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Abstract Within this manuscript, the comprehensive heat
flow, as well as the energy balance for gas-shielded arc
welding processes based on experimental investigations is
discussed. The main focus lies on the gas metal arc
welding (GMAW) process which is further analysed. Dif-
ferent calorimetric measurement methods and results for
the separate determination of the energy content of droplet
and welding arc as well as energy input into the compo-
nent are presented. Additionally, heat losses to the sur-
rounding atmosphere and the cooling energy of the exter-
nal cooling power source system are analysed. The mean
droplet temperatures are within a range of Tdr=2,350 …
2,700 °C. The studies also show that a specific manipu-
lation of the droplet temperature during the welding pro-
cess is not possible and droplet temperature depends on
several parameters. Increasing the wire feed speed, reduc-
ing the diameter of the filler material or increasing the
stick out length result in an increase of the droplet tem-
perature. The analyses allow to conclude that the welding
arc is mainly responsible for the weld seam penetration
and the droplet temperature only contributes in a minor
manner. Preliminary experiments also show that the heat
input into the component is highly influenced by the
selection of welding parameters. Measurements confirm
that it is possible to increase the efficiency of welding

processes for example by reducing the wire feed speed,
using carbon dioxide shielding gas or increasing the stick
out length. On the contrary, increasing the current or
voltage or reducing the shielding gas flow reduces the
process efficiency. The difference between the lowest and
highest achievable value of efficiency can be more than
15 % for one specific welding process.

Keywords Efficiency . Arc welding .Measuring
instruments . Gas-shielded arc welding . Energy balance .

Particles

1 Introduction to welding efficiencies and results
of preliminary studies

The common efficiency values for welding processes are
mainly coming from older literature or applicable welding
standards. In these standards [1, 2], only global efficien-
cies for different welding processes are indicated. There is
no differentiation for adjustable process conditions, power
areas or boundary conditions. Moreover, given efficien-
cies are mainly relative values in relation to the sub-
merged arc welding process, with a fixed relative efficien-
cy of 100 %.

Recent process developments in arc welding with consum-
able electrodes aim for a regulation of the energy input into the
component to achieve an optimum welding result at a high
process efficiency. This technology is based on the fundamen-
tal understanding of the operations during the welding pro-
cess. For this purpose, the knowledge of the individual ways
of the energy transport from the electrode to the component is
mandatory.

In a previous work, three different measurement systems
for the determination of the heat flow for gas-shielded arc
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welding processes have been developed and evaluated. Major
results are published in [3, 4].

The main part is the analysis of the energy input into the
joint which can be measured by a novel calorimetric system.
This system is based on the measurement of the temperature
difference of a calorimetric liquid before and after welding.
Energy losses of the welding arc due to conduction, convec-
tion and radiation are determined using a double-walled bell-
shaped calorimetric system surrounding the arc. Cooling
losses of the welding equipment are recorded by a measure-
ment unit integrated in the cooling system of the power
source. Using this equipment, the energy balance for a set of
different processes and welding parameters was determined.
The influence of each individual welding parameter on the
energy balance of the system was systematically studied and
illustrated.

Analysis of the results shows a significant difference be-
tween the lowest and the highest achievable value of efficien-
cy. The difference can be more than 15 % for one specific
welding process.

The actual welding parameters used in this study for
GMAW with an 1.2 mm electrode including welding
speed vw, current IW, voltage UW and power PW are
given in Table 1.

Using a standardGMAWinverter power source, the system
efficiency is mainly influenced by the welding power. When
increasing the welding power, the power consumption of the
power source increases as well as does the system efficiency
from ηsys=0.75 to more than ηsys=0.81 (Fig. 1).

(a) Heat input into the component

To determine the heat transferred by the welding process
into the component, a novel differential temperature calorim-
eter, as illustrated in Fig. 2, is used.

The automated manipulation of the welding torch
along the inclined metal plate and the simultaneous in-
crease of the water level in the calorimetric vessel with a
defined distance to the welding process is the technical
basis for this system.

After completion of the welding process, the whole
plate is immersed in the water until a temperature bal-
ance between plate and water is reached. Several highly
sensitive Pt 100 thermocouples (ΔT=±0.05 K, category
1/10 DIN) placed inside the calorimetric vessel ensure
that the temperature difference of the water between the
start and end of the welding is recorded. Finally, the ratio
between introduced heat into the plate and the electrical
work of the welding process is used to calculate the
efficiency of the welding process.

