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Tablel parameter used in numerical simulations.
b 33.5e-6 W/mm®+C
K 0.034 W/mm-“C(u<1534°C)
0.068 W/mm - “C(u>1536C)
c 0.714J/g-C
0.0076 g/mm’

Torch

a) Front View of Bead(Gap 4mm)

End of
Backward

Start of
Forward

Backward
b) Side View of Bead(Gap 4mm)

length
(a) Cross section at line A.
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(b) Surface of weld pool ,bead and base metal. (c) Cross sectionat line B

Fig.8 An isothermal line (in -C) in the simulation result of
4mm gap, 20mm forward stroke and 15mm backward stroke.
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(a) Experiment result

Fig.7 The deposited metal in the switch back welding.

(b) Simulation result

Fig.9 Comparison between the experiment result and simulation result in 4mm gap.
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fig.10 weld pool shape in 4,5 and 6mm.
Table2 Weld pool shape and cooling time for stroke.
forward Stroke |backward Stroke| Weld Pool Weld pool . .
Gap[mm] No. [mm] [mm] Lingth [ Shape (B) Cooling Time[s]
1 20 15 16.5 1.11 11.7
4 2 25 20 10.8 0.62 11.65
3 30 25 6.1 0.31 11.6
4 20 15 20.5 1.37 13.4
5 5 25 20 18.7 1.06 13.3
6 30 25 10.5 0.53 13.3
7 20 15 22.5 1.5 14.5
6 8 25 20 22.8 1.30 14.5
9 30 25 15.5 0.78 14.5
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SHORT COMMUNICATION
Feed forward control of back bead and bead

height in narrow gap robotic welding

S. Yamane*?, L. H. Sharif*, S. Zeniya®' and K. Oshima®

For high quality welding, it is necessary to form a stable back bead and to melt metal plates. In
narrow gap welding, it is difficult to control the bead height and the back bead simultaneously
using conventional welding. In order to solve this problem, a switch back welding method is
proposed in which the welding torch is moved back and forth along the welding line. In the
forward movement of the torch, the arc heat is given to the root edges to obtain a wide back bead.
In the backward movement, suitable bead height is formed. From the fundamental experimental
results, a numerical model was prepared for this type of welding. Using this model, the optimum

stroke length was found. Its validity was verified by carrying out welding experiments.

Keywords: Weld pool, Computer simulation, Narrow gap, Welding, Switch back weiding, Robotic welding

Introduction

In order to achieve high productivity in welding, a narrow
gap is applied.! If the amount of deposited metal becomes
too large in the narrow gap, the bead height becomes too
high. In this case, aithough the arc heat is given to the weld
pool, it is not given to the root edge. Lack of fusion takes
place at the root edges of the base metals. Therefore, in
general, the amount of deposited metal is determined so
that the bead height is less than 4 mm? (Ref. 2).

In the present study, the authors propose the switch
back welding method to control bead height and the
back bead, i.e. not only oscillating the welding torch on
the groove, but also moving it back and forth like a
switch back. First, the welding torch is moved forwards.
Since the arc heat pre-heats the root edges, a stable back
bead is formed. This is called the forward process. Next,
the welding torch is moved backwards to deposit
droplets on the root edges and on the groove surface,
so that the desired bead height is obtained. This is called
the backward process.

To find the optimum stroke length, a numerical model is
prepared using a heat conduction equation. The optimum
stroke lengths for 4 to 6 mm gaps are found by linear
interpolation of the numerical simuiation results. Its linear
interpolation is based on simple fuzzy inference.’

In order to verify the validity of the proposed welding

method, experiments were carried out varying the gap

width.

Switch back welding method

The weaving centre is also moved backwards and

forwards like a switch back, as shown in Fig. 1. The
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welding torch is oscillating on the groove at 10 Hz. If the
gap is 4 mm, the weaving width is 2.6 mm. In this case,
the distance between the root edge and the outside of the
electrode wire at the end of the weaving is 0-1 mm to
avoid arc creep up the groove surface.

If the gap is 4 mm, the torch moves 20 mm ahead in
the steady-state. After that, it moves backwards for
15 mm. The welding advances for /;=5 mm in one
stroke of the switch back welding regardless of the root
gap. If J; becomes too long, the ceramics of the backing
plate becomes overheated. On the other hand, if
becomes too short, it is difficult to heat the root edges of
the base metal because of the molten metal. For
simplicity of welding conditions, the travelling speed v
of the torch is fixed at 18-2 mm s~ in the forward and
backward processes.

