beam deviated 
from weld seam center at 0.3 mm (a) schematic of beam trajectory deviated 
from weld seam center (b) weld bead surface (c) 2D view of accumulation 
results of 1000 difference images (d) 3D view of accumulation results of 
1000 difference images 
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(a)   

 
(b) 

  
     (c) 

   
       (d) 

  
      (e) 

 

(f) 

 

(g) 

 

  (h) 

Fig. 7.  Difference images accumulation results when laser beam deviated 
from weld seam center gradually (a) schematic of beam trajectory deviated 
from weld seam center gradually (b) weld bead surface (c) 2D view of 
accumulation results of 1000 difference images when laser beam focus 
deviated from weld seam center to the right (d) 2D view of accumulation 
results of 1000 difference images when laser beam focused on weld seam 
center (e) 2D view of accumulation results of 1000 difference images when 
laser beam focus deviated from weld seam center to the left (f) 3D view of 
accumulation results of 1000 difference images when laser beam focus 
deviated from weld seam center to the right (f) 3D view of accumulation 
results of 1000 difference images when laser beam focused on weld seam 
center (f) 3D view of accumulation results of 1000 difference images when 
laser beam focus deviated from weld seam center to the left 
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C. Laser Beam Deviated from Weld Seam 

In the second welding experiment, the maxima gray-value 
of accumulation image of 1000 difference images appeared 
in the weld seam area as laser beam focus deviated to the 
right. The monitoring results of second experiment were 
shown by Fig.6 (c) and (d). As previously mentioned, the 
laser beam focus position of near-infrared image was fixed 
and only the weld seam position changes. By using the image 
difference algorithm, the weld seam position could be 
distinguished from the laser beam position while laser 
welding deviation appeared. 

D. Laser Beam Deviated from Weld Seam Gradually 

In the third experiment, the laser beam focus moved from 
the right of weld seam to the left gradually. Therefore three 
different types of monitoring region were selected. There 
were 1000 near-infrared images selected for monitoring the 
right deviation and another 1000 near-infrared image for the 
left deviation. Also, there were 200 near-infrared images 
used for monitoring the process without deviation. The 
monitoring regions of welding process are shown by Fig.7 
(b). As seen from Fig.7 (c) and (e), the maxima gray-value of 
accumulation image of 1000 difference images appeared in 
the weld seam area from which the laser beam focus deviated 
to the right while monitoring at right deviation. The maxima 
gray-value appeared at the position from which the laser 
beam focus deviated to the left while monitoring at left 
deviation which is shown by Fig.7 (f) and (h). Although there 
was small deviation (less than 0.056 mm) between laser beam 
focus and weld seam center in the middle of welding process, 
it still could be assumed that at this position the laser beam 
focused on the weld seam center. As shown in Fig.7 (d) and 
(g), the maxima gray-value appeared at the same horizontal 
position of laser beam focus. 

IV. CONCLUSION 

The seam deviation monitoring of high power laser butt 
joint welding by using image difference algorithm was 
investigated. Near-infrared sensing technology was applied 
in welding process monitoring. Three welding conditions 
with different trajectories were performed. Without welding 
deviation, the maxima gray-value of accumulating image 
should appear at the same horizontal position of laser beam 
focus. During the process of welding deviations, the maxima 
gray-value of accumulating image should appear at the 
position which laser beam focus deviated from. The proposed 
method of image difference has been proved to be useful in 
laser welding monitoring. 
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