Analysis of possible sources of error of the system has
shown that the standard deviation of the efficiency is close
to ±3%. Exemplarily for the GMAW process, the influence of

the wire feed speed and the distance between the contact tube
and the plate on the process efficiency is discussed.

Changing the wire feed speed results in an adaption of
the welding power. As a result, with increasing power,
the welding arc changes its mode from short arc to spray
arc. For the spray arc (higher wire feed speed), the
mechanism of energy transfer is changed and takes place
without short circuit compared to the short arc. This
reduces the effective efficiency, as visualised in Fig. 3.
In this mode, the main energy flow is dominated by the
welding arc and not by resistance heating as it is for the
short arc process. The relation between the energy trans-
fer mode of the welding arc and the resistance heating
as well as defined coefficients of influence can be
analysed.

The increasing distance between the contact tube and the
plate from d=10 mm to d=40 mm results in a decrease of the
welding power of 50 %. At the same time, the effective
efficiency is increased by more than 10 %, as shown in
Fig. 4. For this investigation, the welding arc surface area
was kept constant. The melting volume of the filler material
is constant as well.

A reduction of the effective efficiency and an increase of
the welding power has been observed when increasing the

Table 1 Welding pa-
rameters GMAW (filler
and base material steel,
1.2 mm electrode diame-
ter, 18-mm distance con-
tact tube/plate, 15 l/min
5 % CO2 95 % Ar)

vW
in m/min

IW
in A

UW

in V

PW
in W

2 85 16.4 1,345

4 138 18.8 2,445

6 188 21.8 3,974

8 230 25.3 5,732

10 280 30.8 8,420

12 309 32.4 9,616

14 396 36.2 14,335
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Fig. 1 Influence of the welding power on the efficiency of GMAW (filler
and base material steel, electrode diameter 1.2 mm, distance contact
tube/plate 18 mm, 15 l/min 5 % CO2 95 % Ar, welding speed 40 …
90 cm/min, welding parameters given in Table 1)
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welding voltage using a fixed distance between contact tube
and plate.

(b) Determination of power losses

In addition to the measurement of the heat introduced into
the component, radiation and conduction losses as well as the
convective heat of the welding arc are determinedwith a water
cooled double-walled bell-shaped measurement system, see
Fig. 5. This bell is attached to the welding torch and encases
the welding arc. The measurement of the temperature differ-
ence of the cooling water at the input and the output of the bell
allows the calculation of radiated, convective and conductive
losses of the welding arc. Analysis of possible sources of error
showed that the standard deviation of this measurement setup
is ±4 %.

Additionally, the temperature difference between the input
and output of the torch cooling water is directly measured at
the welding power source. This allows the calculation of the
quantity of heat dissipated to the cooling water from the
welding torch and its current conducting components, as well
as the current-water cable. The standard deviation of the
measurement system is ±2 %.

Welding power and welding arc surface area increase when
the wire feed speed, i.e. welding power, is increased (condi-
tion: adaption of voltage) as illustrated in Fig. 6. Doubling the
wire feed speed causes more than a triplication of the radia-
tion, conduction and convective energy losses. This is mainly
governed by an increase of the welding arc surface and the arc
temperature. In spray arc mode, the welding arc is continu-
ously on. Thereby, the welding arc is constantly longer and the
arc surface area is larger compared to the short arc process.
This explains the increase of the radiation, convection and
conduction losses of the welding arc in spray mode.

Fig. 2 Schematic of the setup for
calorimetric measurements during
welding
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Fig. 3 Influence of the wire feed speed on the effective efficiency of
GMAW (filler and base material steel, electrode diameter 1.2 mm, dis-
tance contact tube/plate 18 mm, 15 l/min 5 % CO2 95 % Ar, welding
speed 40… 90 cm/min, welding parameters given in Table 1)
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Fig. 4 Influence of the distance of the contact tube on the effective
efficiency of GMAW (vW=10 m/min; filler and base material steel,
electrode diameter 1.2 mm, welding arc length constant, 15 l/min 5 %
CO2 95 % Ar, welding speed 70 cm/min)
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By doubling the wire feed speed, the energy losses to
the torch cooling system also steeply increase by a
factor of 2.6. Thus, the energy balance of the whole
system is significantly altered by changing the type of
arc mode, as stated above.