In the present study, the thickness of the base metal is
12 mm and the bead height /4 is 9 mm, which is the
maximum for the 12 mm thickness. If 4 is over 9 mm for
12 mm thickness, the arc will discharge onto the surface
of the base metal. An undercut may take place due to the
arc on the surface.

The welding conditions for 4, 5 and 6 mm gaps were
found using a high speed video camera and CCD camera
to obtain good welding results. The arc was kept short
and discharged from the root to the bead surface.

Numerical model and welding conditions
in switch back welding

In order to determine the optimum stroke length, a
numerical model of switch back welding is prepared. In
the model, base metal of 175 mm in length, 200 mm in
width and 12 mm in thickness is used. The numerical
simulations in the first approximation were performed
by a heat conduction equation under the following
assumptions:* S

1. The heat input VI is given to the base metal and
wire melting. ¥ and [ are the voltage at the current pick

2005 voL 10 NO 1

Science and Technology of Welding and Joining stwj460.3d 18/2/05 13:09:11
The Charlesworth Group, Wakefield +44(0)1924 369598 - Rev 7.51nW (Jan 20 2003)

14

23



Back
Stroke

Welding
Torch

Forward
Stroke

<l -
L——-—-j/Backing

Plate

Torch Weaving

?

£
S

1 | BackingPlate

[]

[}
i
1
)
¥

T Pulse
5 '__Duratlon
1
PN e
P4 o204. ]
.13 0 1.3mm 100 400A
Current

1 Relationship between torch motion and pulsed current
waveform

up point and the effective current value, respectively.
The heat efficiency # to the base metal is 70%, and half
of the heat input is given to wire melting, i.e. @=nVI/2 is
given to the base metal.

2. The voltage V is fixed at 22-5 V, which is from
experiment results for MIG welding.

3. The heat escapes to the atmosphere from the
surface of the base metal except for the heat input area.

If the forward stroke length Ly, the root gap and the
bead height are given, the wire melting rate ¥}, is

v 4
Yo~k v I @

where S, Lg, Ly, and D are the cross-sectional area of the
bead, the forward stroke length, the backward stroke
length and the diameter of the electrode wire, respectively.

The welding current / is found using the relationship
between the wire melting rate and the current 1.6

The heat input area is determined by considering the
spread of the arc and measuring the arc by high speed
video camera, i.e. the length of the heat input area is
6 mm and the width is the sum of groove gap G and

Yamane et al. Control of back bead and bead height in narrow gap welding

e Weld poO] el
fength )
{a) Cross section at line A.

B
{b) Surface of weld pool ,bead and base metal. (¢) Cross section at line B.

2 Isothermal line (°C) in simulation resuit for 4 mm gap,
20 mm forward stroke and 15 mm backward stroke

4 mm for the groove surface. The heat input per unit
area g is

Q
= 2
7= G+4)=6 @
Let the temperature be U, the heat conduction equation is
PCor T\ e T T o

where «, p and ¢ are the thermal conductivity, mass density
and specific heat, respectively. Equation (3) is approxi-
mated by the finite difference method. The mesh length in
the numerical model is 0-5 mm.

Boundary condition

According to Fourier heat conduction law, heat flux
flows in a normal line. The boundary condition for the
area of the heat input is

oU
K= =q @
z surface of bead in heat input area
au
Ko =q &)
Y surface of groove in heat input area

According to Newton’s law of cooling, the boundary
conditions except for the area of the heat input are as
follows

~K %xg somenie h(U —20) (6)
——x%gx=m=h(U—20) Q)
—K %yll oo h(U —20) ®)
-—x%%Fm:h(U—ZO) &)
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8U
—rcghlz—h(U—ZO) 11

where 4 is the heat transfer coefficient and the ambient
temperature is 20°C.

The melting point is 1535°C for mild steel (SS400).
Since there is solid phase and liquid phase in the weld
pool and base metal, the enthalpy method is applied to
treat the latent heat.* In this method, it is assumed that
the phase transformation takes place in the temperature
field from 1534 to 1536°C.

