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The influence of the static and dynamic
characteristics of power sources on the

behaviour of short circuiting COp shielded welding arcs

- b}' P
B.S. Pierozeck, M.Sc.(Eng.), U.N.T.A.
and

L.M. Gourd, B.Sc.(Eng.), A.I.M., M.Inst.W.
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The work discussed in this report has exsmined, oscillographically,
the influence of variable slope and variable inductance on the characteristics
of short circuiting COz shielded metal arcs, and the variables affecting the
optimum welding conditions have been determined. It has been established
that this optimum is usually below the maximum of the frequency-voltage curve.
Both the slope of the power source characteristic and the value of the
inductance in the circuii have similar qualitative effects on the stability
of the short circuiting arc. Nevertheless, control of the dynamic response
by varying inductance has been found to be more flexible and effective. For
this reasoun, it is suggested that separate control of the static characteristic
and dynamic response is not necessary to obtain optimum conditions. Thus the
correctly designed power source for short circuiting COp shielded arc welding
should have constent slope of the static characteristic and continuous control
of the dynamic respouse.

Note:= This report is based on work carried oubt by B. Plerozeck at Cranfield

under United Nations Fellowship arrangenents. Mr. Pilerozeck is
the staff of The Institute of Welding, Gllewice, Poland.
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Introduction

The problem of metal transfer in a gas shielded welding arc with a
consumable electrode has been attracting the attention of investigators
since a knowledge of the controlling factors can assist in extending the
scope of the process. Improvements in conbtrol and efficiency of the
welding operation and in the design of suitable power sources should
follow from a better understanding of the mechanisms of metal transfer.

Metal transfer characteristics

The mode of metal transfer which occurs with steels in the M.I.G.
process can be basically of two types. Firstly, free flight (or !spray')
transfer can occur, in which case the molten droplet is detached from the
electrode wire and transferred across the arc into the weld pool. The
use of spray transfer, in the welding of steels, is limited to the downhand
positvion, since the high voltages and currents necessary for this mode of
transfer cause a large fluid pool to be formed which cannot be controlled
in the vertical and overhead positions.

Secondly, short circuiting (or 'dip') transfer can be used in which
the electrode touches the molten pool, causing a short circuit (Fig. la)
the rise in current during the short circuiting period melts the end of the
electrode and molten metal is thus transferred to the weld pool. Lower
voltages and currents together with a reduction in the time during which the
arc exists result in a small weld pool which freezes rapidly and can be
controlled in all positions.

Poyer source characteristics

In both spray and dip transfer technigues the output characteristics
of the power source will have a profound effect on the ability to control
the arc. For a given electrode and shielding gas, arc voltage is a
function of arc current and arc length. An arc can be established between
a consumable electrode and a workpiece only if the correct relationship
between these variables is maintained. This implies that the power source
response must be sufficiently rapid to follow any changes in voltage and
current resulting from variations in arc length.

A 'spray' transfer arc operates under virtually steady conditions,
only slight inflections being observed in the voltage and current traces
at the instant a droplet is detached (Fig., 1b). Changes in arc length
produced by movement of the welding torch or workpiece cause relatively slow
variations in voltage and current which can be readily accommodated by
the static characteristic of the power source which should be of the constant
potential type (Fig. 2).

In the 'dip' transfer arc, on the other hand, the voltage and current
drawn from the power source are constantly changing (Fig. 3). The dynamic



current changes during short circuiting in this process are particularly
significant. When the electrode touches down into the pool, the current
rises rapidly to a pesk value (IP) at which point the short circuit is
cleared and the current falls to a minimum value known as the standing
current (IS). This cycle is then recommenced with a new short circuit.
The rate of current rise must be controlled since if it is too fast
excessive spatter can occur, whereas if it is too slow insufficient peak
current (I,) is availsble to break the short circult bridge and stubbing
or instability can occur (Fig. 4). The current rise is exponential and
is a function of the inductance of the welding circuit:=

Rt
v L .
I=—é<l-e > - (1)
T = current
V = voltage
I, = inductance in circuit.