Increasing the welding voltage with constant distance
between the contact tube (current is constant) and the
plate as well as at constant wire feed speed the welding
arc surface increases. To analyse the welding arc sur-
face, high-speed camera videographs were recorded to
measure the arc length and width. The arc surface is
then calculated for a right circular cone. The welding
current is nearly constant, so that the heat losses by the
resistance heating of the current carrying cable are al-
most constant as well. On the other hand, the resulting
welding power raises about 12 % by an increasing

voltage by 6 V (27 … 33 V). In addition to the
increased welding arc surface, consequently the radia-
tion, convection and conduction losses sharply increase,
as illustrated in Fig. 7.

2 Experimental setup for droplet and welding arc
calorimetry

In general, the experimental investigation of the mean
droplet temperature during the welding process is diffi-
cult. This is mainly due to the process characteristics of
the GMAW process, which includes a high droplet rate,
high plasma temperature and a high radiation, convec-
tion and conduction energy of the welding arc. There-
fore, calorimetric methods have proven to be most

Fig. 5 Bell measurement system
to determine the radiation,
conduction and convection
energy of the welding process to
the surrounding atmosphere
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Fig. 6 Influence of the wire feed speed on losses of GMAW (filler and base
material steel, electrode diameter 1.2 mm, distance contact tube/plate 18 mm,
15 l/min 5 % CO2 95 % Ar, velocity 40… 90 cm/min, parameters Table 1)
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Fig. 7 Influence of the welding voltage on losses of GMAW (vW=10 m/
min; filler and basematerial steel, electrode diameter 1.2 mm, welding arc
length constant, 15 l/min 5 % CO2 95 % Ar, welding speed 70 cm/min).
Note: 0 % correction describes reference parameter set given in Table 1
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suitable to measure droplet temperature. All measuring
methods [5] are based on the separation of the droplets
from the welding arc. After separation, the droplets fall
into a liquid or a calorimetric vessel.

Basically, a pipe electrode replaces the component
during the experiments, as illustrated in Fig. 8. This
system has the function to separate the molten droplets
from the welding arc and to measure the transmitted
energy or heat of the welding arc. This pipe electrode in
principle consists of a steel tube with a copper plate
brazed into the centre portion. In this plate, different
copper inlets with variable geometry can be introduced
and during the welding process, the welding arc burns on
these copper parts. All the time, a constant flow of tem-
pered water is passed through the pipe. The integrated
heat by the welding process heats the water and the
temperature difference between inlet and outlet flow can
be measured. This is realised by integrated high-precision
thermocouples and with the knowledge of the flow rate
and time or the volumetric flow as well as the specific
heat capacity of water. So the introduced amount of heat
can be calculated.

The developed system has to perform two essential func-
tions: the separation of the droplet from the arc and the
measurement of the welding arc energy.

To raise the accuracy of the droplet calorimetry the falling
distance of the molten filler metal has to be as short as
possible. Figure 9 shows a schematic of the structure of the
droplet calorimeter.

The calorimetric vessel is a thick-walled, cylindrical
plastic tank, where two high-precision thermocouples
type Pt100 1/10 DIN are integrated to measure the tem-
perature of the water. To ensure a rapid and uniform heat
exchange, the water is circulated by using a magnetic
mixer. A droplet catcher made of steel is integrated in
the vessel. In this droplet catcher, the solidified metal
droplets are collected in order to remove them after the
measurement. The droplet size as well as their mass is
measured after the experiment.

With knowledge of the calorimeter mass and the mass of
the calorimetric liquid as well as the resulting temperature
difference, the introduced amount of heat through the droplets
can be calculated. Thereby, the average temperature of the
droplets can be determined.

3 Results and discussion

Different GMAW process parameters were varied system-
atically and the influence on the energy balance of the
system was analysed. The role of wire feed speed and
distance of the contact tube to the welding plate is
discussed in more detail.

(a) Effect of wire feed speed

During pulsed GMAW, the droplet temperature and the
welding arc power is analysed in response to the wire feed speed.

The welding power, i.e. current, rises with increasing wire
feed speed. Due to the higher current density, the resistance
heating in the wire increases. Simultaneously, the welding arc
temperature increases [6]. As a result, the heating of the weld
metal droplet is increased as well.