Simulation results and discussion

For a 4 mm gap, the numerical simulation result at the
end of the backward process is shown in Fig. 2. The

Cross
Section

.

Surface
Bead

Back
Bead

4 Experimental result with variation of gap

Science and Technology of Welding and Joining

¥ 5 :

temperature over 1536°C corresponds to the weld pool.
Its length is almost equal to the backward stroke length
as shown in Fig. 2a.

The temperature distribution for the cross-section is
shown in Fig. 3. If the stroke becomes too short, Vi
becomes large. In this case, the molten metal of the weld
pool flows to the front by gravity. It is difficult to obtain
sufficient melting of the root edges. On the other hand, if
the stroke length becomes too long, Vy, becomes small.
The heat input to the base metal becomes small, too.
Therefore, it is desired that the weld pool is slightly
shorter than the backward stroke length.

In order to evaluate the quality of the welding, the length
B is defined as the ratio of the weld pool length to the
average between the backward stroke length and 15 mm at
the end of the backward process. This is based on expert
knowledge. The optimum stroke length is found for 4—
6 mm gaps using simple fuzzy inference for the linear
interpolation,’ so that the shape B becomes 1.

e
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Feed forward control of bead height and
back bead

In order to verify the optimum stroke length, the

authors tries to carry out the welding experiment with *

variation of the gap. Since the groove joint was
produced by machining, and assuming that the root
gap varies linearly from the beginning to the end of
welding, then, according to the stroke length, the
welding conditions are calculated using the welding
database found from the fundamental experimental
results. Initially, the root gap is 6 mm. At end of the
welding, the gap is 4 mm. The stroke length at the
beginning of the welding was set and the welding was
started. Then after the completion of one complete cycle
of the switch back, the root gap was calculated, and the
welding continued until the end position while succes-
sively calculating the welding conditions for the next
stroke cycle by linear interpolation.

The experimental result is shown in Fig. 4. Since
the wettability of the bead surface is also good, it is
easy to weld two layers. In the cross-section of the
welding, there was no lack of fusion. A wide stable back
bead was also formed. A good welding result was
obtained.

Science and Technology of Welding and Joining

Yamane et al.

Conclusions

In conventional narrow gap welding, it is difficult to
control the back bead-and the bead height simulta-
neously. The switch back welding method was applied to
produce a wide back bead and to form the desired bead
height. Moreover, numerical simulations were per-
formed to obtain the stroke length. Welding experiments
were carried out to verify the validity of the welding
conditions found from the optimum stroke length. A
smooth surface bead, wide back bead and no lack of
fusion were obtained.
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Effect of power source characteristic on CO,
short circuiting arc welding

S. Yamane**, S. Xiang?, Y. Kaneko® and K. Oshima?

Some problems are reported concerning the observation of the weld pool and effects of the power
source characteristic on arc stability in CO, short circuiting arc welding. First, the effect of a
power source with a constant voltage characteristic on CO, short circuiting arc welding is
investigated by analysing the behaviour of the voltage and the current. From the resuits of this
analysis, the cause of spatter generation is identified. A new power source characteristic is then
proposed to improve the stability and the self-regulation of the arc. By adjusting the power source
characteristic, the metal transfer can be stabilised in the CO, short circuiting arc welding process,
i.e. the present authors have developed a power source having a non-linear characteristic. lts

performance is verified by carrying out experiments.

Keywords: CO, short circuiting arc welding, CCD camera, Pool monitoring, Power source characteristic

Introduction

To achieve a high wire melting rate for low heat input,
CO; is used as the shielding gas. When the welding
current is below 220 A, the metal transfer mode is short
circuiting transfer. The period of the short circuiting
becomes unstable owing to the size of the droplet and the
surface state of the weld pool. There is considerable
spatter. The weld pool depends on the heat input to the
workpiece. A model of heat transfer has been proposed
for the steady state.! This model was composed of three
heat sources, namely, arc heating of the anode, arc
heating of the cathode, and Joule heating of the electrode
extension. The heat flow to the workpiece was calculated
using the model, in which the electrical resistivity changed
during the short circuiting transfer of the droplet in the
liquid bridge. In the present work, the state equations
during the arcing and the short circuiting stages are based
on the circuit equation relating the current and the
welding voltage, i.e. the metal transfer is represented by a
resistance that is dependent on the liquid bridge state.
To evaluate the quantitative effect regarding the
stability of the welding process, the arc stability index,
determined from the waveform of the current and the
voltage, was proposed by Mita er al.? The relationship
between the index and the welding voltage of the power
source was investigated in various types of fundamental
experiment. Using the results, a fuzzy control method
was proposed to stabilise CO, short circuiting arc
welding.® In this fuzzy control method, the welding
voltage was controlled using a control period of 1 s. It
took several seconds to stabilise the welding. In other

