
Chapter 2
Concept of Pulse Current Gas
Metal Arc Welding Process

Abstract The unique features of pulsing the current flow in GMAW process that
led to development of pulse current gas metal arc welding (P-GMAW) have been
discussed. The concept of the P-GMAW process has been explained in terms of its
basic process variables. Fundamentals of the control of pulse parameters that can
precisely influence the welding process primarily in terms of variation in phe-
nomena of metal transfer has been thoroughly described. The mechanism of drop
detachment as a function of pulse parameters that classifies the use of P-GMAW
process in two different segments of one drop transfer per pulse and multiple drop
transfer pulse has been critically explained with respect to its utility. In the light of
all such variations the thermal characteristics of the P-GMAW process have been
stated in reference to the wire melting and thermal behaviour of depositing droplet
as a function of pulse parameters.
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Using conventional GMAW is not favoured in various applications due to its
inherent limitation in control of the characteristics of weld deposition. The stable
spray mode of metal transfer that offers maximum ease of operation with high weld
quality is possible to employ only at relatively higher welding current. Thus, metal
transfer in conventional GMAW cannot be regulated as independent of heat input.
In pulse current gas metal arc welding (P-GMAW) process, the current is period-
ically modulated between a relatively low base current and high peak current, as
schematically shown by a typical square wave pulse (Fig. 2.1). The mean current
level generally falls within the range normally associated with the globular transfer
and the peak current level far exceeds the transition value giving axial spray transfer
of smaller droplets. By repeated application of current pulses a synthetic spray
mode of metal transfer is produced at a comparatively low level of heat input
primarily due to intermittent pulses of high current [1, 2] for short duration. Due to
this synthetic spray mode of metal transfer of intermittent nature there is a distinct
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possibility of availing more precisely controlled weld thermal cycle and metal
transfer in this process than that available in conventional GMAW process. The
process offers greater ease of operation for welding in any position, for root passes
without backing and in case of welding of heat sensitive materials and thin sheets
[3]. The use of pulsing enables control of drop size and frequency of its transfer to
eliminate spatter and modify penetration without changing average or mean current
[4]. The mean current of P-GMAW as of welding current of GMAW is primarily
controlled by regulation of feeding rate of filler wire which is correlated almost
linearly within the working range of parameters for various ferrous and non ferrous
materials (Fig. 2.2a–e). The process facilitates the use of comparatively lower
diameter of filler wire and reduces the wire feed problem at relatively high current
of spray mode of metal transfer. Due to such operational ease the P-GMAW process
is widely accepted in weld fabrication of various ferrous and non-ferrous metals
requiring high weld quality.

The P-GMAW process is suitable for depositing high quality welds at relatively
low heat input [5] but, the favourable characteristics of this process are primarily
governed by the pulse parameters. It introduces additional welding parameters such
as, mean current (Im), peak current (Ip), base current (Ib), pulse frequency (f), peak
current duration (tp) and base current duration (tb) in the process over those
involved in conventional GMAW. It has also been realized that a change in any

tp tb

Fig. 2.1 Typical modes of pulsation of various power sources
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Fig. 2.2 Effect of wire feed rate on mean (P-GMAW) and welding (GMAW) current in case of
a 1.6 mm diameter aluminium, b 1.6 mm diameter Al–Mg alloy and c 1.2 mm HSLA steel,
d 1.2 mm c-stainless steel and e 1.2 mm diameter FCW steel filler wires
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pulse parameter simultaneously affects the other under the concept of energy bal-
ance [6] and hence influences the weld characteristics to a great extent [7–9]. The
simultaneous influence of pulse parameters on each other in operation makes it
difficult to select optimum combination of pulse parameters for any welding con-
dition. Detailed relationships amongst the pulse parameters and their effect on metal
transfer and weld bead characteristics are not yet well established [10–13].
Criticality noted in selection of pulse parameters possesses difficulties to operate
this process in wide and versatile application of weld fabrication with ease and
satisfaction. The limiting criteria for successful operation of P-GMAW primarily
lies on the process control to avoid [3] arc extinction at too low base current,
globular metal transfer at an insufficient peak current and arc burning back at too
high peak current.