The volume and mass per droplet remains constant for the
considered power range. Consequently, under the condition of
a constant droplet volume and increasing wire feed speed, the
increasing weld metal volume can be explained by an increas-
ing droplet frequency and fall velocity of the droplets. The
reduced time of the droplets in the welding arc results in a
reduced droplet temperature.

Both factors, i.e. increasing current density and higher
droplet velocity, are concurrent phenomena regarding the
droplet temperature. These findings are in good agreement
with the investigations presented in [7]. This is probably the
reason why the droplet temperature increases just by ΔTTr=
100 K when wire feed speed is raised from vD=4 m/min to
vD=8 m/min, as illustrated in Fig. 10.

Figure 11 shows the shares of the welding power which is
transferred into the component by the filler material (efficiency of
the droplets) and the welding arc (arc efficiency). The efficiency
of the droplets increases with increasing wire feed speed. At the
same time, the arc efficiency decreases. This reveals a shift of the
energy transfermode by changing thewire feed speed. The effect
can be explained by the increasing resistance heating of the stick
out with increasing welding current, respectively, wire feed
speed. Thus, the required amount of energy of the arc to melt
the filler material decreases. In addition, the proportion of the
radiation, conduction and convective energy of the welding arc
increases with increasing wire feed speed, as shown in Fig. 6.

Theoretically, the accumulated efficiency of the welding arc
and the droplet efficiency should be equal to the effective
efficiency of the process. However, the diagram shows that
the average accumulated efficiency is 69 % compared to the
effective efficiency of 73 % determined by the calorimetric
experiments given above. The lower accumulated efficiency
can be explained by the higher radiation, conduction and con-
vective losses, for example by the welding arc driving through
the borehole of the copper electrode during the welding pro-
cess. Also the longer fall path of the molten filler material and
the reduced ionization energy of the copper material of the pipe
electrode represent two additional potential sources of errors.

(b) Effect of the distance between contact tube and copper
electrode

Another important task of this research was to analyse the
influence of different distances between contact tube and
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copper electrode on the mean droplet temperature. Increasing
the distance between contact tube and plate results in a change
of the arc geometry. To eliminate this influence, the correction
of the welding voltage was adjusted during the process (cur-
rent was kept constant) to realise a constant welding arc length
and geometry. Figure 12 shows that the droplet temperature
increases with increasing distance between contact tube and
electrode. The increase in temperature between a contact tube
distance of s=9 mm and s=18 mm is about ΔTTr=150 K.
However, above a contact tube distance of s=18 mm, the
mean droplet temperature falls again.

With increasing distance of the contact tube to the elec-
trode, the length of the stick out increases. The arc length is
maintained constant. In consequence the resistance heating of

the filler material increases but a too long stick out inhibits a
stable welding process [7].

At the same time, the resulting welding power decreases
when the distance between contact tube and copper plate
increases. Since the wire is already preheated by the resistance
heating of the stick out, less energy of the welding arc is
required to detach the droplet. This fact is also evident in
Fig. 13. While the arc efficiency decreases from ηarc=0.48
(d=9 mm) to ηarc=0.43 (d=24 mm), the droplet efficiency
increases from ηdr=0.24 (d=9 mm) to ηdr=0.33 (s=24 mm).
Consequently, the accumulated efficiency increases from 72
to 76 %.

During this investigation, the pulse rate and deposition
rate was unchanged and kept constant. The reduction of the

Fig. 8 Schematic of the pipe
electrode to separate the droplets
from the welding arc during
GMAWand measure the welding
arc energy

Fig. 9 Schematic of the droplet calorimeter
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Fig. 10 Influence of the wire feed speed and the wire diameter on the
droplet temperature (filler material G3Si 1, pulsed characteristic,
shielding gas flow 15 l/min Ar, distance contact tube/electrode 10 mm,
droplet drop height 70 mm)
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droplet temperature for a distance between the contact tube
and electrode in the range of d=21 … 24 mm can be
attributed to the reduced welding power which is
confirming results described in [8]. In this publication, the
filler material during GMAW was preheated with a GTAW
arc. Thus, the wire temperature was increased at the detach-
ment point of the welding arc, respectively, at the drop-off
point of the wire. In consequence, the heat input in the
component, the welding current and the penetration de-
creased. The results of the present study are in good agree-
ment with the findings and explanations on the influence of
the distance between contact tube and electrode during
welding in the GMAW process.

Analyses of cross sections, illustrated in Fig. 14, show that
the total melting efficiency for the same wire feed speed
remains unchanged. The melting efficiency is the ratio be-
tween the theoretically required energy to melt the weld metal

and the energy input into the component. With the parameters
given in Figs. 12 and 13, the melting efficiency is relatively
constant at ηmelt=0.41. However, the relation between molten
base and filler material changes. For a distance between
contact tube and plate of d=9 mm efficiencies of ηmelt_BM=
0.14 (base material) and ηmelt_FM=0.27 (filler material) were
calculated. The proportion of the molten base material to the
whole weld seam volume is reduced drastically with increas-
ing the distance between contact tube and plate. The values of
both melting efficiencies are ηmelt_BM=0.06 and ηmelt_FM=
0.35 when a constant distance between contact tube and plate
of d=24 mm was used. In summary, with increasing distance
between the contact tube and the plate, the penetration into the
base material decreases. This is due to the lower intensity of
the welding arc by the reduction of the welding power. In
contrast, the droplet temperature and the efficiency increase.
Consequently, the welding arc and its intensity are mainly
responsible for the penetration in the base material and the
contribution of the superheated droplet to penetration is only
minor.

4 Conclusions

In summary, the influence of the wire feed speed on the energy
balance of GMAW is shown in Fig. 15. With increased wire
feed speed, the percentage of the transferred heat in the com-
ponent in relation to the resulting welding power decreases.
The effective efficiency (proportion of introduced energy into
the component in relation to the welding energy) decreases for
pulsed welding from ηeff=0.83 (vD=2 m/min) to ηeff=0.75
(vD=10 m/min). The range of efficiencies for varying wire
feed speed is lower than that for different arc modes
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(difference of 14 %). Thereby, the effective efficiency in the
lower power range is higher than in the upper power range
when spray arc is used.

The proportion of the radiation, conduction and convective
energy of the welding arc increases from 7 to 12 %, by
increasing wire feed speed from 2 to 10 m/min. Compared
to the standard welding arc characteristic, the radiation, con-
duction and convective energy fraction in the lower power
range is slightly higher and slightly lower in the upper power
range when pulsed a welding process is used. The transferred
cooling energy to the welding power source increases from 6
to 9 % when wire feed speed is increased.

By the variation of the process variables described, mean
droplet temperatures between TDr=2,350 … 2,700 °C are
determined. These temperatures are on the same level as the
results of Jenkins et al. [5]. The studies also show that a
specific manipulation of the droplet temperature during the

welding process is not possible and droplet temperature de-
pends on several parameters.

While in the lower power range, the penetration area in
relation to total weld seam area is relatively small (17 %), the
proportion of penetration (36 %) increases with increasing
wire feed speed, as illustrated in Fig. 16. Cross sections
(Fig. 16) also show that the weld seam width increases and
the wetting angle decrease with increasing wire feed speed at a
constant energy input per unit length. This phenomenon can
be explained by the fact that an increased droplet temperature
also decreases the viscosity of the molten metal droplets. This
is promoted by the increased surface heating due to the larger
welding arc surface and the hotter welding arc [7].

The investigations of the influence of distance between the
contact tube and the plate on the weld geometry also allow to
conclude that the penetration is mainly caused by the welding

d = 15 mm d = 30 mm

Fig. 14 Cross sections of GMAwelds fabricated with different distances
between contact tube and plate (vW=10 m/min; filler and base material
steel, electrode diameter 1.2 mm, 15 l/min 5 % CO2 95 % Ar, welding
speed 80 cm/min)

Fig. 15 Influence of the wire
feed speed on the energy balance
for GMAW (filler and base
material steel, d=1 mm G3Si1,
pulsed characteristic, 15 l/min
5 % CO2 95 % Ar, welding speed
40… 80 cm/min)

vw = 2 m/min vw = 10 m/min
Fig. 16 Cross sections of GMAW with different wire feed speeds (filler
and base material steel, d=1 mm G3Si1, pulsed characteristic, 15 l/min
5 % CO2 95 % Ar, welding speed 40… 80 cm/min)
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arc (Figs. 13 and 14) and only minor by the weld metal
droplets. So the molten filler material has only a minor influ-
ence on the depth of penetration.
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