'Department of Environment Science and Human Engineering, Saitama
University, 255 Shimo-okubo, Saitama 338-8570, Japan

2Department of Electrical and Electronic Systems, Saitama University, 255
Shimo-okubo, Saitama 338-8570, Japan

*Corresponding author, email yamane@ees.saftama-u.ac.jp -

© 2005 Institute of Materials, Minerals and Mining
Published by Maney on behalf of the lastitute
Received 27 May 2004; accepted 27 July 2004

DO! 10.1179/174329305X39310

Science and Technology of Welding and Joining

work, the current waveform was controlled using an
inverter circuit.*% In this control method, the current
and voltage sensors detect the metal transfer in the short
circuiting, i.e. the calculation is necessary to detect the
metal transfer condition by using the current and
voltage sensors. The waveforms of the current and the
voltage are controlied over several pericds. To achieve
rapid response by the control mechanism, high speed
control is required to stabilise the CO, short circuiting
arc welding. In the present work, a control method is
proposed for the current and the voltage to improve self-
regulation of the arc and the stability of the metal
transfer by adjusting the power source characteristic.
Both the welding voltage and the current can be adjusted
continuously. A sensor is used to detect whether the
process is in the short circuiting or arcing stage. The
control algorithm is more straightforward than either
current waveform control or fuzzy control.

A power source characteristic is proposed. Using the
proposed power source characteristic, the current is
controlled according to the welding situation, i.e. there
are two major characteristics relating to the short
circuiting period and the arcing period. According to
the metal transfer condition, the voltage and the current
are continuously adjusted. Therefore, the frequency of
the current is stabilised. An attempt is made to compare
the proposed power source characteristic with the
conventional characteristic.

To construct an artificially intelligent robot, it is
important to observe the weld pool. Since the arc light is
too strong, an attempt was made to observe the weld
pool without arc illumination during the period syn-
chronous with short circuiting.”

Digital control system

The system is designed as shown in Fig. 1. The non-
linear power source has four characteristics, among
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1 Schematic diagram of CO, short circuiting arc welding
system

which two characteristics are used for the short circuiting
period and two for the arcing period. According to the
welding phenomena, the power source characteristic is
changed. The controller produces a signal representing the
change between short circuiting and arcing using the
current / and the torch voltage ¥, and sends this signal to
the programmable power source having a non-linear
characteristic. A personal computer controls the wire
feeder and the image memory. The shutter of a charge
coupled device (CCD) camera operated by the Ext. Trig.
signal is used to observe the weld pool. The timing pulse
generator produces the Ext. Trig. signal that instructs the
camera to take the weld pool image.

The chart in Fig. 2 shows the timing controlling
the taking of the weld pool image. To obtain the weld
pool image during the short circuiting period, i.e.
without the arc illumination, it is necessary that the
CCD camera shutter opens when the torch voltage V is
low. The CCD camera requires a charge time (shutter
time) of 0-7 ms to obtain an image and sends the video
signal to an image memory, taking 1/60 s after the
vertical synchronising signal VD that follows the
external trigger. During this 1/60 s interval, a computer
stores the image in the image memory. If the short
circuiting stage occurs again during taking of the weld
pool image, the short circuiting signal is omitted and the
Ext. Trig. signal is not generated. A typical image of the
weld pool taken by the CCD camera, without the arc, is
shown in Fig. 3. The tip of the electrode wire touches the
weld pool.