The limitations of short circuit and spray mode of metal transfer of GMAW
process are successfully overcome by using P-GMA welding with its excellent
directional capabilities [14, 15]. The process has better and more precise control on
metal transfer and is capable of welding at a comparatively low heat input and
hence more useful as compared to GMAW [16]. The optimum region for pulse
amplitude and duration are well defined [17]. However, a success of the process to
produce sound weld is largely governed by the pulse parameters, which simulta-
neously interact among themselves during welding and dictate weld quality. The
interaction of pulse parameters is largely independent of the type of power source
commonly in use [18]. Thus, the selection of right pulse parameters is quite critical
and needs knowledge of correlation amongst the pulse parameters, behaviour and
thermal nature of metal transfer and weld characteristics [3, 10–13].

2.1 Basic Process Variables and Control

In P-GMAW process the mean current, Im, for a square wave pulse is expressed [10,
19] as

Im ¼ Ip tp þ Ib tb
� � � t�1

pul ð2:1Þ

where, tb is base current duration and tpul is pulse cycle time expressed as

tpul ¼ tp þ tb ð2:2Þ

So, the Ip can be resolved as

Ip ¼ tpul
tp

� �
� Im � tpul

tp
� 1

� �
� Ib ð2:3Þ
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At a given wire feed rate (Vw) and droplet volume (Vd), a stable parametric zone
containing all feasible combinations of pulse parameters such as Ip, Ib, tp and f can
be obtained [10] by evaluating the Eq. 2.3 under the following constraints,

Im ¼ mVw þC ð2:4Þ

where, m is the slope, and C is the intercept. The restriction of required droplet
volume, Vd, estimated by considering transfer of one drop per pulse (Number of
droplets transfer per second equal to the frequency of pulse current) can be
expressed as

Vd ¼ Aw � Vw

f
ð2:5Þ

In terms of pulse frequency, f, the tpul as a function of the characteristics of filler
wire and volume of drop transfer is expressed as

f =
1
tpul

ð2:6Þ

tpul ¼ Vd

Aw � Vw
ð2:7Þ

The optimum condition of drop detachment parameter is necessary to maintain
smooth, reproducible spray transfer at all operating conditions. Based on the
experimental observations, optimum condition for a given filler wire diameter and
material ensuring one or multi drop transfer per pulse can be achieved over a range
of combinations of Ip and tp defined as

I2p tp = Dn ð2:8Þ

where, Dn is detachment parameter denoting number of drops detached in each
duration of pulse. However, in every case the condition for minimum base current
for stable arc, below which arc extinguishes is observed as

Ib � b ð2:9Þ

where, b is minimum base current limit for stable arc. The range of possible
combinations of pulse parameters is quite restricted at low wire feed rate or Im but,
it extends with the increase in it [3]. At a specific arc length an approximately linear
relationship exists between the peak and base currents for a given combination of
wire feed rate, Vw, pulse frequency, f, and peak current duration, tp, [3].
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Ip / Ib ð2:10Þ

At a given peak current duration and a peak current in excess, Ie, over the base
current, both the base current and pulse frequency vary in direct proportion to the
wire feed rate.

Ie = Ip � Ib ð2:11Þ

Ib and f / Vw ð2:12Þ

At a given pulse frequency and Ie, both the base current and peak current
duration also vary directly with wire feed rate.

