
Numerical Simulation of Transient 3-D 
Surface Deformation of a Completely 

Penetrated GTA Weld 

An analytical model that explores the dynamic behavior of a weld pool will 
help in the development of a sensor that detects complete joint penetration 

in gas tungsten arc welding 

BY C. S. WU, P. C. ZHAO, AND Y. M. ZHANG 

ABSTRACT. By establishing the correla- 
tion between transient behavior of a weld 
pool surface deformation and workpiece 
penetration, and quantitatively analyzing 
the surface deformation at the top and 
bottom surfaces at the moment the pool 
penetrates and their dynamic responses to 
welding process parameters will provide 
basic data for the development of topside 
vision-based penetrat ion control in gas 
tungsten arc welding (GTAW). A transient 
numerical model was developed to inves- 
tigate the dynamic behavior of a com- 
pletely penetrated GTAW joint. A com- 
plete and comprehensive scheme was used 
in which many factors, such as moving arc, 
3-D fluid and heat flow fields, transient 
state, completely penetrated weld, and 
surface deformation at both the top and 
bottom surfaces were considered. The 
transient development of 3-D surface de- 
formation and shape of a weld pool during 
the period from partial  penetrat ion to 
complete penetrat ion is predicted. The 
simulated results showed that the ratio 
curves of the maximum depression to the 
length and width at the top surface of the 
weld pool at different times clearly indi- 
cated basic information on penetration. 
Therefore, the relation of the ratios vs. 
time can be used as an indicator to judge 
whether the joint is penetrated. 

Introduction 

Gas tungsten arc welding (GTAW) is 
the most used arc welding process for crit- 
ical and accurate joining. For this process, 
100% complete joint penetration must be 
ensured without melt-through or over- 
penetration (Ref. 1). To this end, auto- 
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mated sensing and control of the GTAW 
process must be realized (Ref. 2). In prac- 
tice, the backside weld bead width is usu- 
ally employed to determine the extent of 
penetration. Although the backside bead 
width can be sensed by a backside sensor, 
there are limitations of access and coordi- 
nating the motion between the torch and 
sensor, and it is often necessary that the 
sensor be attached to and moved with the 
torch to form a weld-face or topside sen- 
sor. However, the invisibility of the back- 
side and the strong arc light radiation to- 
gether cause tremendous difficulties for 
such sensors. To find a feasible sensor for 
automated control, various methods have 
been studied, including pool oscillation 
(Ref. 3), ultrasound (Ref. 4), and an in- 
frared sensor (Ref. 5). Although signifi- 
cant progress has been made, practical ap- 
plications are still restricted. 

Weld pool behavior contains enough 
information on penetration. The pool sur- 
face is deformed because of the plasma 
impingement. Previous researchers have 
found that the resultant depression of the 
weld pool surface correlates to the pene- 
tration depth of the weld pool (Refs. 6-8), 
but there is a lack of quantitative analysis 
of such a correlation. Establishing the cor- 
relation between dynamic behavior of 
weld pool surface deformation and the 
penetration information, while quantita- 
tively analyzing the surface deformation at 
the top and bottom surfaces when the joint 
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is penetrated and their dynamic response 
to welding process parameters will pro- 
vide much basic data for the realization of 
a topside vision-based penetration control 
for the GTAW process. Thus, numerical 
simulation of the surface deformation and 
its dynamic behavior to the GTAW process 
is of great significance for designing the 
process control algorithm. 

Although there have been significant 
advances in the numerical simulation of 
the GTAW process (Refs. 9-24), little at- 
tention has been paid to the transient dy- 
namics of the 3-D weld pool surface de- 
formation at both the topside and 
backside of a fully penetrated weld pool 
and its correlation to the extent of pene- 
tration. Previous studies have shown that 
the pool depression has a direct effect on 
the penetration (Refs. 6-8). In fact, the 
weld pool surfaces at both the front and 
back are depressed when there is com- 
plete penetration, and the amplitude of 
such depression could be a reflection of 
the extent of penetration (Refs. 25, 26). 
For dynamic control, quantitative analysis 
is required to reveal how the process vari- 
ables (weld pool geometry and surface de- 
pression) change with the welding para- 
meters (welding current and velocity). In 
this paper, a numerical model is devel- 
oped to describe the transient behavior of 
a 3-D GTA weld pool with complete pen- 
etration and surface deformation, and the 
quantitative relationship between the 
pool surface depression at the front side 
and the extent of penetration. 

Formulation 

In order to describe the development 
of weld pool shape, surface deformation, 
thermal field, and fluid flow field, a 
GTAW arc is considered to be impinging 
on the workpiece along thez direction and 
it moves in the x direction at a constant 
speed u 0. A moving (x, y, z) coordinate sys- 
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tern is so chosen that its origin is located at 
the intersection between the arc center- 
line and the workpiece surface. For such a 
three-dimensional transient problem, the 
governing equations include the energy, 
momentum, and continuity equations. Be- 
cause of the surface deformations at both 
topside and backside of the weld pool, 
some new boundaries  appeared at both 
top and bottom surfaces, and their posi- 
tions changed with time. Therefore,  the 
calculation domain is no longer a regular 
rec tangular  one,  which causes some 
boundary conditions to be difficult to deal 
with. To represent  the irregular bound-  
aries, a coordina te  t ransformat ion  is 
adopted.  The independen t  variable in 
transformed space (z*) is related to the 
vertical coordinate in physical space (z) 
according to 

z -  F(x,y,t) 

where F(x,y,t) and B(x,y,t) are functions 
that define the upper and lower surfaces 
of the weld pool, respectively. The trans- 
formation maps the irregularly shaped re- 
gions into rectangular computational do- 
mains in which the two curvi l inear  
surfaces are stationary during any given 
time interval, and are defined by z* = 0 
andz* = 1. Then,  the governing equations 
describing the fluid flow and heat transfer 
phenomena  in a weld pool are expressed 
a s "  

v~+ aV.vz * : o  
az* (2) 

at 

[ Vp+ aP .Vz* ]+ l.tV:V +C,, 
az ~ (3) 

(4) 

where V is the fluid velocity vector with 
the components  (u, v, w) in x, y, and z di- 
rections, V / is the fluid velocity vector with 
the components  (u, v, Wl) in x, y, and z di- 
rections, V~ is the fluid velocity vector with 
the components  (u, v, %) in x, y, and z di- 
rections, p is the density, ct, is the specific 
heat, p is the pressure, bt is the viscosity, k 
is the thermal conductivity, and other sym- 
bols are defined as follows: 

v:_a i+_a j+ 
ax av az (5) 

v,  :5i+5;+~ 
ax ay az* (6) 

Table 1 - -  O t h e r  T h e r m o p h y s i c a l  Propert ies  and  P a r a m e t e r s  Used in the Ca lcu la t i on  

Property or Parameter Symbol Value 

Melting point T,,. 1763 K 
Ambient temperature T 293 K 
Density 9 7200 kg m 
Latent heat of vaporization L,. 73.43 × 105J kg, 
Gravitational acceleration g 9.8 m s 
Surface radiation emissivity s 0.4 
Magnetic permeability g,,, 1.66 x 10 ,. H m, 
Surface tension 7 1.0 N m, 
Temperature coefficient of surface tension c)y/c)T - l .  12 x 10 ~ N m ,K, 
Thermal expansion coefficient 13 10~ 
Current density distribution parameter o~ 1.5 mm 
Heat flux distribution parameter o,~ 2.25 mm 
Arc power efficiency rl 0.65 
Plate thickness H 3 mm 

v, = a i +  a - j + s ~ a / ;  
ax Oy Oz* (7) 

w I=V.gz*-/ ' /V2z * 
P (8) 

w,=l~.Vz*- k V2z* 
tx'p (9) 

L " k O z / j  " ( m )  

C r =2lt[gxvraT]].Vxv z' 
L vaz*)d " (11) 

0 : 0 .~ 
V,a, = - - ~  + - - j  

Ox Oy (12) 
For the body force term, 

where 13 is the volume expansion coeffi- 
cient, g is the acceleration of gravity, T,, is 
the ambient  temperature,  and the electro- 
magnetic force J × B m is calculated based 
on Wu's analytical solutions (Refs. 12 and 
15) expressed as follows: 

exp/ 
41r2cr2r [ 2•j ) 

k 2~j)jk . )  r 

(ix ,n) -- 

4rc2~ r k 2c[~ ) 

r2 

[ 2oj )/, 7 

(14) 

(15) 

(J × B')z - u ' ' ' z2  
4n: 2 Hr  2 

(16) 

where btm is the magnetic permeability, 1 is 
the welding current, oj is the effective ra- 
dius of the current distribution in Gauss- 
ian form, H is the thickness of the work- 
piece, and r = ~x 2 + y2. 

When the workpiece is not completely 
penetrated,  the weld pool has only one 
free surface F(x,y,t), which is deformed 
under  the combined action of arc pres- 
sure, hydrostatic force, and surface ten- 
sion. If the workpiece is completely pene- 
trated, the weld pool has two free surfaces, 
i.e., the upper  surface F(x,y,t) and the 
lower surface B(x,y,t). 

Under  the condit ion of partial pene- 
tration, the shape of weld pool surface 
F(x,y,t) can be described by the following 
equation: 

V& ] 
P"-pgF+C'=YV[ vF,, J 

(17) 

wherepa is the plasma arc pressure, C l the 
Langrangian constant, y the surface ten- 
sion, and F~ = z - F(x,y,t) = O. 

The arc pressurep,, can be described by 
(Ref. 27) 

Par,"- l~mlJ 
4rr (18) 

where J is the current density at the work- 
piece surface, which can be assumed to be 
in Gaussian distribution (Ref. 28) 

J ( r )=  ' " f ,2 
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Table 2 - -  Comparison of the Maximum 
Depression at Top Surface 

Predicted Measured 
Weld Depression Weld Depression 
width (mm) width (ram) 
(ram) (mm) 

Top 5.4 0.14 6.5 0.12 
side 
Bottom 1.9 0.27 1.7 0.30 
side 

(SS304 workpiece, thickness 3 mm, I I0 A, 12 V, 125 nml/min) 

4? .20 

Format ion of puddle fully penetrated 
-O.lO.J 

g o.oo I ~ , - .  
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- - T h e  max  depress ion a t  t o p  surface 
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Fig,. 1 - -  Hw surJ'ace dqfomumon vs. time (workpiece, SS304," thickness, 3 turn; 100 
A," 14 V," 125 mm/min). 

Equation 17 should satisfy with the con- 
straint condition 

I I F dxdy = 0 

ST (20) 
where S t is the area of fusion zone at the 
workpiece's upper surface (z = 0), i.e., the 
domain of F(x,y,t) at the plane z = 0. The 
Langrangian constant C l can be deter- 
mined by using Equation 20. 

If the workpiece is completely pene- 
trated, the upper surface F(x,y,t) and the 
lower surface B(x,y,t) of the weld pool can 
be expressed as 

VFs ] 
P a - p g F + C 2  = y V  VE,. / 

] (21) 

VB~. / 

(22) 

where B s = z - B(x,);t) = 0, and C 2 is the 
Langranian constant, to make Equations 
21 and 22 satisfactory with the constraint 
condition 

I I  Fdxdy - I ;  Bdxdy = 0 
ST SB (23) 

where S B is the area of the fusion zone at 
the workpiece's lower surface (z = H), i.e., 
the domain of B(x,y,t) at the plane z = H. 

In transient state, the weld pool geom- 
etry changes with time t, so the domains S T 
and S B also vary with time. In this way, the 
variations of F(x,y,t) and B(x,y,t) with time 
t are described. 

The boundary conditions for solving 
the governing Equations 2-4 are as 
follows: 

For the free surface of weld pool, 

(3u c)z* 0-) 7 ~T /j 
3z* Oz OT Ox (24) 

o~v o~z * 3 7 aT 
/.t 

az* az Or 8y (25) 

w = O  

- k  ~T OZ*=q,,~c-qc,"-q,,vp 
3z* 3z 

when, 

For the symmetric plane (y = 0), 

(26) __°31)=0, --=aT 0 

~v c?y 

(27) In the solid, 

(X-Uo')>-O, q,, .c(X,Y)- m,(6qE22) 

exp b 2 e x p l -  

J (28) 

when, 

(,_,, , ,) < o, q,,r,(,,,)= £J'+,,2) 

qc,. = h c r ( f  - T~ ) 

qevp = lller Lit 

(29) 

(30) 

(31) 

where a(b I + b e  = 12~2c, a = 1.87(yq, b I 
= 2.51~q, b~ = 3.91~5~, rl t~e arc power ef- 
ficiency, E t-he arc vo'~tage, and ~q the dis- 
tribution parameter of arc heat flux. In 
this research, h,.,. is the combined heat 
transfer coefficient for the convection and 
radiation boundary, To is the ambient 
temperature, Ltt is the latent heat of evap- 
oration, and mer is the evaporation mass 
rate. For a metal such as steel, her and mev 
can be written as (Refs. 29, 30) 

h,, r = 24.1 x 10-4 ET l.¢tl (32) 

Iog(mev ) = A - B / T -  0.51ogT (33) 

where e is the emissivity of the workpiece 
surface, and A and B are constants (A = 
8.641, B = 18836). 

(34) 

¢ = 0 (35) 

The boundary conditions for Equa- 
tions 19, 21, and 22 are written as: 

For the domain outside the melting 
z o n e ,  

F = 0 ,  B = 0  (36) 

For the points at the melting zone 
boundary on the oxz-plane, 

a F  = 0 ,  a 8  = 0 

ar Ox (37) 
For the initial conditions: 

t = 0, T(X,E,z,O) = T., , 
F(x,y,I)) = 0, B(x,y,O) = 0 

Methods of Solution 

(38) 

The governing equations and bound- 
ary conditions are solved by means of the 
finite difference technique. The scheme of 
differences has a high degree of nonlin- 
earity, as the characteristic values for the 
material are taken as temperature- 
dependent. Coupling occurs between and 
within the relevant aspects of the problem. 
Thus, a special iterative procedure is 
necessitated. 

The program first calculates the tem- 
perature field in the solid workpiece. 
Once the melt zone emerges, the whole 
domain is divided into two regions, i.e., the 
fluid flow zone in the weld pool and the 
solid zone outside the pool. The calcula- 
tions of fluid flow and heat transfer inside 
the pool and the conductive heat transfer 
outside the pool are conducted simultane- 
ously. Then, the shape of the weld pool 
surface is calculated according to the pres- 
sure and energy equilibrium conditions. 
The liquid-solid boundary is determined 
by the enthalpy at the melting point. Based 
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Fig. 2 - -  The transient development qJ: weld pool surface def'ormation (workpiece, SS304," thickness, 3 mm; IOO A; 14 V;; 125 mm/min) .  A - -  Deformation at 
top surface (side view, enlarged in z direction); B - -  deformation at bottom surface (side view, enlal~ed in z direction); C - -  d£formation at top surface (front 
view, enlarged in z direction); D - -  deformation at bottom surface (front view, enlalged in z direction). 

on the deformed pool surface, the fluid 
flow and temperature fields are recalcu- 
lated. Then, the configuration of the weld 
pool surface and geometry is adjusted, and 
a repeated calculation procedure com- 
mences. Once the workpiece is completely 
penetrated, the appropriate equilibrium 
conditions of pressure are applied to de- 
termine the shape of the weld pool and its 
surface deformation at both topside and 
bottom side. The fluid flow and heat trans- 
fer within the pool are recalculated, and 
the pool geometry is modified. Iterations 
are performed until the selected conver- 
gence criterion is satisfied. The overall al- 
gorithm consists of individual procedures 
which are performed iteratively. The iter- 
ative calculations for the transient prob- 
lems are carried out. At each time step, all 
physical subprocesses are solved numeri- 
cally until the convergence criterion is 
met, and then time is incremented and the 
calculation procedure is repeated. 

The additional source term method is 
utilized to transform both energy and mo- 
mentum boundary conditions into discrete 
forms, and the discrete governing equations 
in body-fitted coordinates are established. 
Nonuniform grids are used with finer spac- 
ing inside the weld pool and coarser away 
from it to improve the simulation accuracy 
and speed up the convergence. Various sub- 
process problems are calculated separately 
and improved by turns during the whole it- 
erative procedure. In this way, the strongly 
coupling problems are solved effectively 
and successfully. 

Results 

Numerical simulations are performed 
for GTAW on stainless steel 304. A half 
workpiece with a welding domain of 200 x 
50 x 3 mm are divided into the mesh of 352 
x 60 x 10 grid points. For the 304 material, 
the specific heat ct,, dynamic viscosity/z, 
and thermal conductivity k are tempera- 
ture dependent, which can be expressed as 
follows (Ref. 31): 

10. 717 + 0.0149557" T <_ 780K 

]12.076 + 0.013213T ( W m  tK ') 7S(/h" _ < T <_ 1f172K 
k h 

[ 217.12- 0.1094T 1672K _< T _< 1727K 

[8.278 + 0.01157" 1727 _< 7" 

(39) 

37.203-0.0176 i ) I 7 1 3 K < T < - I 7 4 3 K  
20.354- 0.008T 10 ~kg m t s  ~ 1743K <- T <- 1763K 

p =  
34.849- 0.0162T 1703K <- T < 1853K 
13.129 - 0.0045T 1853K <- T <- l,V,73K 

(40) 

[ 438.95 + 0.198T T <  773K 

= t 1 3 7 . 9 3 + 0 . 5 9 T ( J k g ' )  7 7 3 K < T ~ 8 7 3 K  
C,, 

|871.25 - 0.25T 873K <_ T <_ 973K 
I 
[555.2+0.0775T 973K <-T (41) 

Other thermophysical properties and 
parameters used in the calculation are 
summarized in Table 1. 

The development of the weld pool in- 
cludes the following stages: weld pool 
forming after the arc ignition, the pool ex- 
panding, and the pool reaching quasi- 

steady state. The welding conditions were 
as follows: 

1) Test piece was 304 stainless steel 
with 250 mm length, 60 mm width, and 3 
mm thickness. 

2) The welding current was 100 A. 
3) The arc voltage was 14 V. 
4) The welding speed was 125 mm/min. 
The figures and tables denote condi- 

tions as workpiece, SS304; thickness, 3 
ram; 100 A; 14 V; and 125 mm/s. For the 
welding conditions used, the weld pool 
emerges at t = 0.82 s, then expands con- 
tinuously, gets fully penetrated at t = 3.54 
s, and reaches the quasi-steady state at t = 
4.24 s. Figure 1 shows the transient devel- 
opment of the pool surface deformation, 
i.e., the maximum values of the depression 
at both sides and the hump at the topside 
vs. time. After the weld pool is formed at t 
= 0.82 s, the pool surface deformation is 
produced. As the pool volume expands 
with increasing time, the extent of the pool 
surface deformation gets bigger, and both 
maximum depression and hump at topside 
increase with time. The test plate is com- 
pletely penetrated t = 3.54 s. In the mean 
time, the bottom surface of the weld pool 
starts to deform, so the whole weld pool is 
depressed. Then, the hump at topside de- 
creases, while the depressions at both 
sides rise at a higher rate. When the ther- 
mal process reaches the quasi-steady state 
at t = 4.24 s, the weld pool geometry keeps 
constant, the hump at the topside be- 
comes zero, and the depressions of the 
weld pool at both sides attain their maxi- 
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Fig. 3 - -  The ratios of Dd,,,~UW and Dd, , , jL vs. time (workpiece, SS304: thickness. 3 mm; 100 A." 14 V; 125 ram~rain). A - -  The ratio of the rnaxirnum de- 
pression to the pool width; B - -  the ratio of the maximum depression to the pool length. 

mum and do not vary anymore with time. 
It can be seen that the increasing rate of 
the pool surface depressions is quite dif- 
ferent before and after the pool is com- 
pletely penetrated. 

Figure 2 illustrates the transient devel- 
opment of weld pool surface deformation at 
both the top and bottom sides of the weld 
pool. In this figure, A and B are the longi- 
tudinal sections (side view), while C and D 
are the transverse cross sections (front 
view). Compared to the top surface of the 
weld pool, the bottom surface gets de- 
pressed more seriously and quickly. The 
maximum depression at the bottom surface 
increases from 0 mm at t = 3.54 s (the mo- 
ment when the pool is just completely pen- 
etrated) to 0.26 mm at t = 4.24 s (the instant 
when the quasi-steady state is reached). The 
increasing rate is 0.371 mm/s. As shown in 
Fig. 2D, there is a minor oscillation of the 
pool surface deformation at the bottom side 
after the weld pool geometry reaches quasi- 
steady state. But the amplitude of such os- 
culation is so low that the bottom surface 
contours at t = 4.2 s and t -- 4.4 s are nearly 
identical with each other. For the top sur- 
face depression, the increasing rates of max- 
imum depression are 0.031 mm/s before 
complete penetration (from 0 mm at t = 
0.82 s to 0.098 mm at t = 4.0 s) and 0.117 
mm/s after complete penetra t ion (from 
0.098 mm att  = 4.0 s to 0.126 mm att  = 4.24 
s), respectively. 

Since the variation rate of the top sur- 
face depression of the weld pool has a 
marked increase after the pool is com- 
pletely penetrated, it can be taken as an in- 
dicator to judge whether the plate is pen- 
etrated or not. On the other hand, the pool 
length and width at the topside are also 
changed after complete  pene t ra t ion  is 
achieved. To quantitatively describe the 
correlation of the topside surface depres- 
sion with the extent of penetration,  two 
characteristic variables are used to reflect 
the variation of the whole weld pool geom- 
etry, i.e., the ratio of the maximum de- 

pression Ddm,  x to the pool width W 
(Ddrnax/W), and the ratio of Ddrnax to the 
pool length L (Ddmax/L). Figure 3 shows 
the ratios of Ddmax/W and Ddmax/L vs. 
time. The three-segment curves of such ra- 
tios reflect the information on the pene- 
tration. During the expanding of the non- 
pene t ra ted  weld pool, the values of 
Ddmax/W and Ddmax/L rise slowly with 
time. At the moment  the weld pool is fully 
penetrated (t = 3.54 s), the rising rates of 
Ddmax/W and Ddmax/L are suddenly in- 
creased, i.e., the slopes of two curves in- 
crease in a marked way. The first kink 
point  on the curves corresponds to the 
momen t  when the weld pool gets fully 
penetrated. When the quasi-steady state is 
obtained at t = 4.24 s, the weld pool geom- 
etry is in a relatively stable condi t ion,  
Ddmax/Wand Ddmax/L are nearly constant, 
so the curves are just straight lines after 
4.24 s. The second kink point on the curves 
corresponds to the moment  when the weld 
pool reaches the quasi-steady state. Be- 
cause the depression of the weld pool sur- 
face at the topside has the characteristics 
mentioned above, it can be employed as 
an indicator of weld penetrat ion extent. In 
practice, the topside sensor can be devel- 
oped to measure the weld pool surface de- 
pression for weld penetrat ion control. 

Experimental measurements  are made 
to verify the model.  After  welding, a 
macrograph of a weld cross section is 
made to measure  the weld d imension.  
Table 2 is the comparison between the pre- 
dicted and experimental weld depressions 
on a weld cross section. They are in agree- 
ment with each other. 

Conclusions 

1) A 3-D transient numerical model is 
developed for investigating the dynamic 
behavior of the weld pool geometry, sur- 
face deformation, heat transfer, and fluid 
flow in a full-joint penetrated GTA weld 
pool. Based on the model, the weld pool 

emerges at t = 0.82 s, then it expands con- 
tinuously, gets fully penetrated at t = 3.54 
s, and reaches the quasi-steady state at t = 
4.24 s, for the welding condi t ions  used 
(workpiece, SS304; thickness, 3 ram; 100 
A; 14 V; 125 mm/s). 

2) For the top surface depression, the 
increasing rates of maximum depression 
are 0.031 mm/s before complete penetra- 
tion (from 0 mm at t = 0.82 s to 0.098 mm 
at t = 4.0 s) and 0.117 mm/s after complete 
penetrat ion (from 0.098 mm at t = 4.0 s to 
0.126 mm at t = 4.24 s), respectively. Com- 
pared to the top surface of the weld pool, 
the bottom surface gets depressed more 
seriously and quickly, with the maximum 
depression of 0.26 mm and the increasing 
rate of 0.371 mm/s. 

3) The variation rate of the ratios of the 
maximum pool surface depression at the 
topside to the pool width, and to the pool 
length, can be described if the plate is com- 
pletely penetrated. The simulation results 
lay a foundation for topside sensor-based 
process control of the GTAW process. 
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