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Abstract

A two-dimensional axisymmetric mathematical model of weld pool of pulsed TIG welding was established.

Numerical simulation for weld pool of pulsed TIG welding was done using FLUENT sofiware by selecting the appropriate

boundary conditions and strongly coupled control equations. The distributions of temperature field and flow field of weld pool

under the periodic change of welding current were obtained. According to the maximum temperature of upper and lower surface

of workpiece and depth and width of weld pool, the distributions of temperature field and flow field under different pulsed

Sfrequencies and current duty cycles were obtained and periodic variation was analyzed under pulsed current. The analysis

results show that with the increase of pulsed frequency, weld pool width increases slightly while depth decreases slightly, and

with the increase of current duty cycle, the width and depth of weld pool both increase significantly, and the depth increases

greatly.
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0 Introduction

As the welding process refers to heat conduction,
convection, evaporation, radiation, physical and chemical
processes such as melting and solidification, and the flow
of the liquid metal of weld pool also strongly influences the
geometry of weld seam and properties of welded joints,
through experimental methods to observe the flow of liquid
metal is very difficult. Therefore, to analyze the flow and
heat transfer of weld pool by numerical simulation method
is a feasible approach. As to build numerical modeling for
weld pool and analyze it, adopting constant current, the
studies on two-dimensional''! | three-dimensional transient
model'” | influence of active elements to weld pool!®
and mechanism of increasing welding penetration with A-
TIG welding were carried out by domestic and foreign re-
searchers!™

In recent years, pulsed TIG welding has been in-
creasingly widely used. Compared with the constant cur-
rent TIG welding, pulsed TIG welding has many advanta-

ges such as stable arc, low heat input, easily and precise-

ly to control the energy distribution and helpfully to obtain
refined weld seam. The pulsed TIG welding process is
non-steady state, and the flow field and thermal field are
more complex than constant current TIG welding, so the
research on pulsed TIG welding is still not enough. Wu
Chuansong et al '®~* obtained the flow field and tempera-
ture field of weld pool during pulsed TIG welding process
through numerical simulation and the variation analysis.
To further study pulsed TIG welding, it is necessary to
consider the influence of pulsed frequency and current du-
ty cycle to weld pool.

In this paper, on the basis of existed numerical anal-
ysis for constant current TIG welding, a mathematical
model about flow and heat transfer of non-steady weld pool
in pulsed TIG welding process was established using soft-
ware FLUENT. The distributions of temperature field and
flow field were obtained under pulsed current, and the in-
fluence of variations of pulsed frequency and current duty

cycle were also analyzed.
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I Mathematical model
1.1 Basic assumptions

Numerical model of weld pool is shown in Fig. 1. In
the calculation, assumptions were made for weld pool as
follows: free surface of weld pool was a plane, distribu-
tions of heat flux density and current density of arc were
Gaussian distribution, the liquid metal was laminar flow
and incompressible fluid, processing method of buoyancy
was Boussinesq assumptions and flow and heat transfer of

weld pool were axisymmetric.
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Fig.1 Numerical model of weld pool

1.2 Governing equations

According to the above assumptions, the following e-
quations can be obtained from the mass, momentum and
energy conservation equations with axis coordinate system.

Continuity equation ;

Lﬁ(_ru_)_,_w@”‘:o (1)
r or dz

Momentum conservation equation in radial direction ;

(2)

Momentum conservation equation in axial direction
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In equation (1) - (4), p is density, u and v are the
speed in r and z direction respectively, S and S, are mo-
mentum source terms in r and z direction respectively, A is
thermal conductivity, p is pressure and AH is latent heat

of fusion.

1.3 Source term of control equations

The volume force of weld pool in TIG welding consists
mainly of buoyancy, surface tension and electromagnetic
force. And the source terms as follows :

Buoyancy ;

G =-pzB(T-T,) (5)

For the electromagnetic force suffered by weld pool, the

formula is:

f:]ﬂxﬁ (6)

Where radial electromagnetic force is:

Axial electromagnetic force is .

Fom Bl P72 (8)
. = 41T2r22L[ exp( 20!2 )] <Zl,)

The surface tension of weld pool is provided by surface
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tension gradient ( Marangoni force) and is parallel to the

viscous shear force of surface fluid .

u Jy _ oT
- = X = 9
dz oT dz (9)
Where the left part is the viscous shear force of surface flu-
id and the right is Marangoni force.
In equation (5) — (9), B is expansion coefficient,
o, is current distribution parameter and u,, is vacuum per-

meability.