Ib and tp / Vw ð2:13Þ

From the Eqs. 2.12 and 2.13 it may be understood that at a given Ie, both the
base current and either pulse frequency or peak current duration vary directly with
wire feed rate. This relationship remains valid for the entire operating range of wire
feed rate from 0.5 to about 10 m/min under shielding of Ar + 5% CO2 with high
degree of arc stability and stable mode of metal transfer, as confirmed in case of
using 1.2 mm diameter mild steel filler wire. Thus, the Eq. [2.6] can also be
expressed as,

Im = Ib þ Ie tp f ð2:14Þ

A solution of the Eqs. 2.4 and 2.14, as given below implies that for a synergic
operation both the base current and the product of peak current in excess over the
base current, peak current duration and pulse frequency must vary directly with
wire feed rate [20].

m � Vw + C = Ib þ Ie tp f ð2:15Þ

2.2 Phenomena of Metal Transfer

It is reported [17] that under identical conditions of welding, transition current for
P-GMAW is comparatively higher than that of GMAW. It may often happen due to
presence of stationary pendant droplet at the tip of the electrode during base current,
which requires additional current to overcome inertia of droplet. The transition
current for 1.2 mm diameter steel electrode under the shielding of Ar + 20% CO2

has been found 380 A in P-GMAW process as compared to 275 A observed in
GMAW process [17, 21]. However, in spite of this it is possible to achieve spray
mode of metal transfer in P-GMAW at a mean current that is much lower than the
required welding current of conventional GMAW process for this purpose. It offers
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greater ease of operation for welding in all positions, for root passes without
backing, as well as for joining thinner plates with consistent quality.

2.2.1 Mechanism of Drop Detachment

The duration of entire mechanism of detachment of a droplet from electrode tip in
P-GMAW process primarily combines four stages as time required for heating and
melting, formation and growth of drop, necking at the root of growing drop and
detachment of droplet, while the current amplitude varies during each stage [22] of
action. Under the influence of peak current, a continuous spray of drops may
transfer if the pulse duration is prolonged. Time required to form and detach a
droplet is inversely proportional to the amplitude of peak current but independent of
its duration. Once necking starts, the process requires certain period to detach the
droplet, which primarily depends upon peak current and wire diameter, irrespective
of the current level at the time of its detachment. Necking as a plastic deformation
of heated electrode happens due to the Lorentz force and melting of filler wire
occurs under the neck. The detachment of the drop is induced by vaporisation of
molten metal at the neck due to resistance heating. The speed of droplet detachment
is determined by the rate at which the fused metal is compressed into droplet [4]. It
is well known that in P-GMAW, the metal transfer characteristics and thermal
behaviour of weld deposit are governed by the pulse parameters, which interact
amongst themselves during welding and dictate the characteristics of weld deposit
[7, 8, 23, 24].

2.2.2 Nature of Metal Transfer

A steady state of metal transfer at a low level of mean current of P-GMAW creates
a high Lorentz force for short duration by superimposition of the pulses of high
current resulting into drop detachment and its accelerated movement in axial
direction [25]. Each pulse detaches one or more droplets depending on its amplitude
and duration. The behaviour of metal transfer in pulsed current gas metal arc
welding is better understood by dynamic analysis [26]. The metal transfer in gas
metal arc welding under modified pulsed current condition is also studied by
numerical analysis [27].

At a given duration of a peak current the mean current as well as base current
along with its duration has insignificant influence on droplet transfer. The droplet
detachment takes place within a range of combination of Ip and tp [10, 12, 14, 28,
29] according to I2p tp = Const:, where the constant depends up on properties of filler
wire. Although metal transfer primarily depends on peak current and its duration,
the volume of metal detached per pulse is generally governed by the ratio of wire
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feed rate and pulse frequency. Thus, the nature of metal transfer such as the
diameter, velocity and number of droplets transferred per pulse is largely governed
by the combined influence of pulse parameters. Type of metal transfer in P-GMAW
is broadly classified into two categories as one drop transfer per pulse and multi
drop transfer per pulse. The one drop transfer per pulse is popularly used in thin
sheet welding with relatively low heat input. But the multi drop transfer per pulse is
gaining wide application in welding of various kinds of engineering components
due to use of relatively high current giving rise to higher deposition rate at con-
trolled heat build-up in weld.

