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 Study on oscillation modes of weld pool in 

stationary GTA welding using structure laser method 
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3. State Key Laboratory of Advanced Processing and Recycling of Non-Ferrous Metals, Lanzhou University of 

Technology, Lanzhou 730050, China 

Abstract: To study the oscillation mode of GTA weld pool, the oscillation mode of weld pool was analyzed based on Bessel 

equation, and the laser dot matrix images of (0, 1), (1, 1), (2, 1), (0, 2) oscillation modes at different times are obtained by structured 

laser optical measurement simulation. The oscillation mode of stationary GTA weld pool was analyzed based on the laser dot matrix 

images obtained by structure laser experiment. The result shows the simulated laser dot matrix images matches up to the experiment 

result. The oscillation mode of the weld pool can be recognized based on laser dot matrix image. This study can not only provide 

conditions for judging the penetrating state of weld pool, but also help to further understand the oscillation mode of the weld pool and 

develop more effective observation methods and measurement tools, so as to effectively control and improve the welding quality. 

 

Keywords: Weld pool surface; GTA Welding; Bessel function; vibration mode; geometric optics;  

Introduction1 

Gas tungsten arc(GTA) welding is a form of fusion 

welding where an electric arc is applied to the surfaces of 

parts to melt and join parts [1]. The weld pool contains a 

lot of information about the change of physical state 

during the process of welding and plays a basic role in 

determining the result of welding. The size of weld pool 

directly affects the appearance and internal quality of the 

weld. The stability of the size of weld pool during the 

welding process is very important for the quality of the 

weld. Many recent studies focus on it. Rebuilding the 

three-dimensional shape of the pool surface can not only 

provide experimental verification means for numerical 

simulation of welding thermal process, but also lay a 

solid foundation for intelligent control of welding 

process, which has important theoretical significance and 

engineering application value. However, in the process of 

welding, it is very difficult to observe the 

three-dimensional morphology of GTA weld pool surface 

because of the adverse factors such as fast change of pool 

surface, splashing and arc intensity. At the same time, 

electromagnetic interference, high-temperature plasma 
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and high-temperature pool exist in welding. It is not 

suitable to obtain three-dimensional information by 

mechanical and electromagnetic methods in the process 

of welding. The need for real-time measurement of weld 

pool height information lead to infrared sensing and 

X-ray methods cannot be used.  

For the sensor measurement of GTA welding pool 

surface, domestic and foreign scholars have studied it by 

many methods. In the actual welding process, optical 

measurement technology is mainly used, such as 

structured light three-dimensional visual measurement 

method [2], SFS (shape from shading) [3] and binocular 

stereo vision method [4].In numerical simulation, the 

finite element analysis method and other numerical 

simulation software [5-7] are mainly used. 

Among them, structured laser optical measurement 

mainly uses the combination of optical principle, visual 

measurement technology and image processing method 

to obtain three-dimensional data of objects. Because of 

its non-contact, high precision, high resolution and 

portability, it has become the focus of research at home 

and abroad.  

In order to analyze and measure surface distortion 

of weld pool, Zhening Cao et al. [8] deduced the 

calculation formula of surface distortion of GTA weld 

pool by using hydrodynamic theory; PALANI P. K. et al. 

[9] studied the influence of pulse parameters on arc 

stability, welding quality, weld morphology and 

geometry parameters of welds. Yukang Liu et al.  [10] 

used a new machine vision system to measure the 



 

three-dimensional weld pool interface of GTAW in real 

time, and characterized the width, length and concavity 

of the weld pool; H. K. Narang et al. [11] established a 

fuzzy logic model to predict the shape and profile 

characteristics of HAZ macrostructure area and GTA 

pool geometry; Jingshan He et al. [12] and Fenggui Lu [13] 

used the finite element analysis software to analyze the 

three-dimensional surface of welding pool; Shinobu 

Satonaka et al. [14] measured the free surface of the weld 

pool by optical method and image analysis method. G 

Saeed et al. [15] proposed a method to extract surface 

information such as pool depth from captured images by 

using calibrated charge coupled device (CCD) sensors 

and structured light. Hiroshi Maruo et al. [16] studied the 

relationship between the vibration frequency and the 

oscillation mode of the circular weld pool. W Wang. et al. 