1.4 Boundary conditions
The upper surface AE can be divided into pool sur-
face AF and non-pool surface FE, for pool surface AF;

k(—al) =gy —a(T-T,) —e0,(T*'-T,) -~ wH,
0z

(10)
ou _
E—_v_o (11)

In equation (11), the right part contains thermal
generation by arc and heat loss by convection, radiation

and evaporation. Where the input heat from arc is:

Ul 2
we = élz—exp( - 3rz ) (12)
q O-‘I

On the boundary FE.

_k(%_T) =a (T-T,) +e0,(T"-T,) (13)

u=v=0 (14)

On lower surface CD and side face DE, the constraint e-

guations are:

-k(%) =a,(T-T,) +e0,(T*-T7) (15)

u=v=0 (16)

On the axis line AC, the constraint equations are:

Ay (17)
ar

3

o =0 (18)

u =

In equation (10) ~ (18), a is heat transfer coeffi-
cient, ¢ is radiation coefficient and w is evaporation coef-

ficient.

2 Numerical simulation

Simulation analysis was carried out with FLUENT
software. Mathematical model was built for low carbon
steel plate using processing software GAMBIT and mesh
generator. In the model, thickness of plate was 4 mm and
length was 20 mm. In the solution process, the time step
was 0.001 s and the simulated welding time was 8.0 s.

Numerical simulations for weld pool of TIG welding
were carried out based on the mathematical model. The
thermal parameters were got from the literature [9].
Welding current adopted DC square wave pulse, /, =140
A, I, =40 A, and welding voltage U =16 V, and the
change of the pulse in 8.0 s was simulated using FLUENT
software.

Change of fusion line in 8.0 s is shown in Fig. 2.
Fig. 2a shows the change of fusion line when welding cur-
rent is kept in 90 A and the interval of each two curves is
1 s. Fig.2b shows the change of fusion line when pulsed
frequency is 1 Hz under pulsed current and the interval of
each two curves is 0.5 s ( Dotted lines indicate that it is at
the moment of base current while solid lines indicate it is
at the moment of peak current time). As can be obtained
from the Fig.2, width and depth of weld pool increase un-
der the condition of constant current. Under the condition
of pulsed current, width of weld pool increases while
depth of weld pool decreases to a certain extent.

Fig.3 shows the typical flow field under the condi-
tions of constant current and pulsed current respectively.
Change of flow field of weld pool in 7 s is illustrated in
Fig. 3a when welding current is kept in 90 A and change of
flow field in a pulsed period is shown in Fig. 3b when
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pulsed frequency is 1 Hz. The flow field consists of two
parts, as shown in Fig. 3. Temperature gradient of surface
tension resulted in clockwise flow of the molten metal in
the upper pool, and electromagnetic force resulted in
counterclockwise flow of the molten metal in lower pool.
The counterclockwise flow was not obvious when adopting

pulsed current.

(a) Constant current (b) Pulsed current

Fig.2 Change of fusion line

3 Simulation results and analysis
3.1 Influences of different pulsed frequencies

The maximum temperature curves of upper and lower
surface of workpiece are shown in Fig. 4 when pulsed fre

quency is 0.5 Hz, 1 Hz, and 5 Hz respectively and duty

ey
! eI

.1 m/s

cycle i3 50% . From the Fig. 4, it can be obtained that the
temperature of workpiece changes periodically with the pe-
riodic change of pulsed current. Judging from the overall
trend, the temperature gradually increases but the rising
trend is slow. At the beginning, the temperature increase
of upper surface was relatively fast. However, with the
continuation of welding, the temperature increase of lower
surface was faster. The maximum temperature of upper
surface of workpiece increased greatly during the peak cur-
rent time while it decreased quickly during the base cur-
rent time. The temperature sensitivity of upper surface of
pulsed current was stronger than that of the lower surface.
Considering the influence of latent heat of fusion and evap-
orative heat in the numerical calculation, the maximum
temperature was obtained about 2 400 K finally. From
Fig. 4, the maximum temperature of lower surface rises
and falls periodically when pulsed frequency is 0.5 Hz un-
der the action of pulsed current. When the pulsed fre-
quency is 1 Hz or 5 Hz, the maximum temperature of lower
surface has no decline in one cycle but increases slowly
during base current time. With the increase of pulsed fre-

quency, the decline trend is increasingly obvious.
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= 0.1 m/s