2.2.2.1 One Drop Transfer Per Pulse

The detachment parameter, Dn, (Eq. 2.8) for one drop transfer per pulse is primarily
determined by selection of proper combination of peak current and its duration. The
same value of detachment parameter may be obtained using different combinations
of peak current and its duration such as higher Ip with shorter duration or lower Ip
with relatively longer duration. For one drop per pulse the droplet volume, Vd, can
be obtained [10, 14] by Eq. 2.5 when the wire feed rate (burn off rate), Vw, is
expressed as

Vw = m Im ð2:16Þ

where, the slope m depends up on type of filler wire. Using the Eqs. 2.1 and 2.16
the Eq. 2.5 can be resolved as

Vd = Aw m (Ip tp þ Ib tbÞ ð2:17Þ

The control of droplet transfer can also be made through estimation of pulse
frequency, fʹ, [30] by using the following expression.

f 0¼Aw V0
w

V0
d

ð2:18Þ

where, Vw
ʹ is estimated wire melting rate obtained from the sum of molten mass at

Ip and Ib, and Vd
ʹ is estimated volume of a droplet obtained from the predicted

droplet diameter using static balance theory at the peak current. When the ratio of
applied pulse frequency to the theoretical pulse frequency is equal to unity, each
pulse tends to produce one drop [31].

2.2.2.2 Multi Drop Transfer Per Pulse

The metal transfer undergoes through a instability condition that can be analysed on
the basis of the pinch instability theory [32–34] to estimate a critical wavelength
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(kc) of a cylindrical current conductor liquid column, which tends to grow and
cause the column to break up into droplets. This theory postulates that the pinch
force being most active at IP, the liquid column breaks up due to self-induced
electromagnetic force. Electrode tip may develop a tapering depending on its
chemical composition and welding current, which reduces the effective fluid
cylinder diameter by a factor d. The diameter of droplet, D, may be estimated by
considering the electrode tapering coefficient, d, and using the concept of energy
balanceEnergy balance concept in detachment dynamics of liquid metal droplets as
follows.

D ¼ ½4r=ð1þ 3htÞ=16� ð2:19Þ

where,

r = Rw d ð2:20Þ

ht ¼ lo I
2
p=ðcp2 rÞ ð2:21Þ

lo and c are the permeability of free space and coefficient of surface tension of
liquid filler metal respectively and Rw is radius of filler wire. Number of droplets
transferred per pulse, ND, may be estimated by mass transfer per pulse divided by
mass of each droplet as follows.

ND¼ Aw Vw qwð Þ
f

� �
= pD3 qd

6

� �
ð2:22Þ

where, qw is the density of filler wire and qd is the density of molten filler metal
[35]. The Eq. 2.22 implies that at a given Ib and Im, number of droplets transfer per
pulse decreases with increase of pulse frequency [36]. At the ratio of applied pulse
frequency to the theoretical optimum pulse frequency less than unity, it tends to
promote a situation of multi drop transfer per pulse [31]. In case of multi drop
transfer the detachment parameter, Dn, is significantly higher than that of one drop
transfer per pulse [14].

2.2.3 Role of Pulse Parameters

Influence of pulse parameters on nature of metal transfer is in principle similar in
case of both the one or multiple drop transfer per pulse with respect to energy input
and phenomena of wire melting. But it differs significantly in reference to the
mechanism of drop detachment and its characteristics of transfer to weld pool. The
role of pulse parameters in controlling one drop transfer per pulse is well known
from the inception of the P-GMAW process in practice. But, effect of pulse
parameters on multi drop transfer per pulse is yet to be fully understood primarily
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with respect to its thermal nature and transfer behaviour affecting the weld char-
acteristics. Various aspects of this process have been discussed in latter chapters
more in detail. However, some basic issues of the influence of pulse parameters on
nature of metal transfer in reference to one drop transfer per pulse may be realized
now.