!
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thd |\ i El;\\ ”\. ”
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2 Timing chart for taking of pool image
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3 Typical weld pool image in CO, short circuiting arc
welding

State equations in short circuiting arc
welding

The welding circuit is shown in Fig. 4. The power source
characteristic E(7) is a function of current i, and L is the
reactance of the welding circuit including a welding
cable. The state equation for the welding circuit is

di_ E(i)—V
T (D
.
<—— Electrode Wire
@ @ ...... Motor
o L
Torche——sa /66\
q—_
i
Power
Source
E()

[ AT
11
Y —
4 Welding circuit
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5 Constant voltage characteristic

According to equation (1), the rate of change of the
current depends on the difference between ¥ and E(9).

First, the state equation is derived for the arcing
period. In a CO; shielding gas atmosphere, the arc
originates from the bottom of the droplet. The arc
pressure generates the force to lift up the droplet and
depends on the current.

The arc voltage V, is given by

Vo=al+b+ (cl+d)i )

where i is the current, / is the arc length, and the
parameters a—d are constant, and are determined from
fundamental experiments. Equation (2) indicates the
behaviour of the arc and approximately describes the arc
behaviour in the transient state.”® The torch voltage ¥ is

V=Ri+V, 3

where R is the resistance and depends on the extension
length and the diameter of the electrode wire.

Next, the state equation is derived for the short
circuiting period. The state equation regarding to the
welding circuit is the same as equation (1). Since the
torch voltage V is the voltage drop between the current
sensor and the base metal, the state equation for the
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6 Non-linear power source characteristic

relationship between the voltage and the current is given
by

V=Ri CY)

During short circuiting transfer, the size of the neck
between the droplet and the weld pool changes. The
resistance R depends on both the extension wire and the
neck size.’

Phase plane analysis

The arc welding phenomena will now be analysed by
investigating the phase plane of the voltage and the
current. For this purpose, it is useful to investigate the
trajectory of the voltage and the current in the transient
states. The electrode wire is mild steel of 1.2 mm
diameter and the shielding gas is 100%CO,. The
fundamental experiments are carried out in the short
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7 Typical images of CO, short circuiting arc welding obtained using high speed camera: A-J correspond to points in Fig. 6

circuiting transfer mode. The trajectory from the
experimental results is plotted in the i~V phase plane
as shown in Figs. 5a and 6a.

Conventional power source with constant
voltage characteristic

The i~V phase plane and the trajectory of the
representative point indicated by the voltage and
the current are shown in Fig. 5a. The waveforms of
the voltage and the current are shown in Fig. 5b. The
constant voltage power source characteristic E(f) is also
shown in Fig. 5a. In the experiments, L is 0-3 mH. Let
the representative point be point A on the trajectory in
the steady state. According to the wire feed, the tip of the
electrode wire moves down to the weld pool. Since the
arc length / becomes short, the voltage ¥V reduces
according to equation (2). If the wire touches the weld
pool, short circuiting occurs. The bridge between the
droplet and the weld pool is made. The representative
point moves from point A to point B. As shown by point
B on Fig. 5a, the current flows through the droplet. The
electromagnetic force acts on the neck of the bridge to
cut the bridge and to lift up the droplet. If the current is
greater than 120 A, the force may cause the droplet to
detach at the neck. The arc may then be reignited and
spatter can occur.

The arc voltage V, becomes zero during short
circuiting. Equation (4) is used instead of equation (3).
Since the point B is under the power source character-
istic E(7), the current increases according to equation (1).
If the reactance L is small, the current i becomes large
rapidly and the arc is reignited. If the reactance L is
large, the variation of the current becomes small
according to equation (1). The representative point
moves from point B to point C. According to the
increment in the current, the droplet is transferred from
the wire to the weld pool. After the droplet has
transferred, the arc reignites when the current becomes
high. Owing to this current, spatter may be generated
from the weld pool. The representative point moves
from point C to point D. According to the variation of
the arc length, E({)-V in equation (1) changes. However,
since the reactance L is high, the value [E(i)—V]/L
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becomes small. Therefore, it is difficult to control the arc
length and short circuiting frequency becomes unstable.
To achieve smooth metal transfer, the following
conditions are desirable:
(i) the current is below about 120 A at the start of
the short circuiting
(ii) during the short circuiting, the current increases
according to the metal transfer
(iii) before the droplet is released, the current
decreases to a low value to reduce the spatter
(iv) the current is controlled during the arcing
period to adjust the arc length.
To realise the conditions above, the use of a power
source having a non-linear characteristic is proposed.

Non-linear power source characteristic

A new power source characteristic is proposed to
improve the stability of the metal transfer in the CO,
short circuiting arc welding system. This power source
characteristic is achieved by altering the power source
characteristic between the short circuiting period and the
arcing period. As shown in Fig. 6a, curves ‘Short 1” and
‘Short 2’ represent the power source characteristic in the
short circuiting period. The curves ‘Arc 1’ and ‘Arc 2’
show the power source characteristic in the arcing
period. In the fundamental experiments, the additional
reactance is not used — L in the welding cable is used.
Images of the welding phenomena were taken using a
high speed camera. Typical resulting images are shown
in Fig. 7. The phenomena corresponding to points A to J
in Fig. 6 are represented by the images in Fig. 7. If short
circuiting occurs, the representative point and image are
indicated by A in Figs. 6a and 7. By measuring the torch
voltage V, the short circuiting can be detected. If short
circuiting occurs, the power source characteristic
changes to Short 1. This characteristic is applied for
1 ms to obtain good contact between the droplet from
the electrode wire and the weld pool. Subsequently, the
power source characteristic is changed to Short 2.
During the short circuiting, the torch voltage V is given
by equation (4). According to the metal transfer
conditions, the cross-section of the neck between the
droplet and the weld pool is changing, i.e. the resistance
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R is also changing as a result of the metal transfer.
The voltage and the current increase along the load
line depending on the resistance R, such that the
representative point moves from point B to point C.
Since the neck becomes small after point C as shown in
Fig. 7, the resistance R rapidly becomes high. The
droplet transfers to the weld pool from the wire, and the
current surges until the bridge is cut at the neck between
the solid and liquid of the wire at point D.

Following this, the torch voltage V is above the line
I=0 and the arc reignites. As the power source
characteristic is still Short 2, the representative point is
above the power source characteristic. Since the
difference between the torch voltage ¥ and the Short 2
characteristic is large, the current decreases rapidly,
according to equation (1). The arc is established after the
current has decreased. Hence, the amount of spatter
decreases. The representative point moves to point E
from point D. When the current is below 80 A and the
torch voltage V is above the line /=0, the power source
characteristic is changed to Arc 2. The representative
point moves to point F and arrives at the equilibrium
point G depending on the wire feedrate and the power
source characteristic. As shown in Fig. 7, the weld pool
surface is stabilised by the large current.

Since arcing occurs from the underside of the droplet
under a CO, atmosphere, the droplet is lifted by the arc
pressure during the high current period. When the power
source characteristic is changed to Arc 1, the represen-
tative point moves from point G to point I. Since the
current decreases and the arc pressure also decreases, the
droplet moves towards the weld pool. The weld pool
surface moves in the direction of the droplet and the
droplet touches the surface of the weld pool. An attempt
was made to vibrate the droplet and transfer it to
the weld pool using the proposed power source
characteristic.

Experimental results and discussion

Welding experiments were carried out in an attempt to
compare the non-linear power source characteristic with
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the conventional characteristic under 100%CO, shield-
ing gas. The average welding current is 200 A. When the
reactor L is inserted in the welding circuit and the
conventional power source characteristic is used,
the resulting waveforms for the voltage and current are
as shown in Fig. 8. Although the droplet touched the
weld pool at point A, the droplet was released from the
weld pool because the current was greater than 120 A
and the arc reignited. After short circuiting transfer, the
droplet remains at point B and touches the weld pool
again. Since metal transfer occurs, the periods of the
waveform are unstable.

Since the arc reignited at high current, there was some
spatter. In contrast, the non-linear power source
characteristic was used in the same welding process.
The resulting current and voltage waveforms are shown
in Fig. 9. At the short circuiting and arc reignition
stages, the current becomes small. The spatter is
reduced and the arc length is kept short. Therefore,
the periods of the waveform and the metal transfer

" become stable.

Conclusion

The weld pool in CO, short circuiting arc welding has
been observed during the period of short circuiting
without arc light using a CCD shutter camera. A power
source characteristic is proposed to improve the stability
and self-regulation of metal transfer in CO, short
circuiting arc welding. Using this power source char-
acteristic, the CO, short circuiting arc welding can be
controlled continuously. It has become possible to
obtain a short circuiting arc with less spatter.
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