The peak current reached during this rise is a function of the wire diameter.
Thus for dip transfer techniques the dynamic characteristics of the power
source must be such that control can be exercised over the rate of rise of
current. During the short circuit period, the voltage rises exponentially,
primarily due to increasing 12R effects in the electrode wire extension as the
current increases.

Droplet detachment during dip transfer
Tt has been shown by a number of workers that, for a correctly operating
short circuiting arc, the arc is gradually extinguished by the advancement
of the electrode tip, which has adopted a rounded profile. After the
electrode tip has made contact with the weld pool, I2R heating occurs in the
wire causing the metal to melt. Electromagnetic pinch and surface tension
effects will cause the diameter of the wire to be reduced and the molten
metal to flow into the pool, thus breaking the short circuit and re-
establishing an arc gap. Two Pundamental conclusions of the theory of
electromagnetic pinch effects are important in the consideration of droplet
detachment in dip transfer for welding. They arei- :

(a) when a current carrying conductor is under the influence of its own
magnetic field, radial contractile forces appear which produce pressure
within the conductor, and

(b) when a conductor of a circular cross section is conic, axial forces

are acting in it, being directed from the smaller cross-section to the
larger and serving to detach a drop from the electrode. The pinch
contraction force acting at a distance T from the axis of a liquid conductor
is given by:=

mlgi‘g pe .
f = 2817 (kg /e ii
m 27{28.4 O/ ) ( )
where m = magnetic permeability

T = current in conductor

a = conductor radius.




It is evident from this relationship that the value of the pinch
contractile force diminishes very rapidly from the external surface

to the axis of the cylindrical conductor (3). When a constriction
develops under the pinch pressure the molten droplet moves with an
exponential acceleration towards the arc. In other words, the magnetic
pinch forces ensure the movement of the drop towards the weld pool.

During this process, the kinetic energy of the drop grows. In the closed
volume of the cylindrical conductor the pinch forces will produce hydro-
static pressure which must be balanced by the magnetic pinch pressure.

The meximum pressure at the conductor axis due to pinch is:=

P = %ﬁ‘%—; (xg/cm®) (iii)

max

The pressure distribution inside the conductor is shown in Fig. 5(3).

When the conductor is molten, as in dip-transfer welding, only a small

pinch force is needed to change its shape. The rate at which this force

is applied governs the production of spatter during short circuiting.

Since pinch is a function of current, it is apparent that both metal transfer
and spatter can be controlled by regulation of current.

Smith (1,2) has found that, in dip-transfer, an important relationship
exists between the frequency of short circuits and the arc voltage , showing
a maximum number of short circuits at a particular voltage. He states
that at this maximum, optimum welding conditions are observed and he has
produced characteristic frequency-voltage curves for various electrodes with
COp shielding (Fig. 6). The frequency of short circuiting will also be
influenced by wire feed rate since the rate at which the filler wire is
delivered must be related to the rate at which it is melted if a stable arc
is to be maintained. The latter rate is partly limited by the static
characteristic of the power source and the arc length. The frequency
maxima are significantly depressed and moved to a higher voltage as the
wire feed rate is increased (Fig. 7).

Electrode extension influences welding current (Fig. 8) and may affect
the mode of short circuiting. . As the extension is increased the current
decreases but the amount of I®R heating becomes greater and at long ;
extensions the end of the electrode becomes plasvic. Thus when the peak
current, I,, is drawn to break the short circuit a 'whipping! action is
produced which results in ccnsiderably increased spatter. The effect of
electrode extension on short circuit frequency is shown in Fig. 9.
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The control of rate of rise of current, peak current and short circuiting
frequency is achieved by adjustment of the dynamic response of the power
source. By adding a small amount of series inductance to the welding circuit
it is possible to Improve the stability of the short circuiting arc process
and the appearance of the resulting weld bead. The quantity of spatter
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produced during dip~transfer can also be controlled by the inclusion of
series inductance in the circuit. The amount of inductance that can be
introduced is limited, however, since the time constant of the circuit