[17] studied the characteristic information of GMAW-P 

weld pool surface fluctuation with the methods of 

structured laser reflection and electrical signal sensing. 

They found that the fluctuation amplitude of the weld 

pool surface was determined by the size of the weld pool. 

With the increase of the penetration degree, the 

fluctuation amplitude of the weld pool surface decreased. 

Y. Hirata et al. [18] developed a three-dimensional weld 

pool flow model with a free surface, used the VOF 

(volume of fluid) method to track the change of the 

surface shape of the weld pool with time, and the CSF 

(continuous surface force) method to calculate the 

tension produced by the surface deformation of the weld 

pool. 

There are also a lot of research work in the 

realization of automatic welding. Shanben Chen et al. [19] 

introduced identification models and intelligent models 

into the weld pool dynamics during pulsed GTAW; 

Yukang Liu et al. [20] proposed a three-dimensional 

surface control system of weld pool based on the 

intelligent response model of human welders, which laid 

the foundation for quickly transforming the intelligence 

of skilled welders into robot welding system; Wei Lu et 

al. [21] established a framework for developing a novel 

robust sensing and control system for the depth of the 

weld pool surface which can work under different 

manufacturing conditions; Choong D. YOO et al. [22] 

conducts an experimental study on the oscillation of a 

weld pool suitable for the geometry measurement of the 

weld pool through arc voltage and light emission during 

GTA welding. And find out the characteristics of pool 

oscillation signals in full and transition penetration pools; 

G Saeed et al. [23] and Xuewu Wang [24] proposed a new 

method of three-dimensional weld pool calculation based 

on laser specular reflection and developed it into 

three-dimensional measurement technology to achieve 

accurate measurement and Simulation of different weld 

pool surface morphology; Yukang Liu et al. [25] 

constructed a novel machine vision system using 

structured laser to measure the geometric dimensions of 

the surface of three-dimensional weld pool in real time, 

and presented a predictive control algorithm for 

automatic welding. Hongsheng Song et al. [26]
 studied the 

image processing algorithm after the dot matrix laser 

pattern reflected from the weld pool surface, and 

obtained the data needed to reconstruct the pool surface 

based on the reflection law. 

COMSOL Multiphysics has high efficiency of 

computer performance and unique multi field full 

coupling analysis capability, so it can ensure the high 

accuracy of numerical simulation [27]. In this paper, the 

oscillation modes of weld pool were analyzed based on 

Bessel equation. The laser dot matrix images of (0, 1), (1, 

1), (2, 1), (0, 2) oscillation modes at different times are 

obtained by structured laser optical measurement 

simulation. The oscillation mode of stationary GTA weld 

pool was analyzed based on laser dot matrix images and 

simulation results. This is helpful for further develop the 

basic research work of welding technology, so as to 

effectively control and improve the quality of welding. 

1. Weld pool surface and circular membrane 
vibration 

1.1 Observation experiment of weld pool 
surface 

The geometric relationship of each component of 

the measurement system is shown in the Fig. 1a. The 

observation system of weld pool surface in stationary 

GTA welding is mainly composed of structure laser 

reflection imaging system and laser vision acquisition 

system. The laser is placed in the x-z plane, which is 45° 

aligned with the workpiece horizontally and placed 

17.1mm away from the torch. The imaging plane is 45° 

aligned with the workpiece. The distance between the 

center point and the workpiece is 11.32mm, and the 

distance between the camera and the workpiece is 

48.08mm. The laser has a rated voltage (DC) of 3 V, a 

power of 200 mW and a wavelength of 650 nm. The laser 

vision acquisition system is mainly composed of a CCD 

industrial camera behind the imaging plane, with a 

spectral response of 340-1030 nm and a signal-to-noise 

ratio of 38 dB. In Fig. 1b, the geometric relationship of 

the system is shown more specifically, which is helpful 

to simplify the correlation transformation and better 

describe the behavior of the weld pool. 



 

  

(a) 

 

(b) 

Fig. 1 Schematic diagram of the test system 

The stationary GTA welding was conducted to 

observe the weld pool surface based on the test system. 