(a) Constant current(t=7.0 s) (b) Pulsed current(¢=6.5 s)

(¢) Pulsed current(t=7.0 s) (d) Pulsed current(:=7.5 s)

Fig.3 Change of flow field of weld pool
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(a) Pulsed frequency is 0.5 Hz

(b) Pulsed frequency is 1 Hz

(¢) Pulsed frequency is 5 Hz

Fig.4 Maximum temperature curves of workpiece surface at different pulse frequencies
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Fig.5 Curves of depth and width of weld pool at different pulse frequencies

The curves of width and depth of weld pool at differ-
ent pulsed frequencies are shown in Fig. 5. From Fig. 5, it
can be obtained that the width and depth of weld pool both
increase gradually at peak current time. At base current
time, the width and depth of weld pool decreased gradual-
ly and the change of weld pool was relatively large. Over-
all, at the beginning of welding, width and depth of weld
pool were gradually increasing and the increase rate of
weld pool width was larger. With the continuation of weld-
ing, the increase rate decreased and the change of width
and depth of weld pool also decreased in each pulsed cy-
cle. In Fig. 5, as the increase of pulsed frequency, the
melting and solidification frequency of workpiece surface
are growing, so that the change range of weld pool width
in one cycle decreases gradually and the average length of
the weld pool width increases while the average length of
depth decreases. Due to the electromagnetic force affected
by the welding current, when pulsed frequency was low,
the time of peak current was relatively long in one cycle.
Therefore heat accumulation of weld pool was large and ac-
tion time of electromagnetic force was long in this period
time so that the increase of weld pool depth was large. On
the contrary, the decrease of weld pool depth was also
large at base current time. As the increase of pulsed fre-
quency, the change of weld pool depth was small. There-
fore, the size of weld pool can be controlled effectively by
changing pulsed frequency.

3.2 Influences of different current duty cycles
The maximum temperature curves of upper and lower
surface of the workpiece are shown in Fig. 6 when pulsed

frequency is 1 Hz and current duty cycle is 20% and 80%

respectively. It can be obtained from Fig. 6 that the tem-
perature of the workpiece surface changes periodically with
the variation of the pulsed current. Considering the influ-
ence of latent heat of fusion and evaporative heat, the
maximum temperature of the upper surface reaches a rela-

tively fixed range of 2400 K. It can be obtained from
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(b) Duty cycle is 80%

Fig.6 Maximum temperature curves of workpiece surface

under different duty cycles

Fig. 6 and Fig. 4b that the change of current duty cycle re-
sults in the variation of heat input directly. With the in-
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crease of current duty cycle, the accumulation of heat in
workpiece increases gradually, which leads to the maxi-
mum temperature of lower surface of the workpiece greatly
increase finally.

The curves of width and depth of weld pool are shown
in Fig. 7 when welding frequency is 1 Hz and duty cycle is
20% and 80% respectively. As the current duty cycle in-
creased, the heat input of the workpiece surface became
larger, which led to a larger weld pool width, as shown in
Fig. 7 and Fig. 5h. With the increase of duty cycle, the
heat accumulation in weld pool became increasing, and
the action time of electromagnetic force became longer,
which eventually led to a significant increase of weld pool
depth. The increase rate of weld pool depth was larger
than that of weld pool width. Therefore, the variation of
width and depth of weld pool can be effectively controlled
by changing the duty cycle.

5
= — Weld pool width
g 4 | -~ Weld pool depth
]
28 3¢
E
TR 2
=
3
= 1
Ay
~ N
%9 2 4 6 8
Time / s
(a) Duty cycle is 20%
5
—Weld pool width
4 | ~ “Weld pool depth
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Time / s
(b) Duty cycle is 80%

Fig.7 Curves of width and depth of weld pool under
different duty cycles

4 Conclusions

(1) A two-dimensional numerical model of weld pool

of pulsed TIG welding was established and numerical anal-
ysis was carried out for weld pool at different pulsed fre-
quencies and different current duty cycles.

(2) With the periodic change of pulsed current,
temperature filed and flow field change periodically, and
these lead to the temperature of workpiece. Weld pool
width and depth also change periodically at different
pulsed frequencies and different current duty cycles.

(3) Overall, with the increase of pulsed frequency,
the weld pool width increases while depth decreases and
the change range is not large. With the increase of current
duty cycle, width and depth of weld pool both increase
greatly and the change of weld pool is relatively larger.
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