must satisfy the requirements of the repeatability of the short circuiting
process. An example of the effect of increasing the time constant by
adding inductance is illustrated in Fig. 10 vhere the short circuit frequency
is plotted as a function of the number of turns in a coil included in the
supply to the electrode. In general an increase in inductance results in

a reduction in peak current, Iy, rate of current rise, and short circuit
freguency. '

As an alternative to the addition of inductance, it is possible to
control the rate of rise of current by varying the 'slope' of the output
characteristic of the power source. In this case the output voltage is
allowed to fall as the current being drawn rises and an increase in slope
produces a similar effect to the inclusion of more inductance.

In current practice, when establishing a suitable arc condition for
welding, the voltage is first set to give a maximum number of short circuits
and the circuit is then adjusted by variation of inductance or slope, to
give the most satisfactory mode of metal transfer consistent with low spatter
Toss. Smith (2) has recommended optimum operating conditions for a range
of electrode sizes. These are summarised in Table 1.

Present work

From what has been said above, it can be seen that a mumber of factors
must be controlled to achieve optimum welding conditions for dip-transfer
techniques. It is not possible to separete all the factors taking part in
metal transfer and little data on the quantitative effects of the various
parameters is available. Which of these exerts the most significant effect
on arc stability and spatter production has yet to be established conclusively.

At present, two welding systems are in general use;~-

(a) a constant potential power source having variable open circuit voltage,
with varisble or fixed series conductance, and

(b) a variable slope source, having variable Qpen eircuit voltage, but
without series inductance.

Both these systems provide adequate control of the arc and the choice
between them is difficult. Tt is the object of the work described in this
report to compare the two types of equipment by examining their relative
sbilities to control the rate of rise of current, peak current and short
circuit frequency during dip=~transfer welding.



Experimental work
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Equipment
The layout of welding equipment and test apparatus used in the
investigations 1s shown in Fig. 11.

- N O DTG

A thyratron contrclled variable speed motor, capable of giving wire
feed speeds between 50 and 250 in/min, was mounted above a water cooled
torch. Water, gas and power were supplied direct to the torch.

(v) Bower source

Two power sources were used. Power source 'A' was a constant
potential rectifier with open circuit voltage infinitely variable from
14 = 4h volts. The maximum continuous current rating was 500 amp. and
the output characteristic had a slope of 5‘volt/100 amp. (Fig. 12).

Power source 'B' was a selenium type rectifier with continuously
variable voltage and slope. The output from this unit was up to 200 amp.
(continuous) at between 10 and 40 volts, The slope of the output could
be varied from 2 volt/100 amp. to 8 volt/100 amp. (Fig. 13).

(c¢) Inductance

Two coupled inductances, rated for use up to 300 amps were inserted
in the welding circuit. By varying the connections between the coils
four values of inductance could be achieved (Fig. 14).

(a) Recording equipment

Records of voltage and current were made on a Siemens Oscillomink,
direct writing oscillographic recorder (Fig. 15). This unit contained
two amplifiers feeding two loop galvanometers. An un-amplified 50 cycle/sec.
alternating voltage was supplied to a third galvanometer to facilitate the
measurement of time intervals. Chart speeds from 0.5 em/sec. to 200 cm/sec.
were available. The input impedance of the amplifiers was 1 megohm and
the maximum sensitivity was 10 m.m./50 mV.

(e) Electrode

An electrode wire of /g4 in. diameter was chosen since this size may
be used for welding over a wide current range, being suitable for short
circuiting down to 80 amp. and 'spray’ transfer up to about 400 amps.
The composition of this wire is given in Table 2.
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The self-adjusting welding head was used to deposit weld beads on
2 in. diameter tube samples under carefully controlled conditions.