The 304 stainless steel plate with the size of 125mm×50 

mm×3mm was used in the experiment. The welding 

current was 70 A, argon flow was 10 L/min. Under the 

condition of welding process parameters, the oscillation 

of weld pool was captured at 1000 f/s by the high-speed 

camera during welding. After processing the video image 

frame by frame, a typical image of the laser grid was 

selected, as shown in Fig. 2. It can be seen that the 

number of adjacent laser points in Fig. 2a-c increases 

gradually, the distance between laser points increases 

gradually, the shape of the midpoint array in Fig. 2d-g 

does not change much, the midpoint array in Fig. 2h-k 

begins to converge to the middle, and the midpoint array 

in Fig. 2l almost gathers together.  



 

    

(a)                     (b)                    (c)                    (d)                   

    

              (e)                    (f)                    (g)                    (h)     

    

(i)                     (j)                    (k)                     (l)  

Fig. 2 Laser dot matrix images at 70A in GTA welding 

When the pool is oscillated by excitation, the 

oscillation amplitude of weld pool surface is small, but 

the laser reflection angle caused by the pool oscillation 

changes greatly. The lattice on the imaging plane has a 

good optical amplification effect on the weld pool 

oscillation. Because the arc radiation intensity decays off 

squarely with the increase of distance, and the laser 

intensity does not decrease with the change of distance. 

An image screen is placed at the appropriate location 

from the torch to accept the amplified reflected laser 

stripe signal. Under the joint action of surface tension, 

arc pressure, electromagnetic force and buoyancy, 

concave and convex phenomenon of weld pool surface 

will appear in the pool. 

1.2 Circular membrane vibration and Bessel 

function 

 

Fig. 3 Transverse vibration of circular membrane 

If the weld pool surface is regarded as a 

two-dimensional membrane with a radius of l  and a 

fixed periphery, as shown in Fig. 3, it will fluctuate and 

vibrate with the action of arc force and surface tension. 

At the same time, it will be affected by the boundary 

conditions, these take the form 
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This kind of resonance is similar to the form of 

standing wave, that is, the eigenfrequency of resonance 

can only be found on some determined value. Since this 

is a two-dimensional problem, it is solved in polar 

coordinate system. The two-dimensional wave equation 

can be expressed as partial differential equation in the 

form of polar coordinates: 

2 2
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where c  is the diffusion coefficient and V is the 

propagation velocity of wave, and depends on membrane 

surface tension and density, f  is the source term, 

(1) 



 

representing supply or consumption of dependent 

variables throughout the entire physical field. When 

0f = , the circular membrane is vibrated by a free 

surface.  

Supposing that ( , , ) ( , ) ( )u r t z r T tθ θ=  and 

( , ) ( ) ( )Z r Z rθ φ θ= , using the method of separating 

variables. Therefore, the partial differential equation is 

transformed into following ordinary differential 

equations 

2
2

2
0

d
n

d

φ φ
θ

+ =            (4) 

2 2
2

2 2

1
( ) 0n n

n

d z dz n
k z

dr r dr r
+ + − =      (5) 

The solution of equation (4) can be written in the 

form 

1( ) sin( )c nφ θ θ ϕ= +          (6) 

Equation (5) is Bessel’s equation, where k
V

ω
= , 

its general solution is 

0 2 3( )= ( )+ ( )n n Z r c J kr c N kr       (7) 

where ( )nJ kr is Bessel functions of the first kind, 

( )nN kr  is Bessel functions of the second kind. 

Considering that 0 (0)Z  should be bounded, but 

(0)nN = ∞ , so 3 0c = .  

From the boundary condition equations (1), 

0 ( ) 0Z l =  can be got, then simplifying equation (7), 

yields 

( ) 0nJ kl =              (8) 

If nmµ  is the m-th positive zero point of Bessel 

functions of the first kind, 
nm

nmk
l

µ
=  is the 

eigenvalue of equation (8), therefore, the eigenfrequency 

of membrane can be written in the form 

nm nm

V

l
ω µ=             (9) 

The mode of vibration corresponding to nmω  can 

be expressed as  

( , ) ( )sin( )nm n nm

r
Z r J n

l
θ µ θ ϕ= +    (10) 

( )n nm

r
J

l
µ  corresponds to the nodal diameter of 

the membrane; sin( )nθ ϕ+  corresponds to the nodal 

circle of the membrane. The combination of nodal 

diameter and nodal circle of the membrane can describe 

the shape of a vibrating circular membrane surface. 