At a given base and peak currents along with their duration the pulse frequency
directly varies the mean current [1]. Thus, there is an optimum frequency for any
welding condition and around that critical pulse frequency the metal transfer takes
place as one drop per pulse. At a given mean current increase of peak current shifts
critical frequency range towards higher side for one drop transfer per pulse. But, at
a lower value of pulse frequency the spray mode of metal transfer occurs during the
period of peak current [36]. Consideration of the rate of ascent and descent of pulse
or peak current is important because a sharp rise and fall of current helps in
restricting the width of arc plasma and produces a relatively stiffer arc [11]. A high
but narrow pulse tends to produce a more constricted arc than a lower one. Thus,
even a wide pulse can be used with high pulse for tight joints. The dynamic effects
developed during peak current duration are responsible for metal transfer. However,
the time for formation and detachment of a droplet is inversely proportional to peak
current, but it is independent of its duration [22]. At a given peak current some
critical level of its duration is always necessary to transfer a droplet within the pulse
peak [14]. At a given mean and peak currents, a too short duration of peak current
does not allow the drop detachment to take place within tp rather it may be pushed
to occur at the half way along the down slope of the pulse. At this situation the drop
detachment occurs under a comparatively smaller Lorentz force with lower drop
velocity, which reduces the depth of penetration. However, at a relatively higher
peak current duration the main drop may be detached just at the end of the pulse
followed by a detachment of second drop during base current period without proper
direction causing deposition out of the weld pool [25].

In P-GMAW the role of base current is to retain the welding arc between the
pulses [37–39]. An appropriate base current significantly facilitates the control over
weld pool and consequently on weld bead shape. To keep the overall heat input at
low level the base current is often set to a minimum, which may result a high
crowned weld bead with poor side wall fusion. The drop detachment is hardly
influenced by wire melting phenomenon during base current duration. The volume
of droplet detached from filler wire can be significantly influenced by the base
current and its duration, although an appropriate value of peak current and its
duration set a condition for certain form of drop detachment [14]. During variation
in mean current with the change of pulse frequency at a given peak current and its
duration, the droplet volume may be fixed by maintaining constant electrode
heating at base current duration. It can be made constant with enhancement of base
current as its duration decreases with increase of pulse frequency [21]. At a given
peak current and its duration, increase of base current duration increases the
detachment time of droplet, whereas magnitude of base current is having an
insignificant effect on detachment time. Effect of base current duration on drop
detachment time is comparatively more pronounced at low peak current, where by

40 2 Concept of Pulse Current Gas Metal Arc Welding Process



employing a higher value of peak current the influence of base current on droplet
detachment may be reduced [29]. At an appropriate drop detachment parameter, Dn,
the detachment of one drop during base current can also be achieved with smooth
weld metal transfer giving good bead appearance [29].

2.3 Thermal Characteristics of the Process

The understanding of thermal characteristics of P-GMAW process basically starts
from the wire melting or burn off rate of filler wire as a function of pulse param-
eters. During transfer of molten filler metal in a size of relatively big drops or being
fragmented into a stream of tiny droplets based on the pulse parameters, their
thermal behaviour at the time of detachment followed by deposition in weld pool
largely governs the thermal characteristics of the process. From the time of its
inception in practice the fundamentals of thermal characteristics of P-GMAW
process is largely understood with respect to one drop transfer per pulse as
described below. However, considerable variation in metal transfer by multiple
drop modes in entire pulse system affecting the thermal characteristics of the pro-
cess has also been studied in advanced applications of P-GMAW process, which is
discussed latter.

2.3.1 Wire Melting

The burn off rate or melting rate of filler wire in P-GMAW process is expressed
[4, 12] as

VwðpcÞ¼
Ztpul

0

Vw tpul dtpul ð2:23Þ

For a square pulsed current waveform it is stated as

VwðpcÞ = (Vwp tp + Vwb tbÞ t�1
pul ð2:24Þ

where, Vw(pc) is the overall wire burn off rate and Vwp and Vwb are the wire burn off
rates during tp and tb respectively. In consideration of the expressions for the Vwp

and Vwb the Vw(pc) may be expressed as follows.

Vwp = A Ip + BEw I2p ð2:25Þ
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Vwb = A Ib þBEw I2b ð2:26Þ

Vw pcð Þ = [A(Ip tp þ Ib tbÞþBEwðI2p tp þ I2b tbÞ�t�1
pul ð2:27Þ

Considering the Eqs. 2.6 and 2.8 and by neglecting the ohmic heating during
base current period in the context of Ip

2tp � Ib
2tb the overall wire burn off rate Vw(pc)

as a function of men current and pulse frequency can be expressed as

VwðpcÞ = A Im þBEw Dn f ð2:28Þ

In the light of the Eq. 2.5 considering the wire feed rate Vw in place of equiv-
alent linear function of wire burn off rate Vw(pc) the Eq. 2.28 can be expressed [5] as
a function of the droplet volume Vd as follows,

Vd = AAwðImf Þ + Aw Ew BD ð2:29Þ

The Eq. 2.29 shows that for any wire feed rate, by fixing the ratio of mean
current (Im) to pulse frequency (f) the droplet size, especially for one drop transfer
per pulse, can be held constant for a given wire diameter, electrode extension and
detachment parameter. A value of 2 for the ratio of the mean current to pulse
frequency gives satisfactory droplet transfer in case of using 1.2 mm diameter steel
filler wire [40] when the volume of droplet remains insensitive to Im. By following
the same logic as stated earlier and by considering ohmic heating during base
current duration the Eq. 2.27 reduces to

VwðpcÞ = A Im þEw B I2eff ð2:30Þ

where,

Ieff ¼ kp I2p þ 1� kp
� �

I2b
n o1=2

ð2:31Þ

and kp is pulse duty cycle defined as the ratio of tp to tpul. The effective current Ieff
may also be expressed as

I2eff = I2m þ kp:ð1� kpÞ:I2e ð2:32Þ

Solving the Eqs. 2.30 and 2.32 and considering it further as a function of wire
feed rate Vw(cc) for conventional GMA welding (Eq. 1.4) the matter may be
resolved as follows.

VwðpcÞ = VwðccÞequiv: þEw B kpð1� kpÞI2e ð2:33Þ
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The expression given in Eq. 2.33 reveals [14] that the burn off rate of pulse
current gas metal arc welding is comparatively higher than that of the continuous
current welding under the welding current equivalent to mean current of the pulse
process. The pulsed structure influences the burn off rate for a given mean or
effective current and maximum burn off rate can be achieved when kp¼ 1=2. Thus,
it happens at equal peak and base current time and at largest peak current in excess
over the base current.

2.3.2 Thermal Behaviour of Droplet

The P-GMAW has been employed in number of potential applications exploring its
unique features of low heating of weld pool along with highly directional ability of
metal transfer [41]. A relatively low temperature [42] of metal transfer in droplets
favours better control of weld pool. In this welding process characteristics of metal
transfer and thermal behaviour of weld deposit are largely governed by pulse
parameters [9, 43] such as, Im, Ip, Ib, tp and f, which simultaneously interact among
themselves during welding and governs the weld characteristics. At a given mean
current and pulse duration, heat content of droplet at the time of detachment
enhances significantly with the increase in pulse frequency [43]. The heat content
and temperature of the droplets at the time of deposition in weld pool reduces with
increase of Im significantly [43]. The thermal or process efficiency of GMA welding
becomes slightly lower with the use of rapid arc and pulsed current [44, 45].
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