During the tests the current, volbtage, wire feed rate and welding speed
were recorded. The voltage was measured between the electrode wire
and the workpiece. Although the arc voltage is regarded as one of the
most important variables in this work, it cannot be easily measured.
With the power sources used in this work,however, the open circult voltage
can be taken as the independent variable and all the graphs are plotted
against this value. Arc voltage, as generally understood in welding,
is therefore somewhat lower than the figures reported here; the exact
difference will depend on the output characteristic of the power source.

Slow speed oscillograms (10 cri/sec) were used in the measurement of
transients in current and voltage waveforms. Data taken from the oscillo-
graphic traces has been given as the arithmetical mean of a nmumber of short
circuit cycles. ‘ ,

The majority of the tests were made with Power Source 'B' and a wire
feed speed of 100 in/min. Repeatability checks were made with Power
Source 'A! using 75 in/min wire feed rate. In the latter case, variation

in the slope of the output characteristic was obtained by the addition of
pure resistance in the welding circuit. Unless stated otherwise, the
following varisbles were standardised:=-

]

a. electrode extension 5 in.

b. welding speed 25 in/min.
c. torch angle vertical
d. nozzle diemeter 5/g in.

For each test weld, the open circuit voltage and wire feed rate were
first measured. The weld was then started and, after the weld pool was
established and the arc was stable, two oscillograms were made at chart
speeds of 10 cm/sec. and 50 or 100 cm/sec. These were subsequently analysed
to give:=- '

a) short circuit frequency

b) average current rise during short circuit
c) average peak current

d) average standing current.



Results
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Short_circult freguency

The relabionships between short circuit frequency and open circult
voltage for different slopes of the static output characteristic of Power
Sources 'A' and 'B' are shown in Figs. 16 and 17. For each slope used
the maximum frequency was at the same voltage, i.e. 18/19 volts, but an
increase in the slope lowers the short circuit frequency. Typical oscillo=
grams, token at maximum frequency, for corresponding current waveforms
are shown in Fig. 18 and the influence of increasing value of inductance
on the character of the frequency-voltags curves for constant slope is
illustrated in Figs. 19 to 24k. It will be seen that the shapes and
maxima of these curves were similar to those obtained with varying slope.
The maxima also occurred at 18/19 volts irrespective of the inductance
being used.

During welding, with a wire speed of 100 in/min, it was observed
(Fig. 25) that standing current varied from 120 amp with high inductance
to 90 amp at lower values of inductance. The influence of changing
voltage on the current and voltage wave forms during short circuit welding
is demonstrated in the oscillograms in Fig. 26.

Current rise during short circuit
Figs. 27 and 28 show the influence of variable slope and the dynamic

response of the power sources on average current rise. Oscillograms from

tests with the corresponding variables, slope and inductance are reproduced

in Figs. 18 and 25 and data taken from thcse traces 1s tabulated in Tables

3 - 6. From the analysis of oscillograms it is apparent that the influence

of both variables, slope and inductance, is qualitatively similar.

Discussion

This investigation of the COp shielded short circuit arc has revealed
a number of interesting features. As a result of observations made during
these tests, and the analysis of the oscillograus, it is suggested that
the optimum welding condition is usually just below the maximunm of the
frequency-voltage curve, for a given wire feed rate. At this setting netal
transfer is more uniform and the arc is smoother. . Further, at lower short
circuit frequencies the rate of current rise is somevhat slower and, if this
is not below permissible levels, excessively high current peaks, which cause
spatter and poor bead shape, will be avoided. In this condition, the
current peaks show a more simple transition from the smooth rising exponential
curve to the decay current.

The oscillograms show that changes in inductance have greater effect on
the level of standing current than variations in slope. The standing current




is egpecially important since it influences heat input during welding.