If the radius is one, the solution type and 

normalization of ( )n nmJ µ  are defined by its properties 

below. It is possible to define the function by its Taylor 

series expansion around nmµ = 0 as 
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Fig. 4 Plot of Bessel functions of the first kind 



 

The first kind of Bessel functions as shown in Fig. 4, 

when the value of nmµ  becomes larger, ( )n nmJ µ  

shows the behavior of oscillation, it resembles the cosine 

or sine wave in shape; But the amplitude of the wave 

decays are similar to the negative power of nmµ .

Table 1 The first five zero points of 0 ( )J x ， 1( )J x and 2 ( )J x  

     m 1 2 3 4 5 

0mµ  2.40483 5.52008 8.65373 11.7915 14.9309 

1mµ  3.83171 7.01559 10.1735 13.3237 16.4706 

2mµ  5.13562 8.41724 11.6198 14.7960 18.9801 

For any shape of weld pool, the number of nodal 

circles in θ  direction is m  and the number of nodal 

diameters in the direction of radius is n , which together 

determine the inherent oscillation mode of the weld pool. 

This kind of simple standing wave, such as sine function 

and cosine function, will produce a variety of waveforms 

as shown in Table 2. The four common oscillation modes 

are (0, 1), (1, 1), (2, 1) and (0, 2) modes. 

Table 2 Four common modes of circular membrane vibration 

 (0, 1) (1, 1) (2, 1) (0, 2) 

2-D image 

 

 

 

 

3-D image 

 

 
 

 

feature Upper and lower 

vibrations with the 

center of the membrane 

as the antinode. 

Vibration of left and 

right antinodes 

separated by one 

diameter node passing 

through the center of 

the membrane 

The vibration of the 

opposite antinode in 

the same direction and 

the adjacent antinode in 

the opposite direction, 

which is divided by 

two diameter nodes 

passing through the 

center of the membrane 

The center and the 

outer edge of the 

membrane vibrate 

backwards with the 

largest antinode at the 

center of the membrane 

The natural frequency of the weld pool can be 

expressed as 

0 0nm

c
k

R
ω =           (12) 

The diffusion coefficient c  is closely related to 

the surface tension, gravity, geometric size of the pool 

and whether the pool is penetrated or not. 

The vibration of the weld pool can be divided into 

three responses according to the internal and external 

initial conditions: 1. Zero input response, no external 



 

force applied, and the vibration of an initial position on 

the surface of the pool; 2. Zero state response, the initial 

state of the pool is zero, the force exerted by the outside, 

also known as forced vibration; 3. Full state response, 

has both initial state and external force exerted. 

When the source term of the two-dimensional wave 

equation (2) is not zero, it represents forced vibration of 

the pool, such as the periodic external force 

=A cos( )f tω          (13) 

where A  is the amplitude, ω  is the angular frequency, 

t  is time. When the source term is added, the typical 

stationary pool oscillation in time domain will appear. 

When the weld pool grows to a certain size, the 

inherent oscillation frequency of weld pool changes to be 

equal to the sinusoidal frequency in the variable current, 

and the pool resonates at this time [28]. In the simulation, 

it is found that when the pool reaches the resonance point, 

the pool gradually leaves the resonance point, and the 

pool oscillation slows down gradually. This is the rapid 

release of system energy after the oscillation of the pool, 

leading to the departure from the resonance point. It has 

been proved that the frequency of the resonance point 

corresponds strictly to the size of the pool. The main 

frequency of pool oscillation is the same as that of metal 

transition. This is similar to forced vibration in vibration 

[29].  

2. Modeling simulation and results  

2.1 Modeling 

The structure laser reflection imaging simulation 

system is constructed in COMSOL as shown in Fig. 5, 

and ray tracing technology in geometrical optics module 

is used to accurately trace ray. 

 

Fig. 5 Integrated pool simulation platform 

The principle is as follows: first, according to the 

state of the weld pool, geometric size and the properties 

of liquid metals, a mathematical model of the wave 

equation is established in the mathematical interface 

according to equation (2). Then set the source item and 

make its frequency greater than or equal to the 

eigenfrequency of the weld pool. Doing transient 

simulation to find and export pool oscillation 3D grid file 

for desired mode. Second, opening the “geometric optics” 

module to mesh the pool and the imaging plane. Third, 

the laser generator is composed of a 30x30 laser dot 

matrix formed by "grid release" technology, and the light 

emitted is irradiated to the weld pool. The reflected laser 

is "frozen" when it reaches the imaging plane, and a 

built-in virtual camera can be used to take 

three-dimensional lattice images of the weld pool.  

Test on convex, concave and plane respectively, and 

the simulation parameters and results are shown in Table 

3. 

 

 

 

 

 

 

 

 

 

 



 

Table 3 Simulation parameters and results 

 radius(mm) height(mm) model simulation 

concave 2.1 -0.06 

 
 

plane 2.1 0 

  

Convex 2.1 0.06 

  

The simulation shows that when the structure laser 

is reflected to the concave, the distance between the 

points becomes smaller due to the focus, the diameter of 

the imaging plane becomes smaller. Because of the 

scattered light on the convex surface, the distance 

between the points becomes larger, the diameter of the 

imaging plane becomes larger.  

No matter how the curvature changes, the number of 

points reflected to the imaging plane will not change. 

This means that the number of points is related to the 

diameter, and the surface shape can be analyzed through 

the lattice image. 

By using mathematical modeling analysis method, 

the relevant physical properties of metal materials can be 

built into the software, which can greatly improve the 

efficiency and accuracy of simulation. The mainstream 

structural light analysis method and numerical simulation 

method are organically combined. The complex process 

in the weld pool can be visualized by the structural laser 

measurement technology. The simulation of the process 

can greatly reduce all kinds of errors and uncertainties in 

the test, facilitate the further improvement of the defects 

in the measurement method, optimize the equipment 

configuration, give full play to the potential and 

advantages of the structural laser method, capture the 

dynamic details of the weld pool oscillation process, and 

further carry out the basic research work of welding 

technology, so as to effectively control and improve the 

welding quality.  

2.2 Results 

Using high speed camera to capture the oscillation 

mode of weld pool surface under periodic external force, 

and compare the image with the simulation results.  

2.2.1 The (0, 1) mode 

 The (0, 1) mode corresponds to the first zero point 

of 0-order Bessel function, which has two states: convex 

and concave. The maximum amplitude is in the middle 

of the weld pool, as shown in Fig. 6a-l. The spacing 

between the center of the dot matrix is looser than the 

edge, the image's horizontal and vertical dimensions are 

close to each other, indicating that the pool is convex; 

The middle of dot matrix is close, the edge spacing is 

loose, and the image's horizontal dimension is larger than 

the vertical dimension, indicating that the pool is concave. 

When the convex curvature is large, the lattice is loose; 

When the concave curvature is large, the lattice is tight. 

The period of variation is about 60 ms, which indicates 

that the pool is in the attenuated oscillation state of (0, 1) 

mode.

  



 

 

(a) 526ms 

 

(b) 552ms 

 

(c) 560ms 

 

(d) 610ms 

 

(e) 618ms 

 

(f) 676ms 

 

(g) 684ms 

 

(h) 736ms 

 

(i) 740ms 

 

(j) 752ms 

 

(k) 814ms 

 

(l) 820ms 

                           Fig. 6 (0, 1) Mode laser dot matrix image 

The images of the reflective laser grid on the surface 

of the weld pool were collected by experiment, as shown 

in Fig. 7. The experimental results are consistent with the 

simulation results in Fig. 6. By the comparison with 

simulation result of weld pool surface, Fig. 7 shows the 

oscillation mode of GTA weld pool is (0,1) mode. Fig. 7a 

shows the weld pool surface is convex. Fig. 7b shows the 

weld pool surface is concave. 

   

(a)                                  (b) 

Fig. 7 (0, 1) mode experiment results 

2.2.2 The (1, 1) mode  

The (1, 1) mode corresponds to the first zero point 

of 1-order Bessel function. The features of Fig. 8a-l are 

that one direction of the dot matrix has loose spacing, 

occupies a larger area, the other direction has close 

spacing, occupies a smaller area. The loose and large side 

of the dot matrix indicates that the weld pool is convex, 



 

and the opposite direction indicates that the weld pool is 

concave. Over a period of time, the direction of 

scattering is exchanged with that of the compact location, 

and the period of change is about 32ms. The area 

occupied by the lattice is gradually smaller compared 

with the lattice divergence, indicating that the pool is in 

the attenuated oscillation state of (1, 1) mode. 

 

(a) 160ms 

 

(b) 164ms 

 

(c) 192ms 

 

(d) 196ms 

 

(e) 228ms 

 

(f) 232ms 

 

(g) 236ms 

 

(h) 258ms 

 

(i) 262ms 

 

(j) 268ms 

 

(k) 288ms 

 

(l) 294ms 

Fig. 8 (1, 1) Mode laser dot matrix image 

Under the action of pulse current, when the 

penetration critical penetration is reached, sloshing 

oscillation can be observed, and the image of continuous 

reflection laser dot matrix is shown in Fig. 9. This is 

consistent with the simulation in Fig. 8. 

     

(a)                                 (b) 

Fig. 9 (1, 1) mode experiment results 

2.2.3 The (2, 1) mode  
The (2, 1) mode corresponds to the first zero point 

of 2-order Bessel function. As is shown in Fig 10a-l, the 

spacing between the two sides of the lattice is loose, 



 

showing an irregular circle. A narrow and close lattice is 

in the middle as the dividing line. A close lattice at both 

ends of the dividing line shows an irregular triangle area. 

After a period of time, the dividing line is perpendicular 

to the original position, and the position of the close 

triangle area becomes a loose quasi circle, and then it 

changes back. The period of variation is about 8 ms, 

which indicates that the weld pool is in the state of (2, 1) 

mode rapid oscillation attenuation.

 

                                Fig. 10 (2, 1) mode laser dot matrix image 

The reflective image collected in the pulsed GTA 

welding experiment as shown in Fig. 11, its surface 

oscillation mode matches the simulation results of Fig. 

10.

   

(a)                                      (b) 

Fig. 11 (2, 1) mode experiment results 

 

(a) 188ms (b) 190ms 

 

(c) 192ms 

 

(d) 196ms 

 

(e) 232ms 

 

(f) 236ms 

 

(g) 242ms (h) 296ms 

 

(i) 302ms 

 

(j) 354ms 

 

(k) 420ms 

 

(l) 430ms 



 

2.2.4 The (0, 2) mode  

The (0, 2) mode corresponds to the second zero 

point of 0-order Bessel function. As is shown in 

Fig12(a)-(l), the lattice spacing in the middle core area is 

close, and the outer core area is loose. The lattice spacing 

in the middle large area is loose, and there is a narrow 

and compact circle of lattice near the outer edge. The 

period of variation is about 7ms, which indicates that the 

pool is in a fast attenuated oscillation state of (0, 2) 

mode. 

 

(a) 132ms 

 

(b) 133ms 

 

(c) 135ms 

 

(d) 136ms 

 

(e) 137ms 

 

(f) 139ms 

 

(g) 140ms 

 

(h) 171ms 

 

(i) 173ms 

 

(j) 174ms 

 

(k) 177ms 

 

(l) 215ms 

Fig. 12 (0, 2) mode laser dot matrix image 

The oscillation of weld pool in full penetration is 

also radially symmetric with respect to the arc axis. The 

pool oscillation as shown in Fig. 13 can be clearly seen 

from the reflected laser point characteristics, which is 

consistent with the simulation results in Fig. 12.

   

      

(a)                               (b) 

Fig. 13 (0, 2) mode experiment results 

3. Discussion 
To obtain more characteristics of the weld pool 

oscillation surface shape, scholars have carried out 



 

further research on the pool shape under direct current 

and pulsed current.  

3.1 The weld pool shape under direct current 

(DC) and pulsed GTA welding 

In order to study the behavior under stationary DC 

GTA welding, as shown in Fig. 2, the height of the upper 

and lower surfaces of the GTA welding pool changes 

with time. At the beginning of welding, the upper surface 

of the melting pool is heated, melted and expanded, 

which becomes convex due to the effect of the liquid 

surface tension. The lower surface does not change. At 

3.9 s, the weld pool becomes wider, the workpiece is 

penetrated. The upper and lower free surfaces fall under 

the action of gravity. From 5 s to 5.5 s, the change of the 

upper surface is very obvious, from convex to concave. 

Compared with the change of the upper surface, the 

change of the lower surface is not obvious. The change 

of the lower surface increases first and then decreases. 

After that, when the welding time reaches 7.5 s, the 

variation of the upper and lower surfaces basically 

reaches the same value. After that, the variation of the 

height of upper surface is not obvious, but the variation 

of the lower surface is extremely large. 

Explanation of the above phenomenon: in the first 

stage, the volume and depth of the weld pool are smaller. 

Therefore, the effect of surface tension is greater than the 

gravity and arc pressure on weld pool. The weld pool is 

convex and belong to the (0, 1) mode. The second stage, 

as the welding goes, the temperature in the work-piece 

gradually increases and the range of the temperature field 

becomes larger and both the penetration depth and 

melting width increase, the free surface is deformed more 

with the welding time. Due to the arc pressure, the center 

of the weld pool gradually changes from convex to 

concave, the liquid metal expands radially, so it presents 

a concave image of (0, 2) mode. In the third stage, the 

weld pool is penetrated, the bottom of weld pool is no 

longer under pressure, and gravity is the main force. The 

liquid metal sags to a concave surface in the form of (0, 1) 

mode. The shape of the whole weld pool is central 

symmetrical with respect to the torch, and its laser dot 

matrix image is stable and clear. These three stages are 

developed dynamically in seconds, so the laser lattice 

image is clearly recognizable. (2, 1) or (1, 1) mode can 

also occur when the current or speed of a welding 

suddenly changes.  

In pulsed GTA welding, when the peak current is 

applied, the width and depth of weld pool increases 

steeply during the peak current period [30], the lattice is 

fuzzy and gathered together, indicating that the surface of 

the weld pool is concave. When the base current is 

applied, the laser grid changes from converging to 

diverging, which indicates that the surface of the weld 

pool is convex, but the surface of the weld pool is still 

fluctuating. 

3.2 The relationship and difference between 

the DC and pulsed GTA welding 

During the stationary welding process, as shown in 

Fig. 14a, the electrode axis coincides with the centerline 

of the weld pool, and the arc is located exactly at the 

weld pool center. When the liquid metal is supported by 

the bottom of the weld pool, the weld pool center is 

symmetrically depressed under the arc pressure, and the 

liquid metal is pushed radially. Hence the pool edge is 

raised, and the weld pool is similar to (0, 2) Mode; When 

the bottom of the weld pool loses solid metal support as 

shown in Fig. 14b, the liquid metal at the pool bottom is 

maintained by the surface tension. Due to the arc 

pressure and the lack of solid metal support at the bottom, 

the upper and lower surfaces of weld pool are in a 

concave state, which is similar to the (0,1) mode. This is 

consistent with the research conducted by K. Zhang et al. 

[31] 

 

(a)                               (b)                                (c) 

Fig. 14 Different shapes of weld pool surface during welding process 

In most cases, when there is an offset between the 

centerline of weld pool and the electron axis as shown in 

Fig 14c, the metal in the weld pool is easily pushed to the 

rear part of the weld pool, which resulted in an evident 



 

asymmetrical shape of weld pool [32]. It can be 

represented by (1, 1) mode.  

When the current of the torch is suddenly reduced, 

the arc pressure at the top of the weld pool is released. 

The lowest point of the pool surface stretches upward 

due to surface tension. The shape of the corresponding 

weld pool oscillating surface is convex, and the original 

protrusion changes to the opposite direction. The shape 

of the pool surface changes as shown by the dashed line 

in Fig. 14a-c. 

The behavior of weld pool under GTA welding is a 

dynamic evolution process. The final surface shape 

depends on the surface tension, gravity, the support force 

of the weld pool wall and the applied arc pressure. Under 

the joint action of these factors, it determines whether the 

pool is in a quasi-steady state or a dynamic process. 

When the weld pool is depressed, the point matrix 

aggregates; otherwise, the point matrix diverges. By 

calculating the time interval between two aggregated or 

divergent laser lattice images, the oscillation period in 

pool can be obtained [33].  

The difference between the DC and pulsed GTA 

welding: in the case of DC welding, from the beginning 

to the penetration, if the welding conditions remain 

unchanged, the shape of pool surface will change 

non-periodically, lasting several seconds, and the dot 

matrix image is clear; in the case of pulse welding, the 

shape of the weld pool surface changes periodically, 

lasting several milliseconds to several hundred 

milliseconds, and the image is slightly blurred.  

However, when DC welding conditions are abrupt, 

DC welding and pulsed welding can be converted to each 

other. If the current and speed change sharply, the weld 

pool will have short-term periodic changes and the dot 

matrix image will be blurred for a short time.  

3.3 Characteristic of the weld pool surface 

Different mathematical models have been developed 

to describe the vibration modes of the weld pool, as 

shown in Table 4. The reflection changes of laser lattice 

reflect the dynamic changes of weld pool surface. Three 

modes of oscillation can be clearly observed under 

different penetration. The oscillation mode can be 

described by the first Bessel function, which is consistent 

with the experimental results.  

 Table 4 Mode shapes of weld pool obtained by different scholars 

It can be seen that there is a one-to-one relationship 

among the shape, eigenvalue nmk  and mode shape of 

the lattice images. However, the pool oscillation model 

observed by scholars is limited to a few types, especially 

(2, 1) model is rarely studied. The reason should be 

limited by experimental parameters and equipment 

 (0, 1) (1, 1) (0, 2) (2, 1) 

nmk  
4.80

D
 

7.66

D
 

11.04

D
 

10.28

D
 

shapes 

    

Xiao and den Ouden 

(1990 [34]) 

√ - √ - 

ZHANG Shiqi(2016 [35]) √ √ - - 

Kristinn Andersen (1997 [36]) √ √ √ - 

C.D. Sorensen(1990 [37]) - - √ - 

AENDENROOMER(1998 [38]) √ - √ - 

Jianbin J(2004 [39]) √ √ - - 



 

conditions. It can be seen that numerical simulation is 

very necessary in the field of welding. It can accurately 

explain the various vibration phenomena that may be 

encountered in the welding process. 

4. Conclusion 

In this paper, the oscillation modes of weld pool 

were analyzed based on Bessel equation, and the 

three-dimensional images of common in weld pool were 

simulated. The laser dot matrix images of (0, 1), (1, 1), (2, 

1), (0, 2) oscillation modes at different times were 

obtained by structured laser optical measurement 

simulation. The oscillation mode of stationary GTA weld 

pool was analyzed based on laser dot matrix images. The 

following conclusions can be obtained in this work: 

1) The status of the weld pool can be judged based 

on laser dot matrix images. For example, by 

distinguishing the distribution of concave, convex and 

flat surfaces, we can see the oscillation mode and 

oscillation frequency of the pool, thus distinguishing the 

pool from the non-penetrating or penetrating states. 

2) In stationary DC GTA welding, the oscillation 

mode generally is (0, 1), (0, 2) mode. In pulsed GTA 

welding process, the arc impact on the weld pool during 

peak current phase will cause high frequency oscillation 

on the surface of the pool, which causes great distortion 

on the surface of the pool, resulting in (1, 1), (2, 1), (0, 2) 

oscillation mode. 

3) Although the laser dot matrix images on the 

imaging plane is ever-changing, the shape of the weld 

pool can be recognized based on laser dot matrix image. 

The denser the dot matrix emitted by the laser generator, 

the higher the measurement accuracy. This is also one 

direction for improving structural laser technology. 
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Figures

Figure 1

Schematic diagram of the test system



Figure 2

Laser dot matrix images at 70A in GTA welding



Figure 3

Transverse vibration of circular membrane

Figure 4

Plot of Bessel functions of the �rst kind



Figure 5

Integrated pool simulation platform



Figure 6

(0, 1) Mode laser dot matrix image



Figure 7

(0, 1) mode experiment results



Figure 8

(1, 1) Mode laser dot matrix image



Figure 9

(1, 1) mode experiment results



Figure 10

(2, 1) mode laser dot matrix image



Figure 11

(2, 1) mode experiment results

Figure 12



(0, 2) mode laser dot matrix image

Figure 13

(0, 2) mode experiment results

Figure 14

Different shapes of weld pool surface during welding process
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