The ability to control this current reduces the chance of lack of fusipn
faults in multi-pass welds. Normally the lack of fusion is reduced by
changing the wire diameter. It seems clear, therefore, that the control
of inductance in the welding circuit is much more important than adjustment
of the slope if flexible and adeguate control is to be achieved of the
following variables:e

the amount of spatter

the short circult frequency
the rate of current rise
the peak current

e) the standing current.
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Whilst increasing the slope has a similar influence on the metal
transfer characteristics, its influence is more limited, because increasing
the slope partly reduces the rate of self adjustment of the arc.

Having established sufficient qualitative correlation between the metal
transfer characteristics, the slope of the static characteristics and the
dynamic response of the power source, it is possible to discuss whether
separate contreol of both these variables is necessary. Recently different
systems have been used to control the arc stability and the amount of spatter.
Some manufacturers use fixed inductance in the welding circuit and controlling
only the slope. On the other hand some use a constant slope of the output
characteristic and continuously vary the inductance. Manz (4) argues that
there is a need for the separation and control of both static characteristic
and dynamic response in order to obtain the best welding condition.

He suggests that adjustment of the static characteristics will provide the
correct amount of pinch force, whilst the control of the dynamic response
of the power source will provide the correct rate of pinch force variation
and this combined influence should give the best results. This opinion
seems to be only partly true, as it is shown by the results of this work
(Tables 3-6 and included oscillograms) that the dynamic response influences
equally the rate and amount of pinch force by controlling the peak current
and the rate of current rise. Having thus confirmed that the effect of
the dynemic response on the short circuit characteristics is more significant
than that of variation of slope, it would appear that variable inductance
offers better opportunities for fine control of the arc.

Conclusions
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1. The optimum welding condition during COp shielded 'dip' transfer welding
is usually slightly below the setting that gives the maximum number of shart
circuits per second for a given wire feed rate.

2. Varigble slope and inductance have similar qualitative effects on the
short circuiting characteristics.
/MUJ:,
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3, Variation in inductance is more significant than variation in slope
when considering control of spatter and standing current. Moreover,
changing the slope may have a deleterious effect on the self~adjustment

of the arc.

. There is no need for separation and control of both the static
characteristics and the dynamic response of the power source.

References

. . . 0 3

1. Smith, A.A.

2. Smith, A.A.

3. Serdiuk, G.B.
L., Manz, A.F.

5. Tuthill, R.W.

British Welding Journal, Vol. 10, 1963,
p. 571,

COo=-shielded consumable electrode arc
welding, B.W.R.A., 1962.

Physic of the welding arc, 1962.
Welding Journal, 1963, No. 9, p. k2.

Welding Journal, 1959, No. 8, p. 38.




"‘10"‘

Table l

Optimum operating conditions for dip transfer welding (after Smith (2))

Electrode diameter (in.) /32 3/ Ly
Wire feed rate (in/min) 200 100 75
Operating voltage (volt) 18 19 20
Average current (amp) 90 100 150
Response rate (kA/sec) 200 150 130
Optimum velue of 0.01 - 0.08 | 0.01 - 0.16 0.30 = 0.7
inductance” (milli henry)
* calewlated from V = IZ, when Z = YRZ + woL2
Ta@le 2

Ghemicel composition of electrods
Element Carbon Silicon Manganese
Composition % 0.1 0.k0 1.50




Table 3
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Slope No. ' 0 2 4 6 8 10
Av. slope V/1004 2 3 L 5 6 8
Open circuit voltage, volts 19 19 19 19 19 19
Av. short cct. frequency No/sec 105 120 82 77 65 48
Av. peak current, I, amp. ho 370 320 310 300 280
Max. peak current a.mp 560 L70 390 390 380 380
Min. peak current, emp. 300 280 220 180 180 200
Av. standing current, Is, amp. 110 100 95 95 90 90
Av. current rise, ki/sec. 320 2k0 156 110 100 72
Av. short circuit time, sec. 0.001 0.0015 0.002 0.002 0.005 0.004
Av. arc time, sec. 0.006 0.005 0.007 0.007 0.009 0.007
Power source;-~ B Wire feed rate:- 100 in/min.

Wire diameter:= °/gq in.



Table b
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Data_from tests with variable inductance end constant slope
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Inductance None LPB LSB LP LS
Slope o 4% 10f 0o 4 10 o 4 10f{ O 4 10f O 4 10
Open circuit voltage, volts 19 19 19! 19 19 191 19 19 19, 19 19 19 19 19 19
Av. short circuit frequency No/sec.| 105 82 78|12z 83 6hi{ 102 86 60| 50 Lo 30 38 36 30
Av. peak current Ip, amp. 410 320 280|290 290 260| 180 160 160} 270 260 260 260 240 2LO
Max. peak current, amp. 560 %60 380! 340 330 300| 270 190 240} 300 300 257 k00 340 320
Min. peak current, amp. 300 220 200 210 200 200} 160 130 130|160 160 210 220 170 200
Av. standing current, amp. 110 95 90} 80 8 75( 70 70 70{100 95 90| 1k0 135 120
Av. current rise sec. 300 156 721133 82 52| 62 48 32| 25 2k 17.2120.5 16.8 1h.2
Av. short circuit time, sec. .00l ,002 .00%k i.002 .00k .005|.00%3 .003 .005{.0L .OL .015;.01 .01k .013
Av. arc time, sec. .005 .007 .007 {.005 .006 .009|.006 .007 .009{.025 .025 .09 !.015 .015 .019
Power Source:- 'B' Wire diameter:= 5/ga in. Wire feed rate:~ 100 in/min.

Relative additional inductance:=~ L

PB’

: L

SB: Lp: LS::

3.7: 15: 25: 100



- 13 =

Table 5
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Data from tests with variable slope and constant inductance
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Slope No. S
Av. slope V/100A 3
Open circuit voltage, voltg 19
Av. short cet. frequency, 1°0/sec. 55
Av. peak current, Ip, amps. 230
Max. peak current, cmp. 300
Min. peak current, cmp. 160
Av,. standing current, I, amp. 50
Av. current rise, kA/sec. 32.8
Av. short cct. time, sec. G.007
Av. arc time, sec. 0.01L

Power source:- 'A' plus series resistance
Inductance: - Lp

Table 6

ow o e .

S1
il

19
66

220
280
160

3

55

0.0

0.008
0.008

Wire diameter:w

Sz
5
19
62
210
300
150
50
30.8
0.007
0.01

/64

Wire feed rate:= 75 in/min.

Data from tests with variable inductance and constant slope.
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Inductance None Lp LS
Slope No. S S1 Sl S Sy S2 8§ 8, Sa
Av. slope V/100A '3 4 s| 3 4 5, 3 4 5
Open circuit voltage, volt 19 19 193 19 19 194 19 19 19
Av. short cct. frequency, - /sec.| 82 70 66] 55 66 62] 70 57 50
Av. peek current, Ip, amp. 500 400 400 {230 220 210150 140 160
Max. peak current, amp. 640 470 480 {300 280 300 {180 200 240
Min. peak current, amp. 260 240 200 |160 160 150 {140 130 150
Av. standing current, amp. - - - 50 55 50} 8 70 80
Av. current rise kA/sec. 500 410 380 B2.8 30.0 30.8 9.0 8.4 9.0
Av. short cect. time, sec,. .001 .0008 .007 .008 .007 {.002 .002 .002
Av. arc time, sec. - .01k - Lolk ,008 .01 lLoO17 .016 .015
Power source:=- 'A' + series resistance Wire diameter:~ /g4 in.

Relative inductance: - LP:LS::25:100

Wire feed rate:~ 75 in/min.
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FIGURE 25

CURRENT WAVEFORMS WITH INCREASING INDUCTANCE
FOR POWER SOURCE 'B! WITH SLOPE 4 (4 VOLT/100 